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SUMMARY

Molybdenum-99 (99Mo) is important in the medical field because its daughter nuclide
Technetium-99m (99mT c) is the most widely used radionuclide for medical imaging.
Nearly 95 % of the worldwide 99Mo demand is produced in only a few nuclear reactors,
amongst which the largest one is situated in Petten, the Netherlands. To this purpose,
solid targets containing 235U are irradiated for around one week and unloaded for fur-
ther processing. At the Delft University of Technology, it has been proposed to produce
99Mo by irradiating a uranyl salt solution with neutrons in a continuous loop system
at the Hoger Onderwijs Reactor. A weekly production of 289 6-day Ci can be achieved,
which is about 3 % of the global 99Mo demand. One major advantage of this production
method is that the solution target supports online extraction. Compared with the con-
ventional way of producing 99Mo by irradiating solid uranium targets, online extraction
can separate the produced 99Mo faster from the production loop, thereby reducing the
decay loss of 99Mo.

This research focuses on utilizing the parallel multiphase flow microfluidic liquid-liquid
solvent extraction inside a double Y-shaped microfluidic channel to extract 99Mo from
the production loop. In the parallel flow pattern, two immiscible solutions flow paral-
lelly inside the channel while 99Mo is selectively extracted from the aqueous solution to
an organic solution. The small-dimension of the microfluidic device reduces the diffu-
sion distance for the solutes and increases the surface-to-volume ratio, both of which
improve the mass transport of 99Mo and thus enhance the extraction efficiency. If such
an approach proves feasible, then a bundle of such microfluidic channels can be par-
allelized, to scale up the extraction capacity. Furthermore, it is also possible to extend
the method to other radionuclides which are produced based on solution targets. How-
ever, two practical problems arise in this extraction process. Firstly, there are no clear
criteria about how to obtain the desired parallel flow pattern. Secondly, even in the case
of parallel flow, complete phase separation is hard to achieve, because there is often a
leakage from one phase to the other at the outlet of the microfluidic channel. The latter
problem leads to contamination of the extracted 99Mo, which conflicts with the strict
requirements of radiopharmaceutical purity.

The flow pattern changing from parallel flow to other flow patterns attributes to topo-
logical changes of the interface, which is termed the Interface Breakup Problem in this
thesis. Furthermore, the leakage at the outlet of the microfluidic channel is related to
the Moving Contact Line Problem, i.e., the movement of the interface between two im-
miscible fluids on a solid surface. This thesis explores the feasibility of utilizing the Phase
Field method to model these phenomena inside a double Y-shaped microfluidic chan-
nel. If the Phase Field method is able to describe the Interface Breakup Problem and
the Moving Contact Line Problem under one framework, then the Phase Field method

vii



viii SUMMARY

can be used as a numerical tool to provide guidelines for avoiding the above-mentioned
practical problems in redesigning the microfluidic channel and controlling flow condi-
tions. The Phase Field method introduces a diffusive interface with a finite thickness,
within which the physical properties of the immiscible fluids (like density and viscosity)
change smoothly and continuously. For the Moving Contact Line Problem, it attempts
to integrate the hydrodynamic description and the molecular-kinetic description in one
framework by including a diffusive transport of the order parameter (φ, the variable that
distinguishes different physical properties of the immiscible fluids) within the interface
to remove the mathematical singularity at the wall. In this approach, the capillary width
(ε, a numerical parameter) determines the thickness of the diffusive interface and the
mobility parameter (M , a numerical parameter) determines the diffusive transport of
the order parameter (φ). The main advantage for choosing the Phase Field method oc-
curs when dealing with the Moving Contact Line Problem, the diffusive driven mecha-
nism within the interface is compatible with the no-slip boundary condition at the solid
wall and no special treatment is required.

To make the calculation affordable, the thickness of the diffusive interface as used in the
Phase Field method is much larger than the one of the real physical interface. In the In-
terface Breakup Problem, the simulation results vary with the capillary width (ε) and the
mobility parameter (M). To ensure the Phase Field method simulates the same physi-
cal problem when the capillary width (ε) is changed, the mobility parameter (M) should
be changed accordingly, to generate consistent simulation results. However, the rela-
tionship between ε and M is still unclear. This study investigates their relationship by
monitoring the slug length of dry slug flow in a double Y-shaped microfluidic channel. It
is found that the slug length calculated with the Phase Field method is linearly propor-
tional to the Pe−1 number and the C n number when the C a number of the two phases is
smaller than 1×10−3. The dimensionless slug length (Lsl ug ) can be described by the em-
pirical correlation: Lsl ug = 0.72C nPe−1 +3.86. In other words, to generate a consistent
and physical slug length in the microfluidic channel, the numerical parameters ε and M
need to be adjusted by following C nPe−1 = constant when C a < 1×10−3.

Concerning simulating leakage at the outlet of the microfluidic channel with an equi-
librium contact angle boundary condition (µ f = 0Pa · s in Equation 2.39, which is often
applied in the Phase Field method), leakage does not occur like in experiments. One
of the reasons is that imposing the equilibrium contact angle boundary condition does
not sufficiently capture the physics of the Moving Contact Line at the outlet. Consider-
ing this, a non-equilibrium contact angle boundary condition (µ f > 0Pa · s in Equation
2.39), which has been reported to generate more physical results in capturing the droplet
spreading process in the Phase Field simulation, has been adopted. Nevertheless, not all
mechanisms of this boundary condition are fully understood and it is not known if it is
universally applicable, especially for multiphase flows in microfluidics. This study con-
centrates on simulating dry slug flow with the non-equilibrium contact angle boundary
condition. Due to the Moving Contact Line, the apparent contact angles (θapp ) of the
slugs deviate from the equilibrium contact angle (θe ). By imposing the equilibrium con-
tact angle boundary condition in dry slug flow of the n-heptane/water system, the ap-
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parent contact angle (θapp ) is always equal to the equilibrium contact angle (θe ), which
indicates that there is no effect of the Moving Contact Line on the apparent contact an-
gle (θapp ). With application of the non-equilibrium contact angle boundary condition
(µ f > 0Pa · s), the advancing contact angle (θA) is larger than the equilibrium contact
angle (θe ) and the receding contact angle (θR ) is smaller than the equilibrium contact
angle (θe ), which agrees with the experimental observations. The apparent contact an-

gles (θapp ) of the slug are determined by the C a f number (C a f = µ f Uor g

σ ) of the system.
To produce the same apparent contact angle (θapp ), the three variables (Uor g , σ and µ f )
can be varied as long as the C a f number is kept the same. With the contact line friction
parameter (µ f ) in the range between 1.0 and 2.0Pa · s, the apparent contact angles (θapp )
of the slug in the simulations reasonably agree with those in the experiments.

Currently, there are no clear criteria that are available for accurately predicting flow pat-
terns in microfluidic channels. One of the reasons for the difficulty is that the under-
standing of multiphase flows in microfluidics is incomplete and there are lots of influ-
encing factors to be taken into account, including the geometry and fabrication material
of the microfluidic channel, physical properties of the working fluids as well as operating
conditions. To utilize the parallel multiphase flow microfluidic liquid-liquid solvent ex-
traction, with the help of the Phase Field method and the experiments, this study aims to
provide guidelines for obtaining the parallel flow pattern in the studied double Y-shaped
microfluidic channel. This research starts with investigating the influence of the mo-
bility parameter (M) and capillary width (ε) of the Phase Field method on predicting the
parallel flow pattern. In modelling the occurrence of parallel flow, it finds that increasing
the value of the mobility parameter (M) and the capillary width (ε) shift the critical Re
number (the first time that the parallel flow occurs by increasing volumetric flow rates)
to a higher value. In this case, the Phase Field method can be utilized for predicting
flow patterns by finding the specific combination of the mobility parameter (M) and the
capillary width (ε), under which condition the simulation results agree with the experi-
mental results. Secondly, combining the Phase Field method with experiments based on
the toluene/water system and the n-heptane/water system, this study reveals the dom-
inating force that determines the flow pattern inside the microfluidic chip in this study.
When the interface is located in the centre of the microfluidic channel, the parallel flow
pattern can be maintained when the C a number of both phases is larger than 1×10−3. By
studying all the three variables in the C a number, the Phase Field simulation confirms
that the C a number that determines the occurrence of parallel flow. Further research
also shows that the W e number plays a minor role in determining the occurrence of the
parallel flow pattern in the studied microfluidic system. Thirdly, the interaction between
the fluids and the microfluidic channel wall influences the occurrence of parallel flow.
Based on the experimental results and the Phase Field simulation of the toluene/water
system and the tol+Aliquat/water system, when one of the phases dominantly wets the
wall surface (i.e., θe is close to 0◦ or 180◦), the parallel flow pattern can occur at a lower
value of the C a number.

When a parallel flow pattern is established, complete phase separation is hard to achieve
and there is often a leakage from one phase to the other at the outlet of the double Y-
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shaped microfluidic channel, which results in failure of the microfluidic solvent extrac-
tion. In this research, the leakage phenomenon is investigated with experiments and the
Phase Field method, aiming to provide guidelines for achieving complete phase separa-
tion. Firstly, the volumetric flow rate ratio (Φaq /Φor g ) of the fluids influences the posi-
tion of the interface inside the microfluidic channel, determining the leakage direction.
Moreover, the leakage is unavoidable, even though the interface is located in the centre
of the main channel. Under such circumstances, the fluid that preferably wets the mi-
crofluidic channel wall leaks to the other outlet. In the Phase Field simulation, applying
the equilibrium contact angle boundary condition, only when one of the phases domi-
nantly wets the microfluidic channel (θe is close to 0◦ or 180◦), the leakage phenomenon
occurs. In this case, leakage in the simulations does not agree with that in the experi-
ments. With the non-equilibrium contact angle boundary condition, simulation shows
clogging organic slugs, which is considered as unphysical. Further research reveals that
decreasing the value of the mobility parameter (M) results in leakage; however, since the
mobility parameter (M) determines flow patterns, it is not possible to use the same value
of M to predict the occurrence of parallel flow and leakage at the same time.
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Molybdeen-99 (99Mo) is één van de belangrijkste medische isotopen omdat de dochter-
nuclide, Technetium-99m (99mT c), de meest gebruikte radionuclide is voor medische
beeldvorming. Bijna 95 % van de wereldwijde vraag naar 99Mo wordt geleverd door
slechts een paar kernreactoren, waarvan de grootste zich in Petten in Nederland be-
vindt. In deze reactoren worden vaste targets die 235U bevatten, gedurende ongeveer
een week bestraald en vervolgens ontladen voor verdere verwerking. Aan de Technische
Universiteit Delft is het idee ontstaan om 99Mo te produceren door een oplossing van
een uranylzout met neutronen te bestralen in een continu werkend loop-systeem. Op
deze manier kan een wekelijkse productie van 289 6-daagse Ci worden bereikt, wat on-
geveer 3 % van de wereldwijde vraag naar 99Mo is. Een groot voordeel van deze produc-
tiemethode is dat het gebruik van een vloeibare target in de vorm van een oplossing van
een uranylzout online extractie ondersteunt. Vergeleken met de conventionele manier
om 99Mo, kan online extractie de geproduceerde 99Mo sneller scheiden uit het loop-
systeem, waardoor het vervalverlies van 99Mo wordt verminderd.

Dit onderzoek richt zich op het gebruik van een parallelle, microfluïdische vloeistof-
vloeistof extractie in een dubbel Y-vormig microfluïdisch kanaal om 99Mo te extraheren
uit het hierboven genoemde loop-syteem. In het kanaal stromen twee niet-mengbare
oplossingen parallel naast elkaar terwijl 99Mo selectief wordt geëxtraheerd uit de wa-
terige oplossing naar een organische oplossing. De kleinschaligheid van zo’n kanaal
vermindert de diffusieafstand voor de opgeloste stoffen en verhoogt de oppervlakte-
volumeverhouding, die beide het massatransport van 99Mo verbeteren en zo de extractie-
efficiëntie verhogen. Als een dergelijke aanpak haalbaar blijkt, kan een bundel van der-
gelijke microfluïdische kanalen worden geparallelliseerd om de extractiecapaciteit op te
voeren. Bovendien is het ook mogelijk een dergelijke online extractiemethode uit te brei-
den tot andere radionucliden die worden geproduceerd.

Bij dit extractieproces doen zich echter twee praktische problemen voor. Ten eerste zijn
er geen duidelijke criteria voor het verkrijgen het gewenste parallelle stromingspatroon.
Ten tweede is zelfs bij parallelle stroming een volledige fasescheiding niet of nauwelijks
haalbaar en vindt er daarom vaak lekkage plaats van de ene fase naar de andere bij de
uitgang van het microfluïdisch kanaal. Dit laatste probleem leidt tot vervuiling van het
geëxtraheerde 99Mo, hetgeen in strijd is met de strikte eisen die aan radiofarmaceuti-
sche zuiverheid worden gesteld.

Het stromingspatroon, dat kan veranderen van parallelle stroming naar andere stro-
mingspatronen, kan worden toegeschreven aan topologische veranderingen van het grens-
vlak tussen beide fasen, wat in dit proefschrift wordt aangeduid als het zogenaamde In-
terface Breakup Problem. Verder is de lekkage bij de uitgang van het microfluïdische

xi
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kanaal gerelateerd aan het zogenaamde Moving Contact Line Problem, i.e., de beweging
van het grensvlak tussen twee niet-mengbare vloeistoffen op een vast oppervlak. Dit
proefschrift gaat over de haalbaarheid van het gebruik van de Phase Field Method om
beide fenomenen in een dubbel Y-vormig microfluïdisch kanaal te kunnen modelleren.
Als de Phase Field Method in staat is om het Interface Breakup Problem en het Moving
Contact Line Problem te beschrijven, dan kan de Phase Field Method gebruikt worden
als een numeriek instrument om richtlijnen te geven voor het vermijden van de hierbo-
ven genoemde praktische problemen bij het ontwerpen van het microfluïdisch kanaal
en bij het instellen van de juiste stromingscondities. De Phase Field Method introdu-
ceert een diffuus grensvlak met een eindige dikte, waarbinnen de fysieke eigenschappen
van de niet-mengbare vloeistoffen (zoals dichtheid en viscositeit) soepel en continu ver-
anderen. Voor het Moving Contact Line Problem probeert het de hydrodynamische be-
schrijving en de moleculair-kinetische beschrijving in één raamwerk te integreren door
een diffuus transport van de ordeparameter (φ, de variabele die verschillende fysieke
eigenschappen van de niet-mengbare vloeistoffen) binnen de interface om de wiskun-
dige singulariteit aan de muur te verwijderen. In deze benadering bepaalt de capillaire
breedte (ε, een numerieke parameter) de dikte van de diffusieve interface en de mo-
biliteitsparameter (M , een numerieke parameter) bepaalt het diffuse transport van de
orderparameter (φ ). De belangrijkste reden dat gekozen wordt voor Phase Field Method
is dat bij het beschrijven van de Moving Contact Line het diffusieve mechanisme binnen
de interface compatibel is met de no-slip randvoorwaarde aan de wand.

Om de berekening qua rekentijd binnen de perken te houden, is de dikte van het diffu-
sieve grensvlak in de Phase Field Method veel groter dan de dikte van het fysische grens-
vlak. In het Interface Breakup Problem variëren de simulatieresultaten als functie van
de capillaire breedte (ε) en de mobiliteitsparameter (M). Om er zeker van te zijn dat de
Phase Field Method nog steeds hetzelfde fysische probleem simuleert bij een wijziging in
de capillaire breedte (ε), moet de mobiliteitsparameter (M) dienovereenkomstig worden
gewijzigd. Een dergelijke relatie tussen ε en M is echter nog steeds niet bekend. Deze
studie onderzoekt deze relatie door het monitoren van de slug-lengte in een dubbel Y-
vormig microfluïdisch kanaal. Er wordt vastgesteld dat de slug-lengte lineair evenredig
is met het Pe−1 getal en het C n getal, op voorwaarde dat het C a getal van beide fasen
kleiner is dan 1× 10−3. De dimensieloze slug-lengte (Lsl ug ) kan dan worden beschre-
ven door de in dit onderzoek gevonden empirische correlatie Lsl ug = 0.72C nPe−1+3.86.
Met andere woorden, om een consistente en fysische slug-lengte in het microfluïdisch
kanaal te genereren, moeten de numerieke parameters C nPe−1 == constant gehouden
worden voor C a < 1×10−3.

Als de evenwichtscontacthoek-randvoorwaarde wordt gebruikt in de Phase Field simu-
laties (µ f = 0Pa · s, die vaak wordt toegepast), komt lekkage minder vaak voor dan in ex-
perimenten gevonden wordt. Eén van de redenen zou kunnen zijn dat het opleggen van
deze evenwichtscontacthoek-randvoorwaarde de fysica van de Moving Contact Line bij
de uitlaat niet nauwkeurig kan weergeven. Om die reden wordt in dit onderzoek ook een
niet-evenwichts contacthoek randvoorwaarde (µ f > 0Pa · s) gebruikt, waarvan bekend is
dat het meer fysische resultaten genereert bij het berekenen van druppelverspreidings-
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processen. Het is niet bekend of deze randvoorwaarde universeel toepasbaar is, en dus
ook gebruikt kan worden voor meerfase-stroming in microkanalen. Deze studie con-
centreert zich daarom eerst op het simuleren van slug-stroming in een n-heptaan/water
systeem, waarbij de niet-evenwichts contacthoek randvoorwaarde wordt gebruikt. Ten
gevolge van de Moving Contact Line zullen de schijnbare contacthoeken (θapp ) aan de
voor- en achterkant van de slugs afwijken van de evenwichtscontacthoek (θe ). Door het
opleggen van de niet-evenwichts contacthoek randvoorwaarde (µ f > 0Pa · s), is inder-
daad gevonden dat de advancing contacthoek (θA) groter is dan de evenwichtscontact-
hoek (θe ), en dat de receding contacthoek (θR ) kleiner is dan de evenwichtscontacthoek
(θe ). Deze resultaten komen overeen met experimentele waarnemingen. Bovendien is
gevonden dat als de contactlijn-wrijvingsparameter (µ f ) valt binnen het bereik van 1.0
tot 2.0Pa · s, de schijnbare contacthoeken (θapp ) van de slugs in de simulaties redelijk
goed overeen komen met die in de experimenten. Ook is gevonden dat de schijnbare
contacthoeken (θapp ) van de slug worden bepaald door een zogenaamd C a f getal van
het systeem. Om dezelfde schijnbare contacthoek (θapp ) te verkrijgen, kunnen de drie
variabelen (Uor g , σ en µ f ) worden gevarieerd, zolang het C a f getal maar gelijk wordt
gehouden.

Momenteel zijn er geen duidelijke criteria beschikbaar voor het nauwkeurig voorspellen
van stromingspatronen in microfluïdische kanalen. Eén van de redenen voor dit pro-
bleem is dat het begrip van de meerfasenstroming in microfluïdica onvolledig is en dat
er veel factoren zijn waarmee rekening moet worden gehouden, waaronder de geome-
trie en het fabricagemateriaal van het microfluïdisch kanaal, de fysische eigenschappen
van de werkende vloeistoffen en procescondities zoals volumedebieten. Deze studie be-
oogt daarom richtlijnen te geven voor het verkrijgen van een parallel stromingspatroon
in het dubbele Y-vormige microfluïdische kanaal. Dit onderzoek begint met het onder-
zoeken van de invloed van de mobiliteitsparameter (M) en de capillaire breedte (ε) op
het voorspellen van het parallelle stromingspatroon. Bij het modelleren van het optre-
den van de parallelle stroming wordt gevonden dat het verhogen van de waarde van de
mobiliteitsparameter (M) en de capillaire breedte (ε) het kritieke Re getal (punt waarbij
parallelle stroming optreedt bij toenemende volumedebieten) naar een hogere waarde
verschuift. In dit geval kan de Phase Field Method worden gebruikt voor het voorspel-
len van stromingspatronen door de juiste, specifieke combinatie te vinden van de mo-
biliteitsparameter (M) en de capillaire breedte (ε), onder welke voorwaarde de simula-
tieresultaten overeenstemmen met de experimentele resultaten. Ten tweede, door het
vergelijken van de Phase Field Method simulaties met experimenten gebaseerd op een
tolueen/water systeem en een n-heptaan/water systeem, kan het dominante mecha-
nisme worden gevonden dat het stromingspatroon in de microfluïdische chip bepaalt.
Wanneer het grensvlak zich in het midden van het microfluïdische kanaal bevindt, kan
het parallelle stromingspatroon worden gehandhaafd wanneer het C a getal van beide
fasen groter is dan 1×10−3. Door variatie van alle drie de variabelen in het C a getal te
bestuderen, wordt bevestigd dat het C a getal inderdaad het optreden van parallelle stro-
ming bepaalt. Verder onderzoek toont aan dat het We getal een ondergeschikte rol speelt
in het optreden van het parallelle stromingspatroon. Ten derde beïnvloedt de interactie
tussen de vloeistoffen en de microfluïdische kanaalwand het optreden van de parallelle



xiv SAMENVATTING

stroming. Op basis van de experimentele resultaten en de Phase Field simulaties van
een tolueen/water systeem en een een tol+Aliquat/water systeem kan een parallel stro-
mingspatroon optreden bij een lagere waarde van het C a getal, wanneer een van de fa-
sen het wandoppervlak in extreme mate bevochtigt (dus θe ligt dicht bij 0◦ of 180◦).

Wanneer een parallel stromingspatroon tot stand is gebracht, is volledige fasescheiding
zeer moeilijk te bereiken en treedt vaak lekkage op van de ene fase naar de andere bij
de uitgang van het dubbele Y-vormige microfluïdische kanaal. In dit onderzoek wordt
daarom de lekkage onderzocht met behulp van experimenten en de Phase Field Method
met als doel richtlijnen te geven voor het bereiken van volledige fasescheiding. Ten eer-
ste beïnvloedt de verhouding van volumedebieten (Φaq /Φor g ) van de vloeistoffen de po-
sitie van de interface binnen het microfluïdische kanaal, waardoor de lekrichting wordt
bepaald. Bovendien is gevonden dat lekkage onvermijdelijk is, ook al bevindt de inter-
face zich in het midden van het hoofdkanaal. Onder dergelijke omstandigheden zal de
vloeistof die bij voorkeur de wand van het microfluïdisch kanaal bevochtigt, naar de
andere uitgang lekken. In de Phase Field Method, waarbij de evenwichtscontacthoek-
randvoorwaarde wordt toegepast, treedt het lekverschijnsel alleen op wanneer één van
de fasen het microfluïdische kanaal in extreme mate bevochtigt (θe ligt dicht bij bij 0◦ of
180◦). In dit geval komt lekkage in de simulaties niet overeen met die in de experimenten.
Met de niet-evenwichts contacthoek-randvoorwaarde laat de simulatie verstopping zien
in de uitstroom van de organische vloeistof, wat niet-fysisch gedrag is. Verder onderzoek
toont aan dat het verlagen van de waarde van de mobiliteitsparameter (M) resulteert in
lekkage; aangezien de mobiliteitsparameter (M) echter de stromingspatronen bepaalt, is
het niet mogelijk om dezelfde waarde van M te gebruiken om tegelijkertijd het optreden
van parallelle stroming en lekkage te kunnen voorspellen.
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2 1. INTRODUCTION

1.1. MOLYBDENUM-99 FOR MEDICAL PURPOSE

1.1.1. MOLYBDENUM-99 AND TECHNETIUM-99M FOR MEDICAL IMAGING

Molybdenum-99 (99Mo) is important in the medical field because its daughter nuclide
Technetium-99m (99mT c) is the most widely used radionuclide for medical imaging [1].
Each year, there are about 30 to 40 million diagnostic procedures using 99mT c. The
99mT c is eluted from a 99Mo/99mT c generator for further use in medical imaging.

99mT c has a half-life of 6.01 hours and emits photons with energy of 140 keV , which can
be effectively detected by scintillation detectors. A variety of ligands are able to be la-
belled by 99mT c, incorporating into radiopharmaceuticals. Based on the different prop-
erties of the ligands, the radiopharmaceuticals can concentrate in the specific organs
of the human body. Diseases can be found by detecting the photons emitted from the
radiopharmaceuticals [2] [3].

1.1.2. CONVENTIONAL WAY OF PRODUCING MOLYBDENUM-99

Nearly 95 % of the worldwide 99Mo demand is supplied by only a few nuclear reactors:
HFR in the Netherlands, BR-2 in Belgium, SAFARI-1 in South Africa, LVR-15 in Czech Re-
public, Maria in Poland, and OPAL in Australia [4]. All of the above mentioned nuclear
reactors produce 99Mo by irradiating enriched uranium solid targets with neutrons.

Usually, the solid targets are uranium plates contained in aluminium clad [3]. Under
neutron irradiation, the fission reaction of uranium-235 (235U ) in the solid targets leads
to the production of 99Mo and other fission products. The calculated fission yield of
99Mo is about 6 % [1].

Typically, the irradiation time for the enriched uranium solid targets is about one week.
After irradiation, the solid targets are removed from the nuclear reactor core, cooled
down and transported to processing facilities. In the processing facilities, 99Mo is sepa-
rated and recovered [3].

1.1.3. POTENTIAL DISRUPTION OF THE MOLYBDENUM-99 SUPPLY CHAIN

After recovery by processing facilities, 99Mo is put into 99Mo/99mT c generators and dis-
tributed to hospitals all around the world. Due to the 66-hour half-life of 99Mo, long time
stockpile is impossible. Under such circumstances, there is a 99Mo global supply chain
which provides 99Mo continuously [5][6].

Concerning the fact that there are only several nuclear reactors and processing facilities
in the global 99Mo supply chain, any interruption of these nuclear reactors and process-
ing facilities will bring substantial pressure in the supply chain. Considering the age of
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the 99Mo production reactors 1, temporary shutdown for maintenance may occur more
often.

Actually, the global 99Mo supply chain is rather fragile. For example, it was under serious
stress in November 2017 because of the unplanned outage of NTP processing facility in
South Africa [7]. Considering the global demand for 99Mo will increase in the future [8],
alternative 99Mo producing methods should be developed and added into the supply
chain.

1.1.4. POSSIBLE MOLYBDENUM-99 PRODUCTION ROUTES

Based on the irradiation methods, the possible routes to produce 99Mo can be cate-
gorized as: gamma-ray route (e.g., 100Mo(γ,n)99Mo [9] [10] and 235,238U (γ,F )99Mo) ,
neutron route (e.g., 235,238U (n,F )99Mo [11], 100Mo(n,2n)99Mo [12] and 98Mo(n,γ)99Mo
[13]) as well as accelerated charged-particle route (e.g., 96Z r (α,n)99Mo [14] and 100Mo(p, x)99Mo
[15]). Based on the yield and specific activity of 99Mo, Wolterbeek et al. have reviewed all
upsides and downsides of these routes [1].

The majority of these above-mentioned routes produce 99Mo by irradiating solid targets
2. The solid targets need to be irradiated for several hours to a few days before the pro-
duced 99Mo can be separated from the irradiated targets. Considering 99Mo undergoes
natural decay, it is important to separate it from the irradiated targets as fast as possi-
ble. Based on this idea, we have proposed a different approach, i.e., producing 99Mo by
irradiating a solution target with neutrons. One major advantage of this method is that
the solution target supports online extraction, which has the advantage of separating the
produced 99Mo faster from the production facility, to reduce the decay loss of 99Mo. Sec-
tion 1.2 introduces the newly proposed production method and the corresponding ex-
traction method. The solution target can be chosen from the above-mentioned neutron
producing route. This thesis focuses on the case when a uranyl salt solution is chosen as
the irradiated target in the loop and Section 1.2.3 introduces its yield and advantages.

1.2. PRODUCING MOLYBDENUM-99 FROM A LOOP SYSTEM IN

THE HOGER ONDERWIJS REACTOR

1.2.1. SETUP OF THE MOLYBDENUM-99 PRODUCTION LOOP SYSTEM

According to the conceptual design, the uranyl salt solution to be irradiated flows inside
a loop. Figure 1.1 demonstrates the geometry setup of the 99Mo production loop system
and Figure 1.2 shows the cross section of the loop system. The loop is U-shaped and
placed in an already existence beam-tube in the Hoger Onderwijs Reactor. The beam-

1Except for the OPAL reactor in Australia, all of the above mentioned nuclear reactors were built between the
1950s and the 1970s.

2One exception is producing 99Mo from aqueous homogeneous reactors. In this method, 235U serves as the
fuel of the reactor as well as the target being irradiated at the same time [16].
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tube and the Hoger Onderwijs Reactor will be described in Section 1.2.2. The uranyl salt
solution flows inside the U-shaped loop and be irradiated by neutrons generated from
the reactor core. In both Figure 1.1 and Figure 1.2, the U-shaped loop is indicated in
yellow and the beam-tube is in black. Between the U-shaped loop and the beam-tube,
there is an additional tube which is indicated in red. The additional tube serves as the
flood barrier in case of a leakage of the uranyl salt solution.

Figure 1.1: Geometry setup of the Molybdenum-99 production loop system. Figure from
Bachelor Thesis of Huisman [17].

Figure 1.2: Cross section of the Molybdenum-99 production loop system. Figure from
Bachelor Thesis of Huisman [17].
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1.2.2. HOGER ONDERWIJS REACTOR

In the conceptual design of the Molybdenum-99 production loop system, the Hoger On-
derwijs Reactor (HOR) functions as the source of neutrons. The HOR is an open pool-
type research reactor operated by Reactor Institute Delft. Figure 1.3 shows the top view
of the HOR. The water pool is indicated in blue, inside which the core is indicated in
brown. There are four beam-tubes in the HOR and the beam-tube which contains the
U-shaped loop is highlighted with red.

Figure 1.3: Schematic top view of the Hoger Onderwijs Reactor (HOR). Figure from
Bachelor Thesis of Huisman [17].

1.2.3. YIELDS AND ADVANTAGES OF THE MOLYBDENUM-99 PRODUCTION

LOOP SYSTEM

Currently, the global 99Mo demand is about 10000 6-day Curie (Ci) 3 per week [7]. In the
Molybdenum-99 production loop, the uranyl salt solution has a uranium concentration
of 310gL−1 and 235U enrichment of 19.75 %. Under such circumstances, a weekly 99Mo
production of 289 6-day Ci can be achieved, which is about 3 % of the global 99Mo de-
mand [18].

Besides the above-mentioned advantage that the online extraction method can reduce
the activity loss of 99Mo from its natural decay, the 235U can be used more effectively in
our conceptual design, compared with the conventional way of producing 99Mo by irra-
diating solid 235U targets. In the conventional way of irradiating solid targets, only about
3 % of the 235U is consumed. After irradiation, the remaining 235U is treated as waste [3].
In the 99Mo production loop, the loop can run for 22 years without refilling the uranyl

36-day Curie is the measurement of the remaining activity of 99Mo six days after it leaves the processing facility.
1 Ci= 3.7×1010 Bq
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salt solution [19]. The long-term running time ensures that 235U can be consumed more
effectively.

1.3. MICROFLUIDIC LIQUID-LIQUID SOLVENT EXTRACTION

Based on the idea of online extracting 99Mo from the loop system, the feasibility of ex-
ploiting microfluidic liquid-liquid solvent extraction is investigated as the main topic of
this thesis. This section briefly introduces and reviews microfluidic liquid-liquid solvent
extraction, especially for radionuclides. Besides, this section also describes the problems
that arise in utilizing the microfluidic liquid-liquid solvent extraction to purify 99Mo.

1.3.1. MICROFLUIDIC LIQUID-LIQUID SOLVENT EXTRACTION IN GENERAL

Microfluidics is the science and technology of manipulating fluids at the micro-scale.
It has been widely used in various fields, including colloid science, clinical chemistry,
biological engineering, environmental detection and so forth. The core of the microflu-
idic device is the microfluidic channel which has a typical width of a few hundred mi-
crometer. In addition, microfluidic devices usually integrate microfluidic channels with
pumps, valves and detectors. Such a system is called "Micro-total-analysis-system" (µTAS)
or "Lab-on-a-Chip" (LOC) [20] [21].

Liquid-liquid solvent extraction is the technique of separating solutes by their differ-
ent solubilities in immiscible fluids (usually an aqueous phase and an organic phase),
for the purpose of purification. In the case of extracting metal ions from the aqueous
phase to the organic phase, the extraction process depends on the reaction mechanism
at the interface as well as chemical conditions of both phases. For example, in the case
of selectively extracting molybdenum(VI) from a strong acid leach ore solution, Zeng et
al. reported that the concentration of the extractant (HBL101, a commercial oxime ex-
tractant), pH value of the aqueous phase and the temperature all determined the final
extraction efficiency [22].

When combining the liquid-liquid solvent extraction with microfluidics, the small-scale
feature of the microfluidic device would reduce the diffusion distance for the solutes and
increase the surface-to-volume ratio, both of which can improve the mass transport per-
formance of the solutes and thus enhance the extraction efficiency [23]. When exploiting
the microfluidic device for liquid-liquid solvent extraction, in general, there are two flow
patterns: parallel flow and segmented flow. As demonstrated in Figure 1.4a, in the par-
allel flow pattern, the immiscible two phases are flowing continuously side-by-side 4. As
for the direction of flows, the immiscible two phases can flow either in the same direc-
tion (co-current flow) or in the opposite directions (counter-current flow). Theoretically,

4There is one flow pattern called annular flow, which is similar to parallel flow. In the annular flow pattern, one
phase is present in the axis centre of the microfluidic channel, being separated from the microfluidic channel
wall by the other immiscible phase, forming an annulus at the cross-section of the microfluidic channel. How-
ever, the annular flow pattern does not support automatic phase separation at the outlets of the microfluidic
channel. Thus, it is beyond the scope of this thesis.
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compared with the co-current flow, the counter-current flow is able to provide better
mass transfer efficiency [24]. However, the formation of counter-current flow needs the
help of the selective surface modification of the microfluidic channel [25] [26] [27]. The
selective surface modification method is not adaptable with the irradiation working en-
vironment. Thus, this thesis only focuses on the co-current parallel flow.

Inlets
Outlets

(a) Parallel flow

Inlets
Outlets

(b) Dry slug flow

Figure 1.4: Schematic diagram of flow patterns inside a double Y-shaped microfluidic
channel. Yellow indicates the aqueous phase while blue indicates the organic phase.
The aqueous phase and the organic phase are immiscible. The black arrow points out
the direction of the flow.

As for the segmented flow pattern, one phase is dispersed in the other. The segmented
flow can be further divided into wet slug flow, dry slug flow and chaotic flow [28]. In the
wet slug flow pattern, between the dispersed phase and the channel wall, there is a thin
lubrication film of the continuous phase, as illustrated in Figure 1.5a. In this case, the
dispersed phase is not in direct contact with the channel wall. In the dry slug flow pat-
tern, as shown in Figure 1.5b, the thin lubrication film does not exist anymore and the
dispersed phase is in direct contact with the channel wall. Figure 1.4b demonstrates dry
slug flow in a microfluidic channel. In chaotic flow, the dispersed phase has a velocity
component perpendicular to the direction of the main flow.

Regarding the geometry of the microfluidic channel, Figure 1.4 illustrates a so-called
"double Y-shaped" microfluidic channel. The microfluidic channel has two inlets and
two outlets as well as one main channel where the immiscible two phases meet. Be-
sides the double Y-shaped microfluidic channel, there are microfluidic channels with
"T-shaped", "Ψ-shaped", "Cross-shaped" and so on. Readers can refer to the following
references for more information about the geometry of the microfluidic channel as well
as its application in microfluidic liquid-liquid solvent extraction: Ciceri et al. [23], Xu et
al. [28], Assmann et al. [29], Kenig et al. [30] and Wang et al. [31].

In general, the operation of microfluidic liquid-liquid solvent extraction can be divided



1

8 1. INTRODUCTION

Moving

(a) Wet slug flow
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(b) Dry slug flow

Figure 1.5: Schematic diagram of wet slug flow and dry slug flow inside a microfluidic
channel. Yellow indicates the aqueous phase while blue indicates the organic phase. The
aqueous phase and the organic phase are immiscible. The arrow points out the direction
of the flow

into two steps: contact and separation of the immiscible two phases [29]. After entering
the microfluidic channel, the two immiscible phases contact with each other at the inlets
after which mass transport of the solutes occurs at the interface between the two phases.
At the outlets of the microfluidic channel, the immiscible phases are separated. In the
parallel flow pattern, ideally, the two phases leave the main channel separatedly through
two outlets, achieving complete phase separation. Compared with parallel flow, phase
separation for segmented flow is more complicated since the two phases do not flow out
of the channel through separated outlets automatically. Thus, special treatments at the
outlets are needed for the phase separation of segmented flow.

1.3.2. MICROFLUIDIC LIQUID-LIQUID SOLVENT EXTRACTION FOR RADIONU-
CLIDES

Besides the advantage of efficient extraction, the small-scale feature of microfluidic de-
vices lowers the radiation exposure to researchers during the research and development
stage. Such an approach fulfils the "As Low As Reasonably Achievable" standard when
working with radiation [32][33]. For this reason, microfluidic liquid-liquid solvent ex-
traction has already been utilized for the purification of radionuclides. This section
briefly reviews the microfluidic liquid-liquid solvent extraction for radionuclides.

Microfluidic liquid-liquid extraction with the parallel flow pattern has been reported for
the extraction of uranium. Hellé et al. conducted experiments of extracting U(VI) from
a hydrochloric acid solution by the extractant Aliquat 336, which was dissolved in a mix-
ture solution of n-dodecane and 1-decanol (1 %, v/v). They used a double Y-shaped
glass microfluidic channel. Besides the experiments, they also performed numerical
simulations to study the mass transport of U(VI) as well as the reaction at the interface
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[34][35][36]. Extracting U(VI) from a nitric acid aqueous solution to an organic solution
by tributylphosphate (TBP) with the parallel flow pattern were published separately by
Hotokezaka et al. [37], Zhang et al. [38] and Jasmin et al. [39].

Besides uranium, microfluidic solvent extraction with the parallel flow pattern was also
utilized for extracting other radionuclides. Yasutoshi et al. extracted americium (Am(III))
from a nitric acid solution to the solution of n-dodecane with octyl(phenyl)-N,N-diisobutyl-
carbamoylmethylphosphineoxide [40]. Yamamoto et al. extracted plutonium (Pu(IV))
from a nitric acid solution to a solution of n-dodecane with tributylphosphate (TBP) [41].
Ooe et al. investigated extracting heavy element of dysprosium (150D y and 151D y) from
an acetic acid-sodium acetate buffer solution to a 2-thenoyltrifluoroacetone-toluene so-
lution [42].

Concerning work of purification radioisotopes for medical purpose, Goyal et al. reported
their research of microfluidic liquid-liquid solvent extraction of radioactive copper-64
(64Cu) from an aqueous solution to a toluene solution. In order to extract 64Cu selec-
tively, 2-hydroxy-4-noctyloxybenzophenone oxime (HOBO) was added to the toluene
solution. HOBO served as the chelator agent which selectively reacted with copper. A
double Y-shaped microfluidic platform, which was fabricated with a perfluoropolyether-
based material, was used in their research. By exploiting the parallel flow pattern, they
found that the extraction efficiency could be as high as 95 % [43].

Segmented flows were also applied for microfluidic solvent extraction of radionuclides.
Several researchers published their results of extracting uranium with segmented flows
[44] [45] [46].

1.4. PROBLEM DESCRIPTION

Because the small-dimension of microfluidic channels ensure a high extraction efficiency,
in the conceptual design, 99Mo can be extracted from the production loop by the parallel
flow microfluidic liquid-liquid solvent extraction. Its working principle is schematically
shown in Figure 1.6. The uranyl salt solution containing 99Mo and other fission prod-
ucts is fed to the microfluidic channel through the upper inlet. An immiscible organic
solution containing a specific extractant 5 that selectively extracts 99Mo enters the mi-
crofluidic channel at the other inlet. The two immiscible solutions flow parallelly inside
the channel where 99Mo is extracted from the aqueous phase to the organic phase. The
two phases leave the microfluidic channel through the two outlets separately, achieving
complete phase separation. If the microfluidic liquid-liquid solvent extraction of 99Mo
proves feasible, then a bundle of such microfluidic channels can be parallelized, to scale
up the extraction capacity.

5Some published articles have discussed selectively extracting molybdenum from other elements using liquid-
liquid solvent extraction [22] [47] while extracting molybdenum from fission products are not found. How-
ever, investigating the chemistry of extracting molybdenum is beyond the scope of this thesis.
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Inlets
Outlets

Figure 1.6: Schematic diagram of the microfluidic solvent extraction process inside a
double Y-shaped channel with parallel flow pattern. Yellow indicates the aqueous phase
while blue indicates the organic phase. The aqueous phase and the organic phase are
immiscible. The black arrow indicates the direction of the flow. The black circles repre-
sent 99Mo and the red circles represent other fission products.

Two practical problems arise when using the microfluidic solvent extraction for purify-
ing 99Mo. First, it is not clear how to establish and maintain the desired parallel flow
pattern. It is important to keep the interface parallel to the main channel, as illustrated
in Figure 1.6. Currently, it is still a challenge to accurately predict flow patterns inside
a microfluidic channel. One of the reasons for this is that there are too many influenc-
ing factors. Kashid et al. have reported that both the diameter of the capillary tube and
the dimension of the junction part of the microfluidic channel influence the flow pat-
tern [48]. Dessimoz et al. have found that the properties (dynamic viscosity, density and
interfacial tension) of the working fluids determine the flow pattern [49]. By investigat-
ing flow patterns inside microfluidic channels made of quartz or glass, Salim et al. have
found that the construction material plays an important role by determining the wet-
tability of the channel wall [50]. Besides, they have found that the fluid firstly injected
into the microfluidic channel (i.e., the initial conditions) determines the flow pattern as
well. Jovanovic et al. have shown that increasing the length of the capillary tube can alter
parallel flow into wavy annular flow [51]. Last but not least, the volumetric flow rates
of both phases, as well as the volumetric flow rate ratio are all found to be influencing
factors [52] [53]. Adding auxiliary accessories to the main microfluidic channel has been
reported to help sustain a stable interface in the parallel flow pattern. For example, im-
plementing partition walls [54] [55] [56] or a pillar structure [57] in the centre of the main
channel might keep the interface stable 6. In addition, a membrane has been utilized to

6Kositanont et al. reported that the guideline structure did not improve the stability of parallel flow in their
study [58].
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produce a parallel flow [59] [60] [61] [62]. However, the method of adding auxiliary ac-
cessories in the centre of the main channel inevitably decreases the area of the contact
surface and reduces the extraction efficiency. Besides, the membrane is not durable in
the irradiation environment [63].

Another practical problem is that, even in the case of parallel flow, complete phase sep-
aration is very hard to achieve and, thus, there is often a leakage from one phase to the
other, leading to contamination of the extracted 99Mo, as shown in Figure 1.7. A too large
contamination of the extracted 99Mo is unacceptable because of the strict requirements
of the chemical, radiochemical and radionuclidic purity 7 of radiopharmaceuticals [65].
Surface modification can help to achieve better phase separation. In particular, partially
changing the surface wettability of the glass microfluidic channel 8 with organosilane
makes it possible to maintain the aqueous phase in the hydrophilic side while keeping
the organic phase in the hydrophobic side [66]. For instance, octadecyltrichlorosilane
(OTS, one of the organosilane) can form a monolayer on the glass surface. The mono-
layer of OTS changes the glass surface from hydrophilic to hydrophobic. However, such
kind of coating can degrade under irradiation. The monolayer of OTS deteriorates by
gamma radiation from a Cobalt-60 source with a threshold value of 5 kG y [63].

Inlets
Outlets

Figure 1.7: Schematic diagram of the leakage at the outlets of the microfluidic channel.
The aqueous phase (yellow) is leaking to the organic phase (blue) at the outlets, resulting
in contamination of the extracted 99Mo.

7Chemical purity is defined as the desired substances present relative to the specified chemicals. Radiochem-
ical purity is defined as the fraction of activity in the specific chemical form. Radionuclide purity is defined
as the fraction of activity due to the specific radionuclides [64].

8Most of the polymer-based materials, including polydimethylsiloxane (PDMS), methyl methacrylate
(PMMA), polycarbonate (PC) and polystyrene (PS), degrade under irradiation. Currently, glass is the ideal
material for constructing microfluidic chips for solvent extraction of radionuclides.
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This thesis is devoted to developing the Phase Field method in simulating multiphase
flows inside a microfluidic channel, aiming to use it as a numerical tool to provide guide-
lines for avoiding the above-mentioned problems in designing the microfluidic chan-
nel and controlling flow conditions. Flow patterns changing from parallel flow to seg-
mented flow attribute to topological changes of the interface. In this thesis, the topo-
logical change of the interface is termed the Interface Breakup Problem. The leakage
at the outlet of the microfluidic channel is related to the Moving Contact Line Problem,
i.e., the movement of the interface between two immiscible phases on a solid surface
[67]. Both the Interface Breakup Problem and the Moving Contact Line Problem are dif-
ficulties in modelling multiphase flows in microfluidics. In simulations of the Interface
Breakup Problem, the thickness of the interface between the immiscible phases can be
regarded as zero or finite, which requires different simulation techniques [68]. For the
Moving Contact Line, the physics behind it is not entirely clear [69] [70] [71]. The dif-
ficulty in understanding the Moving Contact Line Problem originates from the fact that
physical phenomena at different length scales are involved. For a multiphase flow in a
microfluidic channel, the flow is governed by the hydrodynamic theory at the macro-
scopic scale, while the Moving Contact Line needs to be described at the microscopic
scale with molecular-kinetic theory [72].

For the simulation of the Interface Breakup Problem, the Phase Field method introduces
a diffusive interface with a finite thickness, within which the physical properties of the
immiscible fluids (like density and viscosity) changes smoothly and continuously [73].
For the Moving Contact Line Problem, it attempts to integrate the hydrodynamic descrip-
tion and the molecular-kinetic description in one framework by including a diffusive
transport of the order parameter (φ) 9 within the interface to remove the mathematical
singularity at the wall [74].

However, some aspects of the Phase Field method still need to be investigated. The cap-
illary width (ε, a numerical parameter) determines the thickness of the diffusive inter-
face, while the mobility parameter (M , a numerical parameter) determines the diffusive
transport of the order parameter (φ). To make the calculation affordable, the thickness
of the diffusive interface needs to be much larger than the one of the physical interface
[75]. Concerning the Interface Breakup Problem, simulation results vary with variation
of the capillary width (ε) and the mobility parameter (M) [76]. Thus, the exact influence
of ε and M on the simulation results is still under debate [74] [77]. As for the Moving
Contact Line Problem, it is found that when simulating the leakage at the outlet of the
microfluidic channel with an equilibrium contact angle boundary condition (which is
often applied in the Phase Field method [74] as explained in Section 2.5.1), the occur-
rence of leakage does not agree with experiments. One of the reasons may be that im-
posing the equilibrium contact angle boundary condition does not sufficiently capture
the physics of the Moving Contact Line at the outlet.

9The variable that distinguishes different physical properties of the immiscible fluids in the Phase Field
method.
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1.5. RESEARCH OBJECTIVES AND THESIS OUTLINE

The Research Objectives of this work are:

1. to understand the effects of the numerical parameters of the Phase Field method
(i.e., capillary width (ε) and the mobility parameter (M)) on the predicted multi-
phase flow features in a double Y-shaped microfluidic channel.

2. to assess the capability of a non-equilibrium contact angle boundary condition
(Equation 2.39 with µ f > 0Pa · s) in the Phase Field method in simulating the Mov-
ing Contact Line between two partially wetting fluids inside a microfluidic chan-
nel, by validating simulation results with experiments.

3. to develop the Phase Field method for modelling parallel flow as well as the leak-
age phenomenon in a microfluidic channel, with the aim to evaluate its ability
to accurately capture the physics between two immiscible fluids and predict their
flow patterns.

These research objectives are addressed in the next chapters, and the thesis outline is as
follows:

In Chapter 2, the theory behind multiphase flows in microfluidics and the Phase Field
method is briefly introduced.

In Chapter 3, to ensure the Phase Field method generating consistent simulation results
corresponding to the same physical phenomenon, influences of the capillary width (ε)
and the mobility parameter (M) are investigated by modelling dry slug flow (with C a
number of both phases smaller than 1 × 10−3) inside a double Y-shaped microfluidic
channel. Focus is given to the choice of ε and M on the slug length, which is a quan-
titatively measurable feature of multiphase flows. Considering ε is an artificially cho-
sen parameter that determines the thickness of the diffusive interface in the Phase Field
method, this chapter reveals how M should be varied accordingly when ε is changed.
Additionally, simulation results of the slug length are compared with experiments.

In Chapter 4, the influence of a non-equilibrium contact angle boundary condition on
the Moving Contact Line is investigated by modelling dry slug flow with the Phase Field
method. When simulating two partially wetting fluids in microfluidics, capturing the
physics of the Moving Contact Line is of paramount importance. It has been noticed that
the Moving Contact Line is not modelled correctly with the equilibrium contact angle
boundary condition used in Chapter 3. Therefore, this study concentrates on the non-
equilibrium contact angle boundary condition first proposed by Jacqmin [75]. Carlson et
al. have found that such a boundary condition results in more physical results in captur-
ing the droplet spreading process [78]. Nevertheless, not all mechanisms of this bound-
ary condition are fully understood and it is not known if it is universally applicable in
other multiphase flows [74], especially for dry slug flow. Due to the Moving Contact Line,
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the apparent contact angles (θapp ) of the slugs deviate from the equilibrium contact an-
gle (θe ) measured at stationary conditions. Thus, by comparing the apparent contact an-
gles (θapp ) in the simulations with those in the experiments, this chapter examines if the
non-equilibrium contact angle boundary condition can reflect the effect of the Moving
Contact Line correctly in microfluidics. Besides, impacts of the numerical parameters (ε
and M) are also discussed.

In Chapter 5, parallel flow is studied with the help of the Phase Field method and val-
idated with experiments. Currently, there are no clear criteria for accurately predicting
flow patterns in microfluidic channels. This chapter simulates the parallel flow pattern
in a double Y-shaped microfluidic channel with the Phase Field method, aims to utilize
it as a numerical tool to understand the occurrence of parallel flow. The Phase Field
method has the advantage of being compatible with the no-slip boundary condition in
continuum fluid dynamics so that no special treatments are required. The work of this
chapter reveals the choice of the mobility parameter (M) and the capillary width (ε) of
the Phase Field method on modelling parallel flow. Additionally, by combining simu-
lations with experiments based on the toluene/water system and the n-heptane/water
system, this study shows the dominating force that determines the occurrence of paral-
lel flow inside the microfluidic chip under investigation here. Lastly, the effects of the
contact angle between the liquids and the wall on the flow patterns are discussed.

In Chapter 6, the leakage phenomenon at the outlet of the microfluidic channel is in-
vestigated by combining the Phase Field method with experiments. The leakage phe-
nomenon is common in the parallel multiphase flow pattern, which results in failure of
the microfluidic solvent extraction. In this chapter, experiments present the influence of
the volumetric flow rate ratio and the equilibrium contact angle (θe ) on the leakage di-
rection. In the Phase Field method, the effects of the equilibrium and non-equilibrium
contact angle boundary conditions on modelling the leakage are discussed.

In Chapter 7, the main conclusions of this thesis and recommendations for future stud-
ies are provided.
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1.6. NOMENCLATURE

Symbols Description Units
E f r ee Free energy of the system J
Eki neti c Kinetic energy of the system J
Emi x Mixing energy between two fluids J
Etot al Total energy of the system J
Ew all Wall surface free energy J
fmix Mixing energy density J/m3

G Generalized chemical potential J/m3

L Characteristic length of the microfluidic channel m
Lm Slip length m
M Mobility parameter m3s/kg
P Pressure Pa
t Time s
u Velocity m/s
U Characteristic velocity of the fluid m/s
x x-coordinate m
y y-coordinate m
z z-coordinate m

Greek letters Description Units
ε Capillary width m
θA Advancing contact angle ◦
θapp Apparent contact angle ◦
θe Equilibrium contact angle ◦
θm Microscopic dynamic contact angle ◦
θR Receding contact angle ◦
λ Mixing energy density parameter N
µ Dynamic viscosity Pa · s
µ f Contact line friction parameter Pa · s
ρ Density kg/m3

σ Coefficient of interfacial tension N/m
φ Order parameter to distinguish different phases
Φ Volumetric flow rate at the inlet µL/min
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Non-dimensional groups Description
Bo Bond number
C a Capillary number
C a f A dimensionless number for the contact line friction parameter
C n Cahn number
Pe Péclet number
Re Reynolds number
W e Weber number

Subscripts Description
aq Aqueous phase
or g Organic phase
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2.1. BASIC CONCEPTS OF MICROFLUIDICS

A fluid, either liquid or gas, can deform and move continuously under the action of ex-
ternal forces [1]. In microfluidics, the behaviour of fluids can still be described by fluid
dynamics. Due to the small-dimension feature of the microfluidic channel, some of the
common fluid behaviour, e.g. turbulence, is rare. This section introduces the theory
related to microfluidics and multiphase flows in microfluidic channels.

2.1.1. THE CONTINUITY EQUATION

The basic constituents in fluid dynamics are fluid elements. A fluid element has a finite
size and contains a large amount of molecules. In the fluid element, the macroscopic
properties of the fluid, such as mass, momentum, and energy are perfectly continuous.
Regarding the fluid as continuous is also called the continuum hypothesis. One thing
to note is that the continuum hypothesis holds in microfluidics while it breaks down in
nano-channels [1].

Based on the continuum hypothesis and the idea of mass conservation, one can derive
the continuity equation:

∂ρ

∂t
+∇· (ρu) = 0, (2.1)

where ρ is the density (kg/m3) and u is the velocity (m/s).

In microfluidic liquid-liquid solvent extraction, the working liquids are considered to be
incompressible. For incompressible fluids, Equation 2.1 can be written as:

∇·u = 0. (2.2)

2.1.2. NAVIER-STOKES EQUATIONS FOR INCOMPRESSIBLE FLUIDS

Applying Newton’s second law on fluid elements, one can derive the Navier-Stokes mo-
mentum equations. The Navier-Stokes momentum equations describe the motion of
Newtonian fluids. For incompressible fluids, the Navier-Stokes momentum equations
are written as:

ρ
∂u

∂t
+ρ (u ·∇)u =−∇P+µ∇2u+F g +F it, (2.3)

where P is the pressure (Pa), µ is the dynamic viscosity (Pa · s) of the fluid, F it is the inter-
facial tension force and F g is the gravitational force.

As mentioned above, turbulent flows are rare in microfluidic channels. The flow regime
of turbulent flow or laminar flow in a tube can be characterized by the Re ynold s (Re)
number. The Re number is defined as the ratio of the inertial force to the viscous force:
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Re = ρUL

µ
, (2.4)

where L is the characteristic length of the tube. U is the characteristic velocity of the
fluid which takes the average velocity of the flow at the inlet of the tube. Typically, when
the Re number exceeds 2500, turbulent flow occurs [2]. Due to the small diameter of a
microfluidic channel, the Re number is usually less than 2500. As a typical example, con-
sidering water (ρw ater =1×103 kg/m3, µw ater =1×10−3 Pa · s) flowing inside a microfluidic
channel with volumetric flow rate of 20µL/min. The microfluidic channel has a diame-
ter of 100µm which is regarded as the characteristic length. It can be calculated that the
Re number is 4.25. Such a small Re number ensures that the flow inside a microfluidic
channel is laminar.

2.1.3. MULTIPHASE FLOWS IN MICROFLUIDIC CHANNELS

Section 2.1.2 has introduced water flows through a microfluidic channel under laminar
flow condition, which belongs to single-phase flows. This section introduces multiphase
flows in microfluidic channels. A phase is a distinct state of matter which has identical
chemical composition and physical state and can be separated from other phases by the
phase interface. An interface is the thin boundary layer which separates the two phases
[3]. Multiphase flows in microfluidic channels indicate that there are at least two im-
miscible phases existing and flowing inside microfluidic channels. The immiscible two
phases in microfluidics usually can be liquid-liquid or liquid-gas phases.

Compared with single-phase flows, multiphase flows inside microfluidic channels are
characterized by the interfacial tension 1 between two phases. In the bulk phase, the net
cohesive force on a molecule is zero; however, for molecules at the interface, the cohe-
sive forces from the two phases are different, which results in bending of the interface. In
addition, interfacial tension can also be interpreted from an energy point of view. Based
on the theory of Gibbs free energy, molecules at the interface lose chemical bonds in the
normal direction of the interface. Consequently, the energy of the molecules at the in-
terface is higher than that of the molecules in bulk. For the phase to minimize the total
energy, the number of molecules at the interface should be minimized. The minimized
number of molecules at the interface leads to a minimal surface area, which is smoothly
bent [1]. The SI unit of the interfacial tension can be expressed as force per length (N/m)
or Gibbs free energy per area (J/m2).

As introduced in Section 1.3.1, there are various flow patterns of multiphase flows inside
microfluidic channels. Besides the Re number, multiphase flow patterns can be charac-
terized by several other dimensionless numbers which are related to interfacial tension.

The C api l l ar y number (Ca) is one of the most important dimensionless numbers to
describe multiphase flows. The Ca number describes the ratio of the viscous force to the

1In this thesis, the tension between two liquid phases is called "interfacial tension" while the tension between
liquid and gas is termed "surface tension".
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interfacial tension.

Ca = µU

σ
, (2.5)

where σ (in N/m) is the coefficient of interfacial tension. It is generally accepted that
parallel flow occurs at high Ca number while segmented flow occurs at low Ca number
[3] [4] [5].

One other frequently used dimensionless number is the W eber number (We). It de-
scribes the relative importance of the fluid’s inertia to the interfacial tension. Zhao et
al. have proved that the We number can be used to predict flow patterns in a T-shaped
microfluidic channel [6],

We = ρU 2L

σ
. (2.6)

The Bond number (Bo) describes the relative importance of the gravitational force to
interfacial tension. When the Bo number is less than 0.05, the effect of the gravitational
force can be neglected [7].

Bo = ∆ρL2g

σ
, (2.7)

where g is the magnitude of the gravitational acceleration. As a typical example, when
water (ρw ater =1×103 kg/m3) and the immiscible organic solvent toluene (ρtol uene =0.87×
103 kg/m3, σw ater−tol uene =0.00361N/m) flow inside a microfluidic channel with a di-
ameter of 100µm, the Bo number is calculated to be 3.53×10−4. Thus, the effect of the
gravitational force is usually neglected in multiphase flows in microfluidics.

2.2. THE PHYSICS OF WETTING

Due to the small-dimension feature of microfluidic devices, wetting phenomena are cru-
cial for predicting and investigating multiphase flows in microfluidic channels [3]. This
section introduces the basic wetting phenomena.

Wetting phenomena are very common in our daily life, e.g., a droplet of water is put on
the surface of a table or on the leaf of a lotus. At stationary conditions, one will find that
the shape of the water droplet on the table surface is different from that on the lotus leaf.
Figure 2.1 schematically presents a typical wetting case: a liquid droplet wets the surface
of a solid in ambient gas. In Figure 2.1, three phases are involved: the liquid phase, the
gas phase and the solid phase. At the joint position where the liquid phase, the gas phase
and the solid phase meet, a so-called three-phase contact line (contact line for short) can
be drawn. Figure 2.1 shows a 2-dimensional, lateral view of wetting. Since Figure 2.1 is
a lateral view of wetting, the contact line appears as a point. Wetting is often character-
ized by a contact angle, formed at the contact line. In addition, wetting can be further
categorized into static wetting and dynamic wetting, which will be explained in detail in
Section 2.2.1 and Section 2.2.2, respectively.
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The physics of wetting is not fully understood yet. The content of this section limits to
theories of wetting that are related to this thesis. Readers who want to learn more about
wetting can refer to the review articles by Bonn et al. [8], Blake [9] and Snoeijer et al. [10].

gas

solid

θ

contact line

liquid

56°

Figure 2.1: Schematic diagram of wetting. A liquid droplet in ambient gas wets the sur-
face of a solid, forming an equilibrium contact angle (θe ). At the joint position where
the liquid, the gas and the solid meet, there is a three-phase contact line. Since this is a
2-dimensional lateral view, the contact line appears as a point.

2.2.1. STATIC WETTING

As illustrated in Figure 2.1, when the interface between a liquid phase and a gas phase
touches a solid surface, there is a contact angle forming at the contact line where the
three phases join. If the surface is ideal (perfectly smooth and chemically homoge-
neous), at stationary conditions, the contact angle is called the equilibrium contact angle
(θe ). Based on Gibbs free energy, there is surface tension between the solid-gas interface
and the solid-liquid interface, denoted asσsg andσsl , respectively. The value of the con-
tact angle can be quantified by the surface tension among the three phases by Young’s
law [1]:

cos(θe ) = σsg −σsl

σ
, (2.8)

where σ is coefficient of surface tension between the gas phase and the liquid phase
which has already been introduced in Section 2.1.3. The equilibrium contact angle (θe )
can be used for measuring the wettability of a solid surface. When θe > 90◦, the surface
is termed hydrophobic and when θe < 90◦, the surface is termed hydrophilic.
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In principle, the equilibrium contact angle (θe ) reflects molecular interactions between
the solid, liquid and gas phase. In practice, the equilibrium contact angle (θe ) is mea-
sured at the macroscopic scale, which is above the molecular scale [8]. The contact
angle measured at the macroscopic scale is termed the apparent contact angle (θapp ).
At stationary conditions, the apparent contact angle (θapp ) is assumed the same as the
equilibrium contact angle (θe ).

2.2.2. DYNAMIC WETTING

In the case of dynamic wetting when the three-phase contact line moves, the situation
becomes complex. The complexity comes from that the contact angle differs at different
length scales. Figure 2.2 schematically illustrates a liquid droplet which is moving on a
solid surface. When the droplet is moving relative to the solid surface, the apparent con-
tact angle (θapp ) can be measured at the macroscopic scale.

56°

gas

solid

θ

liquid

θ

56°

θ

Moving

Figure 2.2: Schematic diagram of apparent contact angle (θapp ) and microscopic dy-
namic contact angle (θm). The droplet is moving on the surface of a solid plate. The ap-
parent contact angle (θapp ) is observed at the macroscopic scale while the microscopic
dynamic contact angle (θm) is observed at the microscopic scale.

Zooming in towards the position where θapp locates in Figure 2.2, there is a microscopic
dynamic contact angle (θm), which is different from the apparent contact angle (θapp ).
The microscopic length scale ranges from hundreds of nanometer to tens of micrometer
[11].

Keeping zooming in at the position where the microscopic dynamic contact angle (θm)
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towards the molecular scale, there is the equilibrium contact angle (θe )2. As mentioned
in Section 2.2.1, in the case of static wetting, the equilibrium contact angle (θe ) can be
considered the same as the apparent contact angle (θapp ). However, in the dynamic wet-
ting process, the equilibrium contact angle (θe ) and the apparent contact angle (θapp )
are different.

Until now, there is no solid conclusion about the relationship between θe , θm and θapp

in dynamic wetting. Currently, their relationship depends on different theoretical mod-
els. The relationship between θe , θm and θapp as well as the theoretical models will be
discussed in detail in Section 2.3.

2.2.3. CONTACT ANGLE HYSTERESIS

In Section 2.2.1 and Section 2.2.2, it is assumed the solid surface is ideal, i.e., perfectly
smooth and chemically homogeneous. However, in practice, such an ideal surface does
not exist. On the surface of non-ideal solids, contact angle hysteresis appears [12]. The
contact angle hysteresis can be further categorized as the static contact angle hysteresis
and the dynamic contact angle hysteresis, which occur in the case of static wetting and
dynamic wetting, respectively.

Figure 2.3 schematically demonstrates the static contact angle hysteresis. A liquid droplet
is originally placed on the surface of a non-ideal solid plate. Inclining one side of the
solid plate slowly, because of the gravitational force, the liquid droplet has the tendency
to move downwards. One can find that the contact angles at the two sides of the droplet
are different. The contact angle in front of the droplet is called the advancing contact
angle (θA) while the contact angle at the back is called the receding contact angle (θR ).
Obviously, both the advancing contact angle (θA) and the receding contact angle (θR )
belong to the apparent contact angle (θapp ) since they are measured at the macroscopic
scale. Keeping inclining the solid plate slowly, before reaching the critical slope at which
the three-phase contact line starts to move, the difference between θA and θR is called
the static contact angle hysteresis [8].

Besides occurring in the static wetting, the contact angle hysteresis also takes place in
the dynamic case. When the slope of the inclination is large enough, the three-phase
contact line moves and the droplet slips downwards. In this case, the difference between
θA and θR is called the dynamic contact angle hysteresis.

Until now, there is no concrete consensus of the hysteresis phenomenon [8][13]. It is
commonly accepted that the static contact angle hysteresis originates from the rough-
ness and chemical heterogeneities of the solid surface. Besides the surface property, the
dynamic contact angle hysteresis also arises from the movement of the contact line itself
[14].

2The equilibrium contact angle (θe ) is not shown in Figure 2.2.
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96°

49°

θ

θ

Static

Figure 2.3: Schematic diagram of static contact angle hysteresis. A liquid droplet is origi-
nally placed on the surface of a non-ideal solid plate. Inclining one side of the solid plate
slowly, because of the gravitational force, the liquid droplet has the tendency to move
downwards. The contact angle in front of the droplet is called the advancing contact an-
gle (θA) while the contact angle at the back is called the receding contact angle (θR ). The
the difference between θA and θR is called the static contact angle hysteresis when the
droplet starts to move relatively to the plate.

2.3. THEORY OF MOVING CONTACT LINE

As mentioned in Section 2.2, due to the small-dimension feature of microfluidic chan-
nels, wetting phenomena are important in microfluidic liquid-liquid solvent extraction.
Different from the example of a liquid droplet in ambient gas in Section 2.2, for the
liquid-liquid multiphase flow inside a microfluidic channel, the contact line is made up
of two immiscible liquid phases and one solid phase. In most cases 3, the theoretical
basis of the moving contact line of both cases is the same.

Recalling in Section 2.2.2, due to the movement of the contact line, there is a deviation
between θe , θm and θapp . Finding the relationship between θe , θm and θapp is chal-
lenging because the physical mechanisms behind the Moving Contact Line are still not
completely understood. The difficulty of understanding the Moving Contact Line is due
to the fact that it involves physical processes at different length scales [10]. This section
introduces the theory of the Moving Contact Line from the hydrodynamic point of view
as well as from the molecular-kinetic point of view.

3As an exception, the Voinov-Cox law (will be introduced later) can match the result of a gas-liquid interface
while it can not match the result of a liquid-liquid interface [15].
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2.3.1. HYDRODYNAMIC THEORY

Under the framework of hydrodynamic theory, the fluid is regarded as a continuum.
For incompressible flows, mass conservation is described by the continuity equation
(Equation 2.2) while momentum is described by the Navier-Stokes momentum equa-
tions (Equation 2.3). Usually, a no-slip boundary condition is imposed on the solid wall
for the velocity of the flow, i.e., the fluid velocity at the solid wall is equal to the veloc-
ity of the solid wall. Huh & Scriven investigated the velocity of the contact line under
Stokes flow (Re << 1). They found that by imposing the no-slip boundary condition on
the wall, the stresses and viscous dissipation became infinite at the contact line. From
a mathematical point of view, the no-slip boundary condition brought a singularity to
the moving contact line [16]. It is obvious that the no-slip boundary condition therefore
cannot be used for moving contact lines.

The Voinov-Cox law therefore aims to use an ad hoc slip length at the microscopic scale
where the hydrodynamic theory breaks down [17][18][19]. Based on the Voinov-Cox
law, the relationship between the apparent contact angle (θapp ) and the microscopic
dynamic contact angle (θm) can be expressed as:

C (θapp ) =C (θm)+C a ln(L/Lm), (2.9)

where C is a complicated but known function which is related to the dynamic viscosity
ratio of the fluids [9]. L is the characteristic macroscopic length of the system. Lm is
the ad hoc slip length which is at the microscopic scale. According to the hydrodynamic
theory, the deviation between the apparent contact angle (θapp ) and the microscopic
dynamic contact angle (θm) is attributed to the viscous bending of the interface, which
explains the appearance of the C a number in Equation 2.9.

The Voinov-Cox law assumes that the microscopic dynamic contact angle (θm) equals to
the equilibrium contact angle (θe ) 4. Thus, Equation 2.9 can be written as:

C (θapp ) =C (θe )+C a ln(L/Lm). (2.10)

Even though the Voinov-Cox law can match the experimental results of a gas-liquid inter-
face very well [8] [9], some researchers reported that the Voinov-Cox law can not match
the experimental results of a liquid-liquid interface [15].

2.3.2. MOLECULAR-KINETIC THEORY

The interpretation of the moving contact line according to the molecular-kinetic theory
is different from that based on the hydrodynamic theory. In the molecular-kinetic the-
ory, the fluid is not regarded as a continuum anymore. Instead, fluids are considered as
separate molecules. The movement of the contact line is because of the thermally ac-
tivated molecules jumping from one fluid phase to the other when the system is out of

4Some research indicates that the microscopic dynamic contact angle (θm ) cannot be taken as the equilibrium
contact angle (θe ). In that case, the microscopic dynamic contact angle (θm ) is velocity-dependent [20].
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equilibria under external driving forces (F ) [9] [10] [21].

In the molecular-kinetic theory, molecules need to jump through an energy barrier to
get access to one other phase. At equilibrium, the frequency of the energy barrier (E∗) is
crossed can be expressed as:

κ= κ0 exp
(−E∗

kB T

)
, (2.11)

where κ0 is the attempt frequency, kB is the Boltzmann constant, and T is the absolute
temperature.

If the equilibrium state is distorted by an external force (F ), then the velocity of the three-
phase contact line is:

Ucl = ζ(κ+−κ−), (2.12)

where ζ is the average distance of each jump. (κ+−κ−) is the net frequency of the forward
and back jumps. κ+ and κ− can be expressed as:

κ± = κ0 exp
(−E∗±Fζ/2

kB T

)
. (2.13)

For the moving contact line, when the apparent contact angle (θapp ) deviates from the
equilibrium contact angle (θe ), the driving force is the unbalanced Young’s force (F =
σζ(θe − θapp )). Thus, combining Equation 2.12 and Equation 2.13, the velocity of the
moving contact line can be expressed as:

Ucl = 2ζκ0 exp
(−E∗

kB T

)
sinh

[σζ2(θe −θapp )

2kB T

]
. (2.14)

The molecular-kinetic theory provides a point of view that the moving contact line can
be explained by the interactions of molecules within the interface. Such a proposition
has been adopted in the Phase Field method, which will be introduced in Section 2.5.

2.4. NUMERICAL MODELLING OF MICROFLUIDIC MULTIPHASE

FLOW

Numerical modelling can help to understand and reveal the physical mechanism of mul-
tiphase flows. Since parallel flow or segmented flow may occur in microfluidic channels,
the modelling method is required to capture the physics behind the Interface Breakup
and the Moving Contact Line. For simulating multiphase flows inside a microfluidic
channel, several modelling methods are available. Based on the length scale, these meth-
ods can be divided into atomistic level methods and continuum level methods [22].

Concerning the atomistic methods, fluid dynamics is investigated at the fundamental
level of atoms or molecules. Different from solving the Navier-Stokes momentum equa-
tions and the continuity equation in the continuum approach, atomistic methods (e.g.,
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molecular dynamics and direct Monte Carlo simulation) solve the equations of statisti-
cal mechanics numerically [23]. However, such kinds of simulations are computationally
unaffordable for multiphase flows in microfluidics.

Continuum methods capture the behaviour of the moving contact line and interface
breakup by solving the Navier-Stokes momentum equations and the continuity equa-
tion numerically. According to the type of meshing, these methods can be categorized
into moving-mesh methods and fixed-mesh methods. Since the moving-mesh methods
cannot handle the interface breakup problem very well [22], the thesis only focuses on
fixed-mesh methods.

Within the category of fixed-mesh methods, Volume-of-Fluid methods [24] [25][26] [27],
Level-Set methods [28] [29] [30] [31] and Front-Tracking methods [32] [33] are all re-
ported to be used for simulating the Moving Contact Line. Even though these methods
utilize different approaches (volume fraction or sign function or connected markers) to
distinguish two phases, the interface evolution is governed by the advection equation.
Furthermore, when dealing with the incompatibility of the no-slip boundary condition
with the moving contact line, these methods all introduce a slip length at the solid sur-
face. However, the physical slip length is at the nanometer scale, which is still much
smaller than the finest mesh in microfluidics. Thus, the real physics at the boundary
is not solved and the results would be mesh-dependent, unless special treatments are
involved [22].

2.5. PHASE FIELD METHOD

The Phase Field method belongs to the fixed-mesh methods and it describes multiphase
flows by introducing a diffusive interface with a finite thickness. Within the diffusive in-
terface, the physical properties of the fluids can change continuously. Concerning the
Moving Contact Line, the Phase Field method is compatible with the no-slip boundary
condition in continuum fluid dynamics and no special treatments are required. The
mathematical singularity at the wall is removed by the diffusive transport within the fi-
nite interface. Furthermore, the diffusive interface is not only a numerical treatment but
also has physical meanings. The following sections introduce the governing equations
of the Phase Field method in detail as well as their physical meanings.

2.5.1. PHASE FIELD METHOD AND CAHN-HILLIARD EQUATION

In the Phase Field method, the variable that distinguishes different states of matters, like
density and viscosity, is called "order parameter (φ)" [34]. The Phase Field method is not
only limited to describe the interface evolution of fluids. It is also widely used in mate-
rial science, including solidification, grain growth and crack propagation [35]. Actually,
the Phase Field method was first proposed by Cahn and Hilliard to investigate the phase
separation of alloys [36][37].

Considering a system which contains an aqueous fluid and an immiscible organic fluid,
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in the Phase Field method, these two fluids can be described by the order parameter (φ).
The bulk phase of the aqueous phase and the organic phase are represented withφaq = 1
and φor g = −1, respectively. As for the interface, there is a smooth and steep transition
of the value of φ.

The Phase Field method is based on a properly defined free energy of the system [38].
For the Moving Contact Line, besides the fluid-fluid interaction, it is also necessary to
take the interaction between the fluids and the wall into account. Thus, the free energy
(E f r ee ) of the whole system can be expressed as the sum of the mixing energy between
two fluids (Emi x ) and the wall surface free energy (Ew all ) which represents the fluid-
fluid-wall interaction:

E f r ee = Emi x +Ew all =
∫
Ω

fmix

(
φ,∇φ)

dΩ+
∫
Γ

fw (φ)dΓ, (2.15)

Ω is the volume of the domain to be integrated and Γ represents the wall surface to be
integrated. This section mainly discusses the mixing energy (Emi x ). The wall surface free
energy (Ew all ) is related to boundary conditions, which will be discussed in Section 2.5.3.

Even though called "immiscible", the fluids still mix to some extent at the interface. Un-
der the diffusive-interface framework in the Phase Field method, the two fluids mix at
the interface and store the mixing energy (Emi x ). fmix is the mixing energy density (SI
unit: J/m3) which is a function of the order parameter and its gradient [35]. Applying
the Ginzburg–Landau free energy form for the mixing energy density, the mathematical
expression for the mixing energy density is illustrated in Equation 2.16:

fmix

(
φ,∇φ)= 1

2
λ

∣∣∇φ∣∣2 + λ

4ε2

(
φ2 −1

)2
, λ= 3σε

2
p

2
, (2.16)

λ (SI unit: N) is the mixing energy density parameter, ε (SI unit: m) is the capillary width
which determines the interfacial thickness [38].

The mixing energy density (fmix) can be divided into two parts: the first term on the right-
hand side of Equation 2.16 represents the mixing energy in the bulk and the second term
represents the mixing energy resided at the interface. Van der Waals hypothesized that
equilibrium interfaces minimize the integral of fmix [39]. For the purpose of reaching
the equilibrium state, both terms try to approach their minimum by changing the dis-
tribution of the order parameter (φ) [40]. The minimum of the first term represents a
complete mix of these two phases. It can be regarded as the "attractive effect" between
these two phases. On the other hand, the second term is a double-well potential func-
tion. The minimum of the second term represents separation of these two phases (φ= 1
or φ = −1). This term is considered as the "repulsive effect" between these two phases.

Figure 2.4 illustrates the profile of the doubel-well potential funcion of f
(
φ

)= 1
4

(
φ2 −1

)2

(leaving out λ and ε of the second term in Equation 2.16.).
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According to Cahn and Hilliard [36][37], a generalized chemical potential (G) of the sys-
tem quantifies how much the free energy changes when the distribution of the order pa-
rameter (φ) changes. The generalized chemical potential (G) can be obtained by taking
the variation of the mixing energy (Emi x ) with respect to the order parameter (φ):

G = δ
∫
Ω fmixdΩ

δφ
=

∫
Ω(

∂fmix
∂φ −∇ ∂fmix

∂(∇φ) )δφdΩ

δφ
=λ

[
φ

(
φ2 −1

)
ε2 −∇2φ

]
. (2.17)

At equilibrium, the distribution of the order parameter (φ) stops changing. Thus, the
generalized chemical potential (G) becomes zero:

G =λ
[
−∇2φ+ φ

(
φ2 −1

)
ε2

]
= 0. (2.18)

In the one-dimensional case:

G =λ
[
−d 2φ

d x2 + φ
(
φ2 −1

)
ε2

]
= 0. (2.19)

Imposing the boundary condition of φ(x=0) = 0, Equation 2.19 can be solved [38]:

φ(x) = tanh(
xp
2ε

). (2.20)

Equation 2.20 shows that for the one-dimensional case, at equilibrium, the profile of φ
is a hyperbolic tangent function. The capillary width (ε) controls the thickness of the in-
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terface.

To further demonstrate the relationship between the capillary width (ε) and the interfa-
cial thickness (Equation 2.20), Figure 2.5 presents the hyperbolic tangent function with
different capillary width (ε) with a one-dimensional domain with characteristic length
of 100 µm. In the profile, φ= 1 and φ=−1 indicate the two bulk phases while −1 <φ< 1
indicates the interface. As ε increases, the interface becomes "thicker".

Two things to note in Figure 2.5: first, the value of ε does not equal the interfacial thick-
ness in the Phase Field method. According to Yue et al., 90 percent of the variation in
φ occurs over a thickness of 4.1641 ε, while 99 percent of the variation corresponds to a
thickness of 7.4859 ε [38]. Second, the interfacial thickness in the Phase Field method is
usually much larger than the actual physical thickness. The typical interfacial thickness
of a liquid–liquid interface is a few nanometers [41]. Enlarging the interfacial thickness
in the Phase Field method is for the sake of saving computational effort when solving it
numerically.

-50 -40 -30 -20 -10 0 10 20 30 40 50

x m

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

= 2 m
= 4 m
= 6 m
= 8 m

Figure 2.5: The profile of φ at equilibrium in a one dimensional domain. The charac-
teristic length of the domain is 100 µm. The capillary width (ε) are 2 µm, 4 µm, 6 µm
and 8 µm. φ= 1 and φ=−1 indicate the two bulk phases while −1 <φ< 1 indicates the
interface.

In the dynamic process, similar to Fick’s Law, the interfacial diffusive flux (j) of the order
parameter (φ) is proportional to the gradient of the chemical potential [36][37]:

j =−M∇G. (2.21)
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In Equation 2.21, M (SI unit: m3s/kg) is called the mobility parameter which is analogous
to the diffusion coefficient in mass transfer by diffusion.

Because of the conservation of the order parameter (φ), the continuity equation of φ is:

∂φ

∂t
+∇· j = 0, (2.22)

where t denotes time.

The governing equation for the total transport of φ can be derived by combining Equa-
tion 2.21 with Equation 2.22 and adding a convective term. This is the Cahn–Hilliard
equation 5:

∂φ

∂t
+u ·∇φ= M∇2G, (2.23)

where u represents the velocity field.

The diffusive interface in the Phase Field method is physically meaningful. The theory
of the Phase Field method originates from Van der Waals’s insight of interfaces. He pro-
posed that there was a diffusive interface with finite thickness between phases, rather
than a sharp interface where there was a discontinuity of the properties of phases [43].
Moreover, the physical meaning of the Phase Field method not only locates in the dif-
fusive interface but also in bulk phases. The "attractive effect" and "repulsive effect"
account for long range van der Walls forces between atoms and molecules [44].

The Phase Field method also tries to integrate the explanation of multiphase flows under
one framework. On one hand, fluid particles interaction within the diffusive interface
represents the explanation based on the molecular-kinetic theory. On the other hand,
the macroscopic flow can be described by hydrodynamic equations, which agrees with
the continuum theory [44]. Section 2.5.2 introduces how the macroscopic flow is de-
scribed in the Phase Field method.

2.5.2. COUPLING CAHN–HILLIARD EQUATION WITH NAVIER–STOKES EQUA-
TIONS

When describing multiphase flows in microfluidic channels, the Cahn–Hilliard equation
needs to be coupled with the Navier–Stokes momentum equations:

ρ(φ)
∂u

∂t
+ρ(φ) (u ·∇)u =−∇P+µ(φ)∇2u+F it, (2.24)

where F it is the interfacial tension force. The gravitational force term is left out due to
the low Bo number of the microfluidic system, as discussed in Section 2.1.3.

5In the Phase Field method, there is an other equation called "Allen–Cahn equation", which can be regarded as
a simplified version of the Cahn–Hilliard equation [42]. Deriving the Allen–Cahn equation is out of the scope
of this thesis.
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In Equation 2.24, both the density ρ(φ) and the dynamic viscosity µ(φ) are functions of
the order parameter φ (φ ∈ [−1,1]):

ρ(φ) =
ρaq (1+φ)

2
+ ρor g (1−φ)

2
,µ(φ) =

µaq (1+φ)

2
+ µor g (1−φ)

2
, (2.25)

where the notation aq and or g represent the aqueous phase and the organic phase, re-
spectively.

In Equation 2.25, physical properties of bulk phases are expressed withφ= 1 andφ=−1,
respectively. As demonstrated in Figure 2.5, the value of φ changes steeply and contin-
uously inside the diffusive interface. Since both the density and the dynamic viscosity
are related to the order parameter φ, the physical properties change within the interface
with respect to φ as well.

In order to describe two-phase flows at the micro-scale, the interfacial tension force
plays an important role [22]. When coupling the Phase Field Method with the Navier-
Stokes equations, more than one expression for the interfacial tension force can be found
in literature [45]. In this research, the model for the interfacial tension force is adopted
from the expression proposed by Jacqmin [39][46][47]. The model derives from an en-
ergy approach. To derive the interfacial tension force from the energy approach, ac-
cording to Jacqmin, there are three key ideas: (1) convection can change the amount of
free energy by either lengthening or thickening/ thinning interfaces, (2) there must be a
diffuse-interface force exerted by the fluid such that the change in kinetic energy is al-
ways opposite to the change in free energy, (3) this must be true for arbitrary interface
configurations and (compressible) velocity fields [46].

Based on Jacqmin’s work, the total energy includes the kinetic energy (Eki neti c ) and the
free energy (E f r ee ). The rate of change of the total energy can be expressed as:

∂Etot al

∂t
=

∫
Ω

(
∂ 1

2φ |u|2
∂t

+
3∑

i=1
λ
∂φ

∂xi

∂

∂t

∂φ

∂xi
+ λφ

(
φ2 −1

)
ε2

∂φ

∂t

)
dΩ+

∫
Γ

f
′

w (φ)
∂φ

∂t
dΓ, (2.26)

where Etot al is the total energy of the system.

Integration by parts of the term
∫
Ω

(∑3
i=1λ

∂φ
∂xi

∂
∂t

∂φ
∂xi

)
dΩ and combining with Equation

2.17:

∂Etot al

∂t
=

∫
Ω

(
∂ 1

2φ |u|2
∂t

+G
∂φ

∂t

)
dΩ+

∫
Γ
λ
∂φ

∂xn

∂φ

∂t
dΓ+

∫
Γ

f
′

w (φ)
∂φ

∂t
dΓ, (2.27)

where xn represents the direction normal to the wall.

The last two terms in Equation 2.27 are the wall surface integrals of the whole system,
which serve as boundary conditions and are left out in Equation 2.28. The boundary
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conditions for the Phase Field method will be introduced in Section 2.5.3.

Without the surface integral terms, Equation 2.27 becomes:

∂Etot al

∂t
=

∫
Ω

(
∂ 1

2φ |u|2
∂t

+G
∂φ

∂t

)
dΩ. (2.28)

The convective transport of φ is:

∂φ

∂t
+u ·∇φ= 0. (2.29)

Thus, replacing ∂φ
∂t with −u ·∇φ, Equation 2.28 can be rewritten as:

∂Etot al

∂t
=

∫
Ω

(
∂ 1

2φ |u|2
∂t

−G
3∑

i=1
ui

∂φ

∂xi

)
dΩ. (2.30)

The rate of change of the kinetic energy (Eki neti c ) due to interfacial tension forces can
be expressed as:

∫
Ω

(∑3
i=1 ui Fi

)
dΩ. According to Jacqmin’s hypothesis that the change

in kinetic energy (Eki neti c ) is always opposite to the change in free energy (E f r ee ) by the
interfacial tension force, the rate of change of the total energy (Etot al ) should always be
zero:

∂Etot al

∂t
=

∫
Ω

(
3∑

i=1
ui Fi −G

3∑
i=1

ui
∂φ

∂xi

)
dΩ= 0. (2.31)

Thus, the interfacial tension force can be expressed as:

F it = G∇φ. (2.32)

2.5.3. BOUNDARY CONDITIONS FOR THE PHASE FIELD METHOD

The continuity equation (Equation 2.2), the coupled Navier-Stokes momentum equa-
tions (Equation 2.24) and the Cahn-Hilliard equation (Equation 2.23) are the governing
equations to describe multiphase flows in microfluidics. To solve these partial differen-
tial equations, it is necessary to impose proper boundary conditions.

At the inlets, the velocity of the fluids is prescribed. At the outlets, a reference pressure
(Pressure = 0 Pa) is defined. At the solid walls, for the velocity field, a no-slip boundary
condition is imposed since the mathematical singularity mentioned by Huh & Scriven
can be removed by the diffusive movement of the order parameter within the interface.
In addition, the no-flux boundary condition for the chemical potential (G) is chosen on
the wall:

∂G

∂xn
= 0, (2.33)

where xn represents the direction normal to the wall.
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Besides the above-mentioned boundary conditions, microfluidic multiphase flows re-
quire to impose a boundary condition on the wall to reflect the wettability property of the
channel wall. The wettability property of the channel wall is characterized by the con-
tact angle formed at the three-phase contact line. In this thesis, the boundary condition
used for the contact angle was first proposed by Jacqmin [46]. The boundary condition
proposed by Jacqmin is able to capture the dynamic wetting process. In the following,
the derivation of this boundary condition is shown.

In Section 2.2.1, σsg and σsl were introduced to describe the free energy of the dry wall
(σsg ) and the wet wall (σsl ), separately. The wall surface free energy (Ew all ) of the system
is written as:

Ew all =
∫
Γ

fw (φ)dΓ=
∫
Γ

(
σsg +

(
σsl −σsg

)
g

(
φ

))
dΓ, (2.34)

where g
(
φ

)
=−φ3+3φ+2

4 . g
(
φ

)
is a higher order polynomial of φ which acts as a switch be-

tween the immiscible two phases [48]. Notice that g (1) = 1 and g (−1) = 0, which reflects
the free energy of the wet wall and the dry wall, respectively.

Substituting Young’s law (Equation 2.8) into Equation 2.34, we get:∫
Γ

fw (φ)dΓ=
∫
Γ

(
σsg −σcos(θe )g

(
φ

))
dΓ. (2.35)

According to Jacqmin [46][47][39], at equilibrium, the surface integral of the free energy
is zero. Thus, the last two terms of Equation 2.27 can be rewritten as:∫

Γ

(
λ
∂φ

∂xn
+ f

′
w (φ)

)
∂φ

∂t
dΓ= 0. (2.36)

Hence:

λ
∂φ

∂xn
+ f

′
w (φ) = 0. (2.37)

As for the dynamic process, the surface integral of the free energy is not zero anymore.
Jacqmin introduced a new coefficient (Dw ) to involve the effect of the non-equilibrium
contact angle on the wall:

∂φ

∂t
+u ·∇φ= Dw

(
λ
∂φ

∂xn
+ f

′
w (φ)

)
. (2.38)

During the dynamic process, Equation 2.38 allows for the apparent contact angle (θapp )
deviating from the equilibrium contact angle (θe ). One thing to note here: Equation
2.38 adopts the assumption that the microscopic dynamic contact angle (θm) equals the
equilibrium contact angle (θe ), which has already been discussed in Section 2.3.1.

After Jacqmin, Yue et al. [44] [49] [50] and Carlson et al. [51] [52] further explored the
boundary condition in Equation 2.38, separately. Both Yue et al. and Carlson et al. reor-
ganized Equation 2.38 with their different insights of the non-equilibrium contact angle
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boundary condition. This work adopts Carlson et al.’s expression of the non-equilibrium
contact angle boundary condition.

In Carlson et al.’s work, the non-equilibrium contact angle boundary condition is written
as 6:

−εµ f
∂φ

∂t
=λ ∂φ

∂xn
+ f

′
w (φ). (2.39)

The coefficient Dw has been moved to the left-hand side of the equation and replaced
by −εµ f . ε is the capillary width which has been introduced in Equation 2.16. µ f (SI
unit: Pa · s) is a positive constant and Carlson et al. explains it as a contact line friction
parameter [51].

2.5.4. DIMENSIONLESS FORMULATION OF THE GOVERNING EQUATIONS

The continuity equation (Equation 2.2), the coupled Navier-Stokes momentum equa-
tions (Equation 2.24) and the Cahn-Hilliard equation (Equation 2.23) are the governing
equations to describe multiphase flows in microfluidics.

In the dimensionless formulation of the governing equations, the width of the channel L
is chosen as the characteristic length. Uaq is the characteristic velocity of the fluid which
takes the average velocity of the aqueous phase at the inlet of the microfluidic channel.
The dimensionless variables (the symbols with overlines) are expressed as:

x = x

L
,u = u

U aq
, t = tUaq

L
,P = PL

µaqUaq
,ρ(φ) =

ρ(φ)

ρaq
,µ(φ) =

µ(φ)

µaq
,∇= L∇, (2.40)

where ρaq is the density of the aqueous phase and µaq is the dynamic viscosity of the
aqueous phase.

Then, the continuity equation (Equation 2.2), the coupled Navier-Stokes momentum
equations (Equation 2.24) and the Cahn-Hilliard equation (Equation 2.23) are non-dimensionalized
as follows:

The non-dimensionalized continuity equation:

∇·u = 0. (2.41)

The non-dimensionalized Navier-Stokes momentum equations:

Reρ(φ)

[
∂u

∂t
+ (

u ·∇)
u
]
=−∇P +µ(φ)∇

2
u+F it. (2.42)

6The u ·∇φ term has been left out due to the no-slip boundary condition at the wall. There is research inves-
tigating both the slip velocity boundary condition and the diffusive interfacial transport that keeps this term
[53].
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F it = 3

2
p

2

1

C nC a

[
−C n2∇2

φ+ (
φ2 −1

)
φ

]
∇φ. (2.43)

The non-dimensionalized Cahn-Hilliard equation:

∂φ

∂t
+u ·∇φ= 3

2
p

2

1

Pe
∇2

[
−C n2∇2

φ+ (
φ2 −1

)
φ

]
. (2.44)

Re = ρaq Uaq L

µaq
, Ca = µaq Uaq

σ
, Cn = ε

L
, Pe = 2

p
2Uaq Lε

3Mσ
. (2.45)

These are the four dimensionless numbers appearing in the equations system after non-
dimensionalization. The Re ynold s number (Re) is the ratio between inertia force and
viscous force. The C api l l ar y number (Ca) describes the ratio between viscous force
and interfacial tension force. The C ahn number (Cn) describes the ratio between the
prescribed interfacial thickness and the characteristic length. The Péclet (Pe) number
is the ratio of the convective transport to the diffusive transport of the order parameter.
These dimensionless numbers can be derived for both the aqueous and organic phases,
indicated by subscripts.

In addition, with the same dimensionless variables, the non-equilibrium contact angle
boundary condition (Euqation 2.39) can be non-dimensionalized as (λ = 3σε

2
p

2
based on

Equation 2.16):

− µ f Uaq

σ

∂φ

∂t
= 3

2
p

2

∂φ

∂xn
+ f

′
w (φ)

L

εσ
. (2.46)

The
µ f Uaq

σ on the left-hand side of Equation 2.46 is defined as the C a f number for the
contact line friction parameter. The C a f number can be also derived based on the or-
ganic phase.

2.6. COMSOL MULTIPHYSICS AND FINITE ELEMENT METHOD

In this work, the behaviour of multiphase flows inside a microfluidic channel is gov-
erned by the continuity equation (Equation 2.2), the Cahn-Hilliard equation (Equation
2.23) and the Navier-Stokes momentum equations (Equation 2.24). All of them are par-
tial differential equations (PDEs). Usually, only a few PDEs with simple and symmetric
geometry can be solved analytically. These coupled PDEs to describe multiphase flows
in microfluidic channels cannot be solved analytically. Thus, the approximate solutions
of these PDEs are solved numerically by COMSOL Multiphysics (short for COMSOL) with
the Finite Element Method. Even though the Finite Element Method is not the best
method to solve fluid problems with turbulence, it is a good choice for microfluidics
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with low Re number [1]. This section briefly introduces the Finite Element Method.

In general, a partial differential equation can be written as Equation 2.47, where v(x, t )
is the dependent variable, like velocity, temperature or concentration. The dependent
variable is a function of independent variables, like space (x) and time (t). ξ is the differ-
ential operator of v(x, t ). f (x, t ) is the source term or forcing term.

ξv(x, t ) = f (x, t ) i n Ω. (2.47)

The domain Ω is divided into finite sub-domains by meshing. Since most of the time,
the function v(x, t ) is hard to solve analytically, it is necessary to seek for an approximate
solution function vh(x, t ) which is the sum of several basis functions ηi . The basis func-
tion ηi has a value of zero or one on each node and vi is the coefficient to glue the basis
functions.

v(x, t ) ≈ vh(x, t ); vh(x, t ) =∑
i

viηi . (2.48)

The Finite Element Method determines the approximate solution function by virtue of
the weak formulation of the PDE. As an example, the process of finding the approximate
solution function is introduced by solving a Poisson equation. Equation 2.49 is the Pois-
son equation where f is a known function. The domain Ω has two boundaries: Γ1 and
Γ2. A Dirichlet boundary condition is imposed on Γ1 and a Neumann boundary condi-
tion is imposed on Γ2.

−∇2v = f i n Ω. (2.49)

v = const ant on Γ1. (2.50)

∂v

∂n
= 0 on Γ2. (2.51)

In Equation 2.49, both sides are multiplied with a test function η and integrated over the
domainΩ. ∫

Ω
−∇2vηdΩ=

∫
Ω

f ηdΩ. (2.52)

Applying Green’s first identity, Equation 2.52 can be written as:∫
Ω
∇v ·∇ηdΩ+

∫
Γ

(−∇v) ·nηdΓ=
∫
Ω

f ηdΩ. (2.53)

The prerequisite for applying Green’s first identity is that v has continuous second or-
der derivatives. Equation 2.53 is the weak formulation of Equation 2.52. It changes the
second order derivative of v into its first order derivative. In addition, the surface inte-
gral appears in the second term of the left-hand side of the equation, which is related to
boundary conditions. [54]
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The next step is discretization. In COMSOL, the Galerkin method is used for discretizing
the mathematical problem into the numerical problem. Based on Equation 2.48, func-
tion v approximately equals to vh which is made up of a series of basis functions ηi . In
addition, the test function η is also expressed in the discretized form:

∑
i

vi

∫
Ω
∇ηi ·∇η j dΩ+∑

i

∫
Γ

(−vi∇ηi
) ·nη j dΓ=

∫
Ω

f

(∑
i

viηi

)
η j dΩ. (2.54)

In Equation 2.54, vi are the unknown coefficients. If the number of test functions ηi is n,
then Equation 2.54 can be written as a matrix:

AT = B, (2.55)

where T is the vector of unknowns, A is the system matrix and B is the load vector which
is known. Thus, the problem of solving a PDE has become solving a matrix.

One other thing to mention is that, in COMSOL, the Cahn–Hilliard equation is solved
by splitting the original form with a fourth-order operator into two second-order partial
differential equations with introducing an auxiliary variable Ψ. The split version of the
equations are [55]:

∂φ

∂t
+u ·∇φ=∇· Mλ

ε2 ∇Ψ. (2.56)

Ψ=−∇·ε2∇φ+ (
φ2 −1

)
φ. (2.57)
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3.1. INTRODUCTION

As introduced in Section 1.4, two practical problems arise when utilizing parallel mi-
crofluidic solvent extraction to purify 99Mo, i.e., i) it is unknown how to produce and
maintain the parallel flow pattern and, ii) there is always leakage at the outlets of the
microfluidic channel. These two practical problems are related to two long-standing
unsolved problems in modelling: being the Interface Breakup Problem and the Moving
Contact Line Problem. This thesis explores if these two physics problems can be mod-
elled in the framework of the Phase Field method. The theory of the Phase Field method
has already been introduced in Section 2.5. For the Moving Contact Line Problem, the
Phase Field method introduces a diffusive interface to remove the mathematical singu-
larity at the wall, which has also been introduced in Section 2.5.

In the Phase Field method, to make the calculation affordable, the thickness of the diffu-
sive interface is much larger than that of a physical interface [1]. As discussed in Section
2.5.1, the numerical parameters (capillary width (ε) and mobility parameter (M)) de-
termine the thickness of the diffusive interface and the diffusive transport of the order
parameter (φ) in the Phase Field method. In the Phase Field method, in the dynamic
situation where the interface evolves with time, the simulation results vary with the cap-
illary width (ε) and the mobility parameter (M) [2].

To ensure the Phase Field method still simulates the same physical problem when the
capillary width (ε) is changed, the mobility parameter (M) should be changed accord-
ingly, to generate consistent simulation results. For this purpose, the relationship be-
tween ε and M has been studied. However, the relationship between ε and M is still
under debate [3] [4]. Jacqmin proposed that the relationship should follow M ∝ εδ with
1 ≤ δ < 2 [5]. Khatavkar et al. investigated the mixing of two immiscible fluids in a lid-
driven cavity flow and proposed that the relationship should be M ∝ ε−1 [6]. In addition,
by virtue of asymptotic expansion of the governing equations, Magaletti et al. proposed
the relationship of M ∝ ε2 [4]. Besides, in simulating the Moving Contact Line Problem,
Yue et al. proposed to keep M constant while reducing ε [7].

The Phase Field method has also been reported used for simulating multiphase flows in
microfluidics. De Menech et al. studied the droplet breakup and transition from squeez-
ing to dripping in a T-shaped microfluidic channel with the Phase Field method [8][9].
Ganapathy et al. investigated the bubble formation process of gas-liquid multiphase
flow in a T-shaped microfluidic channel [10] [11]. Bai et al. modelled the droplet forma-
tion process in a flow-focusing micro-channel with the Phase Field method [12]. How-
ever, none of them focuses on the relationship between ε and M in microfluidics.

The aim of this chapter is to reveal the relationship between ε and M in modelling mi-
crofluidic multiphase flows where the Interface Breakup Problem is involved. For this
purpose, dry slug flow (with C a number of both phases smaller than 1×10−3) in a dou-
ble Y-shaped microfluidic channel is investigated 1. In dry slug flow, by examining the

1Moving Contact Line also exists in dry slug flow [13], which is the research topic of Chapter 4.
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slug length, is a direct way to verify if the Interface Breakup Problem is correctly mod-
elled. In the first sets of simulation tests, it is found that prescribing the initial interface
at different positions affects the simulation results. Thus, firstly, this study deals with the
influence of the position of the initial interface on modelling dry slug flow. Secondly, this
study reveals the influence of the capillary width (ε) and the mobility parameter (M) on
the slug length in microfluidics. Lastly, the slug length calculated with the Phase Field
method will be compared with that in the experiments, to validate the simulation results.

3.2. MATERIALS AND METHODS

3.2.1. MICROFLUIDIC CHIP AND EXPERIMENTAL PROCEDURE

The microfluidic chip (IMT ICC-DY05, Material: borosilicate glass) was purchased from
the Institute of Microchemical Technology Company. The channel was double Y-shaped
with two inlets and two outlets, see Figure 3.1. The detailed information of the geometry
of the microfluidic channel is illustrated in Table 3.1. Its two inlets were connected to
two syringes (1mL, Inkjet-F, BD) separately by capillary tubings (PEEK, Length: 25cm,
ID: 0.26mm). The syringes were driven by two Aladdin single-syringe pumps (WPI). The
flow rate accuracy of the syringe pump was ±1.5% when carrying the 1mL syringe. The
two outlets were connected to two glass vials to collect the samples.

Table 3.1: Geometry of IMT ICC-DY05 microfluidic chip

Material Length (cm) Width (µm) Depth (µm) Guide

Borosilicate glass 2 100±0.2 40±0.1 No

Before the experiment, the microfluidic chip was rinsed with ethanol for around ten
minutes. The ethanol was introduced into the microfluidic channel through the con-
necting tubings by single-syringe pumps. After rinsing with the ethanol, the whole sys-
tem was flushed with Milli-Q water (water that has been purified using resin filters and
deionized to a high degree) for around ten minutes. During the measurement, at each
flow rate, the whole microfluidic system was first pumped with the aqueous solution.
After making sure that there was no gas bubble in the microfluidic system, the organic
solution was pumped into the microfluidic channel. In the experiment, Milli-Q water
served as the aqueous solution and n-heptane served as the organic solution.
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Figure 3.1: The microfluidic channel is double Y-shaped with two inlets and two outlets.
The chip is fixated with an aluminium holder. A methylene blue solution ( 0.1%, w/w)
is flowing through the microfluidic chip, for the purpose of highlighting the microfluidic
channel.

3.2.2. FLUID PROPERTIES AND MEASUREMENT OF THE EQUILIBRIUM CON-
TACT ANGLE

The n-heptane used in this research was purchased from Sigma-Aldrich. The water was
supplied from the Milli-Q system. The physical properties of the fluids are listed in Table
3.2.

Table 3.2: Physical properties of fluids in the simulations

Fluids Viscosity (Pa · s) Density (g/cm3) Coefficient of
interfacial tension (mN/m)

Water 1×10−3 1
n-heptane 3.86×10−4 0.68 50.2

The equilibrium contact angle (θe ) was measured with a computer controlled instru-
ment: CAM 200 (KSV Instruments Ltd). In Figure 3.2a, the pipette tip of the CAM 200
instrument is placing one droplet of water on the surface of one piece of glass. The tip is
lowered just until the droplet touches the glass surface and the tip is raised again, leav-
ing the droplet on the glass surface. Then, a picture is taken and the equilibrium contact
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angle (θe ) is derived by analyzing the droplet shape with the built-in image analysis soft-
ware based on Young-Laplace fit [14].

(a) The pipette tip of the CAM 200 instrument is
placing one droplet of water on the surface of one
piece of glass.

(b) The macro cuvette

Figure 3.2: The pipette tip of the CAM 200 instrument and the macro cuvette.

Figure 3.3: Schematic diagram of measurement of the equilibrium contact angle (θe ).
One droplet of water was supplied to the bulk n-heptane solution contained by the
macro cuvette.

In the case of measuring the equilibrium contact angle (θe ) between water and n-heptane,
a container was needed for the bulk solution. For this, a macro cuvette with a glass
surface (Dimension: 40mm×23.6mm×25mm, Hellma Macro-cuvette, Material: glass)
was chosen, see Figure 3.2b. Before the measurement, the macro cuvette was cleaned
with ethanol and partially filled with n-heptane. In the measurement, one droplet wa-
ter of 5µL was provided by the pipette tip to the bottom surface of the macro cuvette.
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The equilibrium contact angle of the water droplet in the bulk n-heptane solution was
measured to be 47◦±4◦. The measurement was repeated 6 times. Figure 3.3 illustrates a
picture of the water droplet taken by the camera of the CAM 200 instrument.

3.2.3. SLUG LENGTH OF DRY SLUG FLOW

This chapter focuses on the slug flow pattern, features of which have already been in-
troduced in Section 1.3.1. Usually, at room temperature, when C a < 1× 10−3 for both
phases, dry slug flow occurs [13]. The maximum C a number to be investigated in the
experiments is 7.47× 10−4, which guarantees that the flow pattern belongs to dry slug
flow. The "slug length" in this research refers to the length where the organic slugs are in
direct contact with the microfluidic chip wall, as illustrated in Figure 3.4.

Figure 3.4: The slug length of a n-heptane slug inside the microfluidic chip. The black
arrow indicates the flow direction. The water phase is dyed with methylene blue (
0.1%, w/w).

3.2.4. GOVERNING EQUATIONS AND MODEL DESCRIPTION

The governing equations for dry slug flow of water and n-heptane in a microfluidic chan-
nel are the Cahn-Hilliard equation (Equation 2.23), the continuity equation (Equation
2.2) and the Navier–Stokes momentum equations (Equation 2.24) for multiphase flows.
These equations have been introduced in detail in Section 2.5. Besides, the dimension-
less formation of these equations as well as the related dimensionless numbers are in-
troduced in Section 2.5.4.
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Based on the geometry of the microfluidic channel in Table 3.1, a 2-dimensional model
was built in COMSOL by placing the bottom-left point of the main channel on the (0,0)
point in the 2-dimensional Cartesian coordinate. In Figure 3.5, the horizontal axis and
the vertical axis show the x-position and y-position in the 2-dimensional coordinate, re-
spectively.

As shown in Figure 3.6a, the average velocity of the fluids at the two inlets was prescribed
as boundary conditions. The average velocity was calculated based on the volumetric
flow rates of fluids and the cross-sectional area of the inlets of the IMT ICC-DY05 mi-
crofluidic chip. The velocity profile was assumed to be fully developed Poiseuille flow, as
shown in Figure 3.7a. This condition was acceptable because the fluid flowed through
a relatively long capillary tubing (Length: 25cm) which connected the syringes and the
microfluidic chip in the experiments. Figure 3.7b demonstrates a typical case of the fully
developed flow velocity profile at the water inlet (upper inlet) of the microfluidic chan-
nel. The average velocity is 4.17×10−3 ms−1 (the corresponding Re number is 0.42) and
the flow profile is parabolic. At the two outlets, as shown in Figure 3.6b, a reference
pressure (Pressure = 0 Pa) was used as the boundary condition. The no-slip boundary
condition was imposed at the solid walls. Equation 2.39 with µ f = 0Pa · s was adopted
for the boundary condition for the contact angle. Such a boundary condition is termed
the equilibrium contact angle boundary condition. The value of the equilibrium contact
angle (θe ) was 47◦, as measured in Section 3.2.2.

Figure 3.5: The 2-dimensional model based on the IMT ICC-DY05 microfluidic chip built
in COMSOL.
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(a) The inlets. (b) The outlets.

Figure 3.6: Inlets and outlets of the microfluidic channel in COMSOL.

(a) The direction of the arrow indicates the direc-
tion of the flow. The arrow length is proportional
to the magnitude of the velocity of the fluid.

(b) A typical case of the fully developed velocity
profile at the water inlet of the microfluidic chan-
nel. The average velocity is 4.17×10−3 ms−1 and
the corresponding Re number is 0.42.

Figure 3.7: Velocity prescribed at the water inlet (the upper inlet) of the microfluidic
channel.

Figure 3.8 illustrates a typical case of the n-heptane slug formation process. The color
legend indicates the value of the order parameter (φ). φ = 1 represents the aqueous
phase, φ = −1 represents the n-heptane, and the intermediate region is the diffusive
interface. Due to the diffusive interface with finite thickness, the interface is not a sharp
line. In this research, the contour line ofφ= 0 is therefore regarded as the interface when
obtaining the slug length in the simulations. In Figure 3.8, the flow rates of both phases
are 1.0µL/min. The corresponding C a number of the aqueous phase is 1.07×10−4 while
the C a number of n-heptane is 4.13×10−5. In Figure 3.8a, a n-heptane slug is forming
and the slug becomes longer in Figure 3.8b. The n-heptane slug is formed in Figure 3.8c
and it is moving in the main channel in Figure 3.8d.
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(a) A n-heptane slug is forming. (b) The n-heptane slug becomes longer.

(c) The n-heptane slug is formed. (d) The n-heptane slug is moving inside the microflu-
idic channel and the next slug is going to form.

Figure 3.8: Numerical results of the n-heptane slug formation process inside the mi-
crofluidic chip. The white arrow indicates the direction of the flow. The color legend
indicates the value of the order parameter φ. φ = 1 indicates the aqueous phase while
φ=−1 represents the n-heptane.

3.2.5. MESH DEPENDENCY STUDY

COMSOL solves the series of PDEs that govern multiphase flows in the microfluidic
channel with the Finite Element Method. The COMSOL built-in solver Parallel Direct
Sparse Solver (PARDISO) was chosen with a relative tolerance of 0.01. As for the time do-
main, the backward differentiation formula (BDF) was selected and the maximum time
step was limited to 0.001 s.
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(a) The Y-joint part of the microfludic channel. (b) Zoom in the Y-joint part.

Figure 3.9: Finer mesh is used in the Y-joint part at the inlets of the microfluidic channel.

The "free triangular" meshes were chosen in the simulations, as shown in Figure 3.9b.
The mesh size was set between a minimum of 5µm and a maximum of 25µm. At the
Y-joint part of the microfluidic channel (the blue part of Figure 3.9a with a length of
3000µm in the main channel ), finer meshes were chosen, to ensure there are enough
node points within the diffusive interface [15]. The initial interface was prescribed within
the Y-joint part, the reason for this will be explained in Section 3.3.1. If slugs are formed
and before they leave the Y-joint part, the calculation is stopped. In this way, the calcu-
lation is not too expensive, compared with meshing the whole channel with the finner
mesh.

A mesh-independence study was conducted at ε = 6µm by examining the slug length.
The choice of ε = 6µm ensured that the calculation was affordable (keeping the calcu-
lation time within a few hours). Figure 3.10 illustrates the dimensionless slug length by
changing the maximum mesh size at the Y-joint part while keeping other parameters
(including the mesh size of other parts) constant. In Figure 3.10, when decreasing the
maximum mesh size to 6µm, no noticeable deviation on the slug length is found. As in-
troduced in Section 2.5.1, the thickness of the diffusive interface equals approximately
4 times the capillary width (ε). Hence, for ε = 6µm, the thickness of the diffusive inter-
face is about 24µm. With the maximum mesh size being 6µm, there are at least 4 node
points within the diffusive interface. The C n number describes the ratio between the
capillary width (ε) and the characteristic length (L) of the microfluidic system. In this
thesis, to make the calculation affordable, the choice of the C n number therefore ranges
from 0.04 to 0.1.
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Figure 3.10: Mesh dependency study for dry slug flow in COMSOL. The horizontal axis
shows the maximum mesh size at the Y-joint part. The vertical axis indicates the dimen-
sionless slug length which is the ratio of the slug length to the characteristic length (L) of
the microfluidic channel (width of the channel).

3.3. RESULTS AND DISCUSSION

In this research, three main flow patterns are observed. One of them is the dry slug flow
pattern. In this flow pattern, one phase is dispersed at the Y-shaped joint part of the
microfluidic channel, as depicted in Figure 3.11a. One other flow pattern is the parallel
flow pattern, which is to be used in the microfluidic solvent extraction to 99Mo. In this
flow pattern, two immiscible phases flow side-by-side continuously and neither of them
is dispersed in the main channel of the microfluidic channel, as depicted in Figure 3.11c.
Besides the above mentioned dry slug flow and parallel flow, there is a third flow pattern:
the transition flow pattern. In the transition flow pattern, in the beginning, the immisci-
ble two phases flow side-by-side in the main channel. However, the interface breaks at
the Y-shaped part of the outlets of the microfluidic channel and one phase is dispersed,
as illustrated in Figure 3.11b. The dry slug flow pattern occurs when the volumetric flow
rates of both phases are low. By increasing the volumetric flow rates of both phases at
the inlets, the dry slug flow pattern changes to the transition flow pattern and eventually
to the parallel flow pattern. The change of these flow patterns will be further discussed
in Chapter 5.
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(a) The dry slug flow pattern. (b) The transition flow pattern.

(c) The parallel flow pattern.

Figure 3.11: Schematic diagram of flow patterns inside a double Y-shaped microfluidic
channel. The color legend indicates the value of the order parameter φ. φ= 1 indicates
the aqueous phase while φ=−1 represents the organic phase. The dry slug flow pattern
occurs when the volumetric flow rates of phases are low. By increasing the volumetric
flow rates of both phases at the inlets, the dry slug flow pattern changes to the transition
flow pattern and eventually to the parallel flow pattern.
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3.3.1. STUDY OF THE INITIAL INTERFACE IN THE PHASE FIELD METHOD

In this study, the initial interface in the simulation is either prescribed in the middle
of the microfluidic channel (as demonstrated in Figure 3.12a) or at the Y-joint part of
the microfluidic channel (as illustrated in Figure 3.12b). In general, parallel flow occurs
when the volumetric flow rates are higher while dry slug flow occurs when volumetric
flow rates are lower. Prescribing the initial interface in the middle of the microfluidic
channel aims to simulate if the parallel flow pattern can transform into dry slug flow by
reducing volumetric flow rates. Prescribing the initial interface at the Y-joint part models
the experimental procedure as described in Section 3.2.1 where the aqueous phase was
always first pumped into the microfluidic channel.

In the first test, the initial interface is prescribed in the middle of the microfluidic chan-
nel, as illustrated in Figure 3.12a. In the simulations, the contact line friction parameter
(µ f ) is set to zero. The mobility parameter (M) is a measure for the diffusive transport
of the order parameter (φ). In this test, the mobility parameter (M) has been varied in
the range from 1.60×10−14 m3s/kg to 1.60×10−3 m3s/kg. When the value of the mobil-
ity parameter (M) is out of this range, the simulation results do not converge. Jacqmin
reported that the convergence of the Phase Field method did not only depend on mesh-
ing but also on the mobility parameter (M). This parameter needed to be selected large
enough to ensure convergence. However, if the value of the mobility parameter (M) was
too large, it would overly damp the flow, leading to non-convergent results [1] [5].

(a) In the middle of the microfluidic channel. (b) At the Y-joint part of the microfluidic channel.

Figure 3.12: Schematic diagram of the position of the initial interface inside the double
Y-shaped microfluidic channel. The color legend indicates the value of the order param-
eter φ. φ= 1 indicates the aqueous phase while φ=−1 represents the organic phase.

Figure 3.13 demonstrates the flow pattern map of the convergent simulation results when
the initial interface is prescribed in the middle of the microfluidic channel. The C n num-
ber (being a measure for ε) is plotted on the vertical axis while the Pe number (being a
function of both ε and M) is plotted on the horizontal axis. In Figure 3.13 the C a num-
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ber of the aqueous phase is 4.15×10−4 while the C a number of n-heptane is 3.20×10−4.
The Pe number and the C a number are calculated based on the average velocity of the
fluids at the inlets of the microfluidic channel. According to Section 3.2.3, at such low
C a number (C a < 1×10−3), dry slug flow is expected. However, in Figure 3.13, the flow
pattern always belongs to the parallel flow pattern, regardless of the C n number and the
Pe number. Additionally, numerical tests were conducted by changing the C a number
(varying the volumetric flow rates) of both phases between 1×10−5 and 1×10−3. How-
ever, the parallel flow pattern remains throughout the whole channel. Obviously, these
simulation results do not agree with experimental observations that the dry slug flow ap-
pears when the C a number of both phases is smaller than 1×10−3.

To further investigate this phenomenon, Figure 3.14 has been set up. Figure 3.14 de-
picts the distribution of the order parameter (φ) along the width of the channel when
the initial interface is prescribed in the middle of the microfluidic channel. The vertical
axis represents the value of the order parameter (φ) while the horizontal axis denotes
the width of the microfluidic channel (i.e., the vertical direction in Figure 3.12a at x-
position= 400µm.). In Figure 3.14, the C n number is set to 0.06 and the Pe number of
the aqueous phase is set to 6.52×10−2 (the corresponding symbol for this data point has
already been made larger in Figure 3.13), as a typical test case that the profile has be-
come stationary.
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Figure 3.13: The flow pattern map of the simulation results when the initial interface is
prescribed in the middle of the microfluidic channel. The C a number of the aqueous
phase is 4.15× 10−4 while the C a number of n-heptane is 3.20× 10−4. The larger data
point indicates the simulation conditions of Figure 3.14.
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In Figure 3.14, it can be seen that the profile of the order parameter (φ) appears as a hy-
perbolic tangent function shape, which indicates that the diffusive interface is at equi-
librium. In addition, the profile of the order parameter (φ) is the same at time 0.01s,
0.05s and 0.08s, which means that the profile is stationary.

Figure 3.14: Distribution of the order parameter (φ) along the width of the microfluidic
channel when the initial interface is prescribed in the middle of the microfluidic chan-
nel. φ = 1 indicates the aqueous phase while φ = −1 represents the organic phase. The
C a number of the aqueous phase is 4.15× 10−4 while the C a number of n-heptane is
3.20×10−4. µ f = 0Pa · s. C n=0.06. Pe=6.52×10−2. The lines for the three times are over-
lapped.

The evolution of the order parameter (φ) is a key factor in calculating the interfacial ten-
sion in the Phase Field method. As explained in Section 2.5.1, the Phase Field method
minimizes the free energy (E f r ee ) of the whole system by changing the distribution of
the order parameter (φ), to approach the equilibrium state. On the other hand, the con-
vective flow tries to distort the equilibrium interface [5]. As a result, the dynamics of
the interface is reflected by the competition between the order parameter (φ) relaxing
to the equilibrium state and the convective flow distorting it from the equilibrium state.
When the initial interface is prescribed in the middle of the microfluidic channel, the
convective flow (in the y-direction of Figure 3.12a) is not strong enough to distort the
equilibrated interface. In this case, the diffusive interface loses its "dynamics" and is un-
able to calculate the interfacial tension in the Phase Field method.

When the initial interface is prescribed at the Y-joint part of the microfluidic channel,
as illustrated in Figure 3.12b, the initial interface is distorted by convective flow. Then,
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the distorted diffusive interface tends to relax to the equilibrium state, thereby changing
the free energy (E f r ee ) of the system. Under such a circumstance, the interfacial tension
can be expressed and dry slug flow occurs as expected. Thus, in this thesis, the initial
interface is positioned at the Y-joint part of the microfluidic channel unless mentioned
otherwise.

3.3.2. THE PE NUMBER VERSUS SLUG LENGTH

As introduced in Section 2.5, the Phase Field method introduces a diffusive interface to
remove the mathematical singularity at the solid wall when the no-slip boundary condi-
tion is applied. The mobility parameter (M) controls the diffusive movement of the or-
der parameter (φ) within the diffusive interface while the capillary width (ε) determines
the thickness of the diffusive interface. However, how the mobility parameter (M) and
the capillary width (ε) determine the interface breakup dynamics is not known. In Sec-
tion 3.3.2 and Section 3.3.3, this topic will be investigated by monitoring the slug length
within a microfluidic channel. Specifically, Section 3.3.2 focuses on the relationship be-
tween the mobility parameter (M) and the slug length while Section 3.3.3 focuses on the
relationship between the capillary width (ε) and the slug length.
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Figure 3.15: The slug length of n-heptane is linearly proportional to the Pe−1 number of
n-heptane. The coefficient of determination (R2) of the linear regression line is 0.9988.
In the simulations, the C n number is 0.06 and the volumetric flow rate of both phases
are 2.0µL/min.

In the simulations, the volumetric flow rate of the two phases is 2.0µL/min while the
corresponding C a number of water and n-heptane is 1.66×10−4 and 6.41×10−5, respec-
tively. Such small C a numbers ensures dry slug flow (C a < 1×10−3). M is varied from
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1.44×10−9m3s/kg to 7.20×10−9m3s/kg, while the C n number is 0.06 (reflecting a con-
stant interface thickness). Figure 3.15 illustrates the relationship between the slug length
and mobility parameter (M) simulated with the Phase Field method. On the horizontal
axis, the reciprocal of the Pe number of n-heptane is plotted, as the mobility parameter
(M) only appears in the Pe number. Clearly, the slug length increases linearly with the
reciprocal of the Pe number (by varying M). To further test if the slug length is linearly
proportional the Pe−1 number by varying other variables in the Pe number, Figure 3.16
illustrates the simulation results of the influence of the Pe−1 number on the slug length
when the Pe−1 number is varied by changing the flow rates or by varying the coefficient
of interfacial tension (σ).
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(a) The slug length of n-heptane is linearly pro-
portional to the Pe−1 number when the flow rates
are varied. The R2 of the linear regression line is
0.9994. σ= 50.2mN/m.
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(b) The slug length of n-heptane is linearly pro-
portional to the Pe−1 number when σ is varied.
The R2 of the linear regression line is 0.9986. The
flow rate of both phase is 2.0µL/min.

Figure 3.16: Influence of the Pe−1 number on the slug length. The C n number is 0.06
and M is 3.60×10−9m3s/kg.

Figure 3.16a presents the dimensionless slug length as a function of the Pe−1 number
varied by changing flow rates. The C n number is kept at 0.06 and M is kept at 3.60×
10−9m3s/kg. The volumetric flow rates of the two phases are always kept the same
(Φaq = Φor g ). As the flow rates are varied, the corresponding C a number of n-heptane
is in the range of 1.60×10−5 to 9.61×10−5. In Figure 3.16a, it is clear that the slug length
is still linearly proportional to the reciprocal of the Pe number at different flow rates. In
addition, Figure 3.16b illustrates the simulation results when the Pe−1 number is varied
by only changing the coefficient of interfacial tension (σ). The C n number and M are the
same as those of Figure 3.16a. In Figure 3.16b, the flow rate of both phase is 2.0µL/min,
which is the same as that of Figure 3.15. When the coefficient of interfacial tension (σ) is
varied, the corresponding C a number of n-heptane varies from 1.60×10−5 to 2.56×10−4.
The results in Figure 3.16b show that the slug length is still linearly proportional to the
Pe−1 number when the Pe−1 number is varied by changing the coefficient of interfacial
tension (σ).
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To investigate if the slug length is determined by the Pe number when the C n number
is fixed, Figure 3.17 illustrates the slug length when the Pe number is set to 1.30×10−2

or 2.60×10−2 when the C n number is 0.06. The coefficient of interfacial tension (σ) be-
tween water and n-heptane is varied, as shown on the horizontal axis. In this process,
the C a number of both phases is always smaller than 1×10−3. At the same time, the mo-
bility parameter (M) is also changed accordingly to keep the Pe number at 1.30× 10−2

or 2.60× 10−2. In addition, the flow rate of both phases is 1.0µL/min in Figure 3.17a
and 2.0µL/min in Figure 3.17b. Based on the results of Figure 3.17, when the Pe num-
ber is 1.30×10−2, the dimensionless slug length is around 7 and when the Pe number is
2.60×10−2, the dimensionless slug length is around 5.5. These results indicate that it is

equivalent to varying the three variables (U , M and σ) in the Pe number (Pe = 2
p

2U Lε
3Mσ )

when the C n number is fixed. It can be concluded that when the C a number is less than
1×10−3 and the C n number is fixed, for the given system (L is constant), the slug length
in the microfluidic channel is determined by the Pe number.
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(a) The flow rate of both phases is 1.0µL/min.
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(b) The flow rate of both phases is 2.0µL/min..

Figure 3.17: Relationship between the Pe number and the slug length with the C n num-
ber fixed at 0.06. The coefficient of interfacial tension (σ) between water and n-heptane
is varied. At the same time, the mobility parameter (M) is also changed accordingly to
keep the Pe number at 1.30×10−2 or 2.60×10−2.

3.3.3. THE CN NUMBER VERSUS SLUG LENGTH

In Section 3.3.2, it was shown that the slug length is linearly proportional to the Pe−1

number when the C n number is fixed. This section discusses the influence of the C n
number on the slug length and the relationship between the C n number and the Pe−1

number in determining the slug length.

As introduced in Equation 2.45, the C n number is defined as the ratio of the capillary
width (ε) and the characteristic length (L) of the microfluidic system. Figure 3.18 shows
the influence of the C n number on the slug length, with a flow rate of both phases of
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1.0µL/min and the coefficient of interfacial tension σ = 50.2mN/m. When ε is var-
ied, the mobility parameter (M) is also changed accordingly to keep the Pe number at
1.30×10−2 or 2.60×10−2. According to the results of Figure 3.17, when the value of ε is
fixed, the slug length is linearly proportional to the Pe−1 number. However, Figure 3.18
shows that, when ε is changed, even though the Pe number kept constant by varying M
accordingly, the slug length changes with respect to ε. Thus, ε influences the slug length
independently.
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Figure 3.18: Influence of the C n number on the slug length. When ε is varied, the mo-
bility parameter (M) is also changed accordingly to keep the Pe number at 1.30×10−2 or
2.60×10−2. The flow rate of both phases is 1.0µL/min. σ= 50.2mN/m. The values of R2

are all larger than 0.98 for the linear regression lines.

To further investigate the relationship between the slug length and the C n number, Fig-
ure 3.19a demonstrates the relationship between the slug length and the reciprocal of
the Pe number at the C n number of 0.04, 0.06, 0.08 and 0.1. In the simulations, the
Pe−1 number is changed by varying the mobility parameter (M) and the flow rates. In
this process, the flow rates of the two phases are always kept the same (Φaq = Φor g )
and the coefficient of interfacial tension (σ) is constant (σ= 50.2mN/m). At each value
of the C n number, the slug length is still linearly proportional to the reciprocal of the
Pe number. Focusing on the relatioship between the slope (K ) of the linear regres-
sion lines and the C n number, the slopes (K ) of the linear regression lines are 0.0307,
0.0455, 0.0602 and 0.0758 for C n = 0.04, 0.06, 0.08 and 0.1, respectively. The slopes
(K ) are also approximately linearly proportional to the C n number (see Figure 3.19b),
which indicates that the slug length is linearly proportional to the C n number. For
that reason, it would be interesting to investigate the dimensionless slug length (Slug
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length/Characteristic length) versus the product C nPe−1. Figure 3.19c shows the dimen-
sionless slug length versus this product. The data in Figure 3.19c are directly extracted
from Figure 3.19a. In Figure 3.19c, the dimensionless slug length follows linear relation-
ship: Slug length/Characteristic length =0.72C nPe−1 + 3.86. This result indicates that,
for dry slug flow (C a < 1×10−3), to keep the slug length constant, the mobility parame-
ter (M) needs to be changed according to C nPe−1 = constant.
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sent the simulation results when the C n number
is 0.04, 0.06, 0.08 and 0.1, respectively. The values
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sion lines when the C n number is varied.
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(b) The slope (K ) of the linear regression lines
(from Figure 3.19a) versus the C n number. The
R2 for the linear regression line is 0.9988.
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(c) The data are directly extracted from Figure
3.19a. The R2 for the linear regression line is
0.9877.

Figure 3.19: Relationship between the slug length and the Pe−1 number when the C n
number is varied.

The meaning of the relationship between the C n number and the Pe number (i.e., C nPe−1 =
constant) can be explained by the mechanism of the Phase Field method. As explained in
Section 2.5.1, the Phase Field method minimizes the free energy (E f r ee ) of the whole sys-
tem by changing the distribution of the order parameter (φ), relaxing to an equilibrium
state. In the meanwhile, the interfacial tension is reflected by the order parameter (φ)
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relaxation process [2]. Since the mobility parameter (M) determines the order param-
eter (φ) relaxation speed, the calculated interfacial tension is a function of the mobility
parameter (M). To be more specific, as shown in Figure 3.17, when the C n number is
constant, it is equivalent to varying the mobility parameter (M) or the interfacial tension
coefficient (σ), to obtain the same slug length by keeping the Pe number a constant.
Thus, it can be concluded that the calculated interfacial tension is linearly proportional
to the mobility parameter (M). As for the influence of the C n number, according to the
expression for the interfacial tension (Equation 2.32) of the Phase Field method, the cap-
illary width (ε) appears in the generalized chemical potential (G in Equation 2.17), which
indicates that the calculated interfacial tension is also a function of the capillary width
(ε). Concerning the relationship between the C n number and the calculated interfacial
tension, Figure 3.18 shows that the slug length is linearly proportional to the C n number
when the Pe number is constant. In addition, Figure 3.16b has already illustrated that
the slug length is linearly proportional to the coefficient of interfacial tension (σ). Thus,
combining the results in Figure 3.18 and Figure 3.16b, it can be found that the calculated
interfacial tension is also linearly proportional to the capillary width (ε). Since calculated
interfacial tension is linearly proportional to both the capillary width (ε) and the mobil-
ity parameter (M), to obtain the same calculated interfacial tension, the capillary width
(ε) and the mobility parameter (M) should be chosen by following C nPe−1 = constant.

3.3.4. COMPARING SLUG LENGTH IN THE SIMULATIONS WITH THAT IN THE

EXPERIMENTS

In the Phase Field method, when the capillary width (ε) is fixed, there should be one
specific value of the mobility parameter (M) that can reflect the dynamics of a physi-
cal interface between two specific combination of fluids [12]. This section focuses on
the comparison of the slug length in the experiments with the one in the simulations,
to check if one specific combination of the mobility parameter (M) and capillary width
(ε) can reflect the interfacial dynamics correctly. In the experiments, the slug length of
n-heptane is measured at various volumetric flow rates while the volumetric flow rates
of water and n-heptane are always equal to each other. The results are plotted in Figure
3.20 in terms of the C a number of n-heptane. In Figure 3.20, the asterisks with error bars
represent the experimentally measured slug length with its standard deviation. Each
slug length in the experimental data is the average of 7 n-heptane slugs in the same ex-
perimental conditions. Figure 3.20 shows that as the C a number is increased, the slug
length decreases.

Figure 3.20 also illustrates the simulation results when the C n number has a fixed value
of 0.06, to keep it computationally affordable. Figure 3.20 demonstrates the simulation
results when the mobility parameter (M) is set to 1.44×10−9m3s/kg, 3.60×10−9m3s/kg
and 5.60×10−9m3s/kg, respectively. The C a number of n-heptane is changed by varying
the volumetric flow rates. In this process, the flow rates of the two phases are always
kept the same (Φaq =Φor g ) and the coefficient of interfacial tension (σ) is constant (σ=
50.2mN/m). It can be seen that the slug length of n-heptane equals the experimental
results reasonably well when the mobility parameter (M) is set to 3.60 × 10−9m3s/kg.
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Thus, the combination of C n = 0.06 and M =3.60×10−9m3s/kg can be regarded to reflect
the interfacial dynamics of the water and n-heptane system, which will be further used
in Chapter 4.
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Figure 3.20: The slug length of n-heptane in the experiments versus the slug length in
the simulations. The C a number is changed by varying the volumetric flow rates in both
the experiments and simulations while keeping Φaq = Φor g . The asterisks with error
bars represent the experimental results with the standard deviation. The star, round and
square symbols denote the simulation results of M=1.44×10−9m3s/kg, 3.60×10−9m3s/kg
and 5.60×10−9m3s/kg. The C n number is 0.06.

3.4. CONCLUSIONS

This chapter focuses on modelling dry slug flow with the Phase Field method since dry
slug flow involves the Interface Breakup Problem and Moving Contact Line Problem. In
this chapter, monitoring the slug length provides a straightforward way to check if the
Interface Breakup Problem is correctly modelled with the Phase Field method.

It is found that the results depend on the position of the initial interface. When C a <
1×10−3 for the two phases, dry slug flow is expected in the simulations. However, when
the initial interface is prescribed in the middle of the microfluidic channel, the flow pat-
tern always belongs to the parallel flow, which does not agree with the experimental
results. When the initial interface is prescribed at the Y-joint part of the microfluidic
channel, the initial interface is distorted by the convective flow. In such a situation, the
dynamics of the diffusive interface of the Phase Field method can be simulated correctly
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and dry slug flow occurs as expected.

It is found that the slug length calculated with the Phase Field method is influenced by
both the mobility parameter (M) and the capillary width (ε). Further research shows that
the slug length is linearly proportional to the Pe−1 number and the C n number when the
C a number of the two phases is smaller than 1×10−3. In the microfluidic channel in this
study, the dimensionless slug length follows the relationship: Slug length/Characteristic
length=0.72C nPe−1 +3.86. To generate consistent slug length when the capillary width
(ε) is varied, the mobility parameter (M) needs to be changed by following C nPe−1 =
constant. In addition, one specific combination of the mobility parameter (M) and the
capillary width (ε) has been found for which the slug length in the simulations agrees
with that in the experiments.
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4.1. INTRODUCTION

When utilizing the parallel microfluidic solvent extraction to purify 99Mo, as has been il-
lustrated in Figure 1.7, one of the practical problems is that it is difficult to avoid leakage
from one phase to the other at the outlet of the microfluidic channel, leading to failure of
the extraction. The leakage is related to the Moving Contact Line, i.e., the movement of
the interface between two immiscible phases at the solid surface. Until now, the physics
behind the Moving Contact Line is not entirely clear [1] [2]. As introduced in Section
2.3, the difficulty in understanding the Moving Contact Line originates from the fact that
physical phenomena at different length scales are involved. In general, it is believed that
the multiphase flow in the microfluidic channel is governed by hydrodynamic theory at
the macroscopic scale while the movement of the contact line needs to be described at
the microscopic scale with the molecular-kinetic theory [3][4].

The Phase Field method attempts to integrate the hydrodynamic description and the
molecular-kinetic description of the Moving Contact Line in one framework [5]. Accord-
ing to the continuum hypothesis in the hydrodynamic description of multiphase flows,
the Moving Contact Line is not compatible with the no-slip boundary condition. Impos-
ing the no-slip boundary condition on the wall, the stress and viscous dissipation be-
came infinite at the moving contact line. From a mathematical point of view, the no-slip
boundary condition brought a singularity to the moving contact line [6]. As introduced
in Section 2.5, the Phase Field method approaches the Moving Contact Line by intro-
ducing a diffusive interface, to remove the singularity at the wall. The evolution of the
order parameter (φ) of the Phase Field method within the diffusive interface reflects the
molecular-kinetic description of the Moving Contact Line.

Concerning simulating leakage at the outlet of the microfluidic channel 1, with the equi-
librium contact angle boundary condition (Equation 2.39 withµ f = 0Pa · s) used in Chap-
ter 3, the leakage does not appear as that of the experimental results. These simulation
results indicate that the physics of the Moving Contact Line is not modelled correctly
with the equilibrium contact angle boundary condition. Thus, this chapter simulates
the Moving Contact Line with the non-equilibrium contact angle boundary condition
first proposed by Jacqmin [7][8]. It sets the contact line friction parameter (µ f in Equa-
tion 2.39) to a positive value, to allow for a slower relaxation of the free energy at the wall.
It has been found by Carlson et al. that the application of such a boundary condition
results in more physical results in capturing the droplet spreading process in the Phase
Field simulation [9] [10]. However, not all mechanisms of the non-equilibrium contact
angle boundary condition are fully understood. As a consequence, it is not clear if this
boundary condition is universally applicable in other multiphase flows [5].

Hence, this chapter is dedicated to the question of whether the non-equilibrium contact
angle boundary condition can capture some of the aspects of the Moving Contact Line.
The Moving Contact Line can be characterized by the contact angle formed between the
interface and the solid wall [1]. As introduced in Figure 1.5, in dry slug flow, there are two

1The leakage will be further discussed in Chapter 6



4.2. MATERIALS AND METHODS

4

77

apparent contact angles (θapp ), i.e., the advancing contact angle (θA) and the receding
contact angle (θR ) of the slug. In general, due to the movement of the contact line, the
advancing contact angle (θA) would be larger than the equilibrium contact angle (θe )
while the receding contact angle (θR ) would be smaller than the equilibrium contact an-
gle (θe ) [2]. Besides the contact angle, the velocity of the Moving Contact Line is also an
important aspect to check if the Moving Contact Line is correctly simulated.

Thus, by investigating dry slug flow of the n-heptane/water system, this chapter aims to
clarify the effect of the non-equilibrium contact angle boundary condition on the Mov-
ing Contact Line. To the best of the author’s knowledge, this is the first time that the
non-equilibrium contact angle boundary condition is imposed on dry slug flow in mi-
crofluidics. The objectives of this study are: firstly, investigating the apparent contact
angles (θapp ) of the n-heptane slugs in terms of the C a f number of the fluids when the
non-equilibrium contact angle boundary condition is applied. Secondly, this chapter
studies the effect of the Phase Field parameters ( i.e., capillary width and mobility pa-
rameter ) on the apparent contact angles (θapp ) and the velocity of the slugs. Lastly,
comparing the simulation results with the experimental results, this chapter determines
the value of the contact line friction parameter (µ f ), to provide guidelines for simulating
the leakage phenomenon at the outlet of the microfluidic channel in Chapter 6.

4.2. MATERIALS AND METHODS

4.2.1. MICROFLUIDIC CHIP AND EXPERIMENTAL PROCEDURE

The microfluidic chip (IMT ICC-DY05, Material: borosilicate glass) and working fluids
were the same as those in Chapter 3. The microfluidic channel was double Y-shaped
with two inlets and two outlets. Its two inlets were connected to two syringes (1mL,
Inkjet-F, BD) separately by capillary tubings (PEEK, Length: 25cm, ID: 0.26mm). The sy-
ringes were driven by two Aladdin single-syringe pumps (WPI).

The experimental procedure was also the same as that in Chapter 3. The microflu-
idic chip was firstly rinsed with ethanol for around ten minutes. After rinsing with the
ethanol, the whole system was flushed with Milli-Q water for around ten minutes. Dur-
ing the measurement, at each flow rate, the whole microfluidic system was first pumped
with the aqueous solution. After making sure that there was no gas bubble in the mi-
crofluidic system, then the organic solution was pumped into the microfluidic channel.
In the experiments, Milli-Q water served as the aqueous solution and n-heptane served
as the organic solution.

4.2.2. GOVERNING EQUATIONS AND BOUNDARY CONDITIONS

The governing equations for multiphase flows in the microfluidic channel were the Cahn-
Hilliard equation (Equation 2.23), the continuity equation (Equation 2.2) as well as the
Navier–Stokes momentum equations (Equation 2.24). A two-dimensional model was
built in COMSOL Multiphysics according to the geometry of the microfluidic chip. At
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the two inlets, the average velocity of the fluids was prescribed as boundary conditions.
The average velocity was calculated based on the volumetric flow rates of fluids and the
cross-sectional area of the inlet of the microfluidic chip (the geometry of the microfluidic
chip is shown in Table 3.1). The velocity profile was assumed to be fully developed since
the fluid needed to flow through a capillary tubing (Length: 25cm) in the experiments. A
reference pressure (Pressure = 0 Pa) was added as the boundary condition at the outlets
and the no-slip boundary condition was imposed at the solid wall. The meshing details
and convergence criteria are the same as those of Section 3.2.5.

The contact angle boundary condition was different from the one in Chapter 3. In Chap-
ter 3, Equation 2.39 was adopted for the contact angle boundary condition by setting
the value of the contact line friction parameter (µ f ) to zero. In this case, the apparent
contact angle (θapp ) in the simulations was forced to reach the equilibrium contact an-
gle (θe ) immediately. In this chapter, the influence of the contact line friction parameter
(µ f ) is taken into account by setting µ f to a positive value.

4.2.3. DERIVATION OF THE EQUILIBRIUM CONTACT ANGLE AND APPARENT

CONTACT ANGLE

In the experiments, n-heptane is the dispersed phase, forming n-heptane slugs, see Fig-
ure 3.4. In order to investigate the relationship between the apparent contact angle
(θapp ) and the equilibrium contact angle (θe ) of n-heptane slugs, it is necessary to mea-
sure the equilibrium contact angle (θe ) of an n-heptane droplet in bulk water on a glass
surface. However, such measurement is not possible because the density of water is
higher than that of n-heptane. Due to the buoyancy effect, the n-heptane droplet floats
on the surface of water. Instead, the θe of n-heptane can be determined by taking the
supplementary angle of θe of a water droplet in bulk n-heptane. The θe of a water droplet
in bulk n-heptane is 47◦ as measured in Section 3.2.2. Thus, the θe of n-heptane in bulk
water on a glass surface is 180◦ − 47◦ = 133◦. Thus, if there is no further notification,
θe = 133◦ in this chapter.

As the dispersed phase moves along the microfluidic channel, the contact angle which
is measured macroscopically is called the apparent contact angle (θapp ). Furthermore,
as demonstrated in Figure 4.1, the apparent contact angles (θapp ) at the front and back
of the dispersed slug are termed the "advancing contact angle (θA)" and "receding con-
tact angle (θR )", respectively. In the experiments, the apparent contact angle (θapp ) was
measured directly from the images captured by the high-speed camera, using the drop
analysis plug-in package of the image processing program ImageJ. The drop analysis
package calculates the contact angle based on Young-Laplace fit [11], which is the same
as the method used in Section 3.2.2 to measure the equilibrium contact angle (θe ). In the
simulations, the apparent contact angle (θapp ) was also derived from the drop analysis
package of ImageJ, by analyzing the digital images of the n-heptane slugs.
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Figure 4.1: Schematic diagram of measurement of the apparent contact angles (θapp ) of
the n-heptane slug with ImageJ. The arrow indicates the direction of the flow.

4.3. RESULTS AND DISCUSSION

4.3.1. INFLUENCE OF THE CA NUMBER ON THE APPARENT CONTACT AN-
GLES IN THE SIMULATIONS

This section focuses on the influence of the equilibrium contact angle boundary condi-
tion and the non-equilibrium contact angle boundary condition on the advancing con-
tact angle (θA) and the receding contact angle (θR ) of the slugs in the Phase Field method.
The C a number has been used to describe the apparent contact angle (θapp ) forming at
the moving contact line [1][2][4]. Thus, the simulation results in this section are investi-
gated in terms of the C a number of the fluids.

As introduced in Section 2.5.4, the C n number indicates the relative thickness of the cap-
illary width (ε) of the diffusive interface to the characteristic length (L) of the microfluidic
system. In the simulations, the C n number is set to 0.06 and the mobility parameter (M)
is set to 3.60×10−9m3s/kg. As determined in Section 3.3.4, with this combination of the
C n number and mobility parameter (M), the slug length in the simulations agrees with
that in the experiments in the n-heptane/water system.

Figure 4.2 and Figure 4.3 present the advancing contact angle (θA) and the receding con-
tact angle (θR ) of the n-heptane slugs respectively, as a function of the C a number of
n-heptane and the contact line friction parameter (µ f ). The solid symbols in Figures 4.2
and 4.3 represent the case where the C a number of n-heptane is varied by changing the
volumetric flow rates. When the volumetric flow rates are changed, the volumetric flow
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rates of the two phases are always kept equal (Φaq = Φor g ) and the corresponding Re
number of n-heptane ranges from 0.37 to 6.61. In this process, the coefficient of inter-
facial tension is a constant (σ = 50.2mN/m). Since the flow rates of the two phase are
always equal, the C a number of water can also be used if necessary. The open symbols
in Figures 4.2 and 4.3 represent the case where the C a number of n-heptane is varied
by changing the coefficient of interfacial tension (σ). When changing the coefficient of
interfacial tension (σ), the volumetric flow rates of both phases are kept as 2.0µL/min
and the corresponding Re number of n-heptane is 1.47.

When the contact line friction parameter (µ f ) is set to zero (indicating the equilibrium
contact angle boundary condition is imposed), both the advancing contact angle (θA)
and the receding contact angle (θR ) equal the equilibrium contact angle (θe = 133◦),
showing no dependency on the C a number of n-heptane, see Figure 4.2 and Figure 4.3.
In such a situation, the simulations do not show the contact angle hysteresis, which does
not agree with the experimental observation in Figure 4.9.
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Figure 4.2: Influence of the C a number of n-heptane on the advancing contact angle
(θA) of the slugs. C n = 0.06, M=3.60×10−9m3s/kg, θe = 133◦. The solid symbols denote
that the C a number is varied by changing the volumetric flow rates of the two phases.
The open symbols denote that the C a number is varied by changing the coefficient of
interfacial tension (σ).

When imposing the non-equilibrium contact angle boundary condition by setting µ f to
a positive value, it cannot be known a priori what the value of µ f should be. By com-
paring the experimental results with the Phase Field simulation results of the droplet
spreading, Carlson et al. found that the value of µ f of a water droplet is 0.15Pa · s while
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the value of µ f of a glycerin-water droplet is 1.02Pa · s [10]. In this study of dry slug flow,
the value of µ f is varied from 1.0Pa · s to 8.0Pa · s. When the contact line friction parame-
ter (µ f ) is set to a positive constant, it is clear that both the advancing contact angle (θA)
and the receding contact angle (θR ) deviate from the equilibrium contact angle (θe ) in
Figure 4.2 and Figure 4.3. Furthermore, the advancing contact angle (θA) is larger than
the equilibrium contact angle (θe ) while the receding contact angle (θR ) is smaller than
the equilibrium contact angle (θe ). Such results agree with the observation of the contact
angle hysteresis in nature [1][2].
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Figure 4.3: Influence of the C a number of n-heptane on the receding contact angle (θR )
of the slugs. C n = 0.06, M=3.60 × 10−9m3s/kg, θe = 133◦. The solid symbols denote
that the C a number is varied by changing the volumetric flow rates of the two phases.
The open symbols denote that the C a number is varied by changing the coefficient of
interfacial tension (σ).

The influence of µ f on the results in Figure 4.2 and Figure 4.3 can be explained by the
evolution of the order parameter (φ). As mentioned in Section 2.5, the order parameter
(φ) needs to relax to the equilibrium stable state, to minimize the free energy (E f r ee ).
Based on Equation 2.15, the free energy (E f r ee ) equals the sum of the mixing energy
(Emi x ) between two fluids and the wall surface free energy (Ew all ). When µ f is set to
zero, the equilibrium state of the wall surface free energy (Ew all ) is reached immediately
[7][8]. As a result, both the advancing contact angle (θA) and the receding contact angle
(θR ) are forced to be equal to the equilibrium contact angle (θe ). This is the reason that
Equation 2.39 with µ f = 0 is denoted as the equilibrium contact angle boundary con-
dition. When µ f is set to a positive value, the wall surface free energy (Ew all ) does not
immediately reach the equilibrium state. This means µ f exhibits a delaying effect on the
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relaxing process of the wall surface free energy [12]. Focusing on the deviation between
the apparent contact angle (i.e., θA and θR ) and the equilibrium contact angle (θe ) in
Figure 4.2 and Figure 4.3, when the value of µ f is fixed and larger than zero, the appar-
ent contact angle (θapp ) varies with the C a number, both by variation of the coefficient
of interfacial tension (σ) and the volumetric flow rates. These results indicate that the
convective flow (represented by the Uor g in the nominator of the C a number) tends to
distort the apparent contact angle (θapp ) from the equilibrium contact angle (θe ) while
the coefficient of interfacial tension (represented by the σ in the denominator of the C a
number) tries to keep the apparent contact angle (θapp ) at the equilibrium contact angle
(θe ). In addition, when the value of µ f is constant, the convective flow distorts the shape
of the interface, forming an apparent contact angle (θapp ) that deviates from the pre-
scribed equilibrium contact angle (θe ). On the other hand, the interfacial tension tries
to keep the the apparent contact angles (θapp ) at the prescribed equilibrium contact an-
gle (θe ).

Figure 4.4 demonstrates the influence of the C a number on the apparent contact angles
(θapp ) by varying the dynamic viscosity. In the simulations, the mobility parameter (M)
is set to 3.60× 10−9m3s/kg and the C n number is 0.06, which are the same as those in
Figure 4.2 and Figure 4.3. The volumetric flow rates of both phases are 2.0µL/min and
the coefficient of interfacial tension is a constant (σ = 50.2mN/m). When varying the
dynamic viscosity, the dynamic viscosity ratio of the two phases is kept constant (i.e.,
µaq

µor g
=constant). In Figure 4.4, it is seen that varying the C a number by the dynamic vis-

cosity does influence the apparent contact angles (both θA and θR ). Based on the experi-
mental investigation of the apparent contact angle of a liquid-liquid-solid system where
glycerin serves as the advancing fluid and silicone oil as the receding fluid in a glass cap-
illary tube, Fermigier and Jenffer found that the dynamic viscosity of the receding fluid is
not an influencing factor in determining the apparent contact angle when the C a num-
ber is small (C a < 1×10−2) [13]. The simulation results in Figure 4.4 indicate that, when
the dynamic viscosity ratio is kept constant, the dynamic viscosity of neither phase de-
termines the apparent contact angles (θapp ) of the slugs.

From the simulation results of Figures 4.2, 4.3 and 4.4, it can be concluded that for
dry slug flow (C a < 1× 10−3), with the equilibrium contact angle boundary condition
(µ f = 0Pa · s in Equation 2.39), neither the advancing contact angle (θA) nor the reced-
ing contact angle (θR ) deviate from the equilibrium contact angle (θe ). With the non-
equilibrium contact angle boundary condition (µ f > 0Pa · s in Equation 2.39), physically
meaningful contact angle hysteresis is observed, i.e., θA > θe and θR < θe . In addition, it
is found that the volumetric flow rate, coefficient of interfacial tension as well as the con-
tact line friction parameter (µ f ) determine the apparant contact angle (θapp ) and their
joint effect which will be discussed in Section 4.3.2
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Figure 4.4: Influence of the C a number on the apparent contact angles of the n-heptane
slugs when changing the C a number by the dynamic viscosity. C n = 0.06, M=3.60 ×
10−9m3s/kg, θe = 133◦ .

µaq

µor g
=constant.

4.3.2. INFLUENCE OF THE C a f NUMBER ON THE APPARENT CONTACT AN-
GLES

Based on the simulation results of Section 4.3.1, it is found that by imposing the non-
equilibrium contact angle boundary condition (µ f > 0Pa · s in Equation 2.39), the appar-
ent contact angles (θapp ) of the slugs are allowed to deviate from the prescribed equilib-
rium contact angle (θe ). According to Figures 4.2 Figure 4.3, when the C a number of
n-heptane is the same, while the value of µ f is increased, the deviation between the
apparent contact angles (θapp ) and the equilibrium contact angle (θe ) becomes larger.
Obviously, the value of the contact line friction parameter (µ f ) influences the apparent
contact angles (θapp ). This section investigates the role of the contact line friction pa-
rameter (µ f ) in determining the apparent contact angle (θapp ) of the n-heptane slugs.

Figure 4.5a and 4.5b present the advancing contact angle (θA) and receding contact an-

gle (θR ) of the n-heptane slugs in terms of the C a f number (C a f = µ f Uor g

σ , as defined
in Equation 2.46) of n-heptane. The C a f number of the aqueous phase can also be
used if necessary. The data in Figure 4.5a are directly extracted from Figure 4.2 while
the data in Figure 4.5b are extracted from Figure 4.3. Focusing on the advancing con-
tact angle (θA) of the slugs in Figure 4.5a, the solid symbols represent the case that the
C a f number of n-heptane is varied by changing the volumetric flow rates (Uor g =Uaq in
this process) and µ f (1.0Pa · s ≤µ f ≤ 8.0Pa · s). The open symbols represent that the C a f

number of n-heptane is varied by changing the coefficient of interfacial tension (σ) and
µ f (1.0Pa · s ≤µ f ≤ 8.0Pa · s).

In Figure 4.5a, it is found that the advancing contact angle (θA) becomes a function of
the C a f number of n-heptane. Besides, to generate the same advancing contact angle
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(A), it is equivalent to varying the three variables (Uor g , σ and µ f ) in the C a f number.
The simulation results in Figure 4.5b show that the receding contact angle (θR ) is also
determined by the C a f number. In Section 4.3.1, it has been shown that when µ f is set
to a positive value, µ f exhibits a delaying effect on the relaxing process of the wall sur-
face free energy (Ew all ) [12]. Since the apparent contact angles (θapp ) are determined by
the C a f number, it can be understood as that the relaxing process of the wall surface free
energy behaves like viscous stress at the three-phase moving contact line. The results in
Figure 4.5a and 4.5b indicate that the "viscous stress at the three-phase moving contact
line" and the convective flow deforms the shape of the interface, enlarging the deviation
between the apparent contact angles (θapp ) and the equilibrium contact angle (θe ). The
interfacial tension keeps the apparent contact angles (θapp ) at the equilibrium contact
angle (θe ). It can be concluded that for dry slug flow (C a < 1×10−3) in the Phase Field
method, when the equilibrium contact angle (θe ) is fixed, the apparent contact angles
(θapp ) are determined by the C a f number of the system. Increasing the C a f number
results in a larger deviation between the apparent contact angles (θapp ) and the equilib-
rium contact angle (θe ).
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Figure 4.5: Influence of the C a f number on the apparent contact angle (θapp ) of the n-
heptane slugs. C n = 0.06. M=3.60×10−9m3s/kg. θe = 133◦. The solid symbols denote
that the C a f number is varied by changing the volumetric flow rates and the contact
line friction parameter (µ f ). The open symbols denote that the C a f number is varied by
changing the coefficient of interfacial tension (σ) and the contact line friction parameter
(µ f ).

4.3.3. INFLUENCE OF THE VALUE OF THE EQUILIBRIUM CONTACT ANGLE ON

THE APPARENT CONTACT ANGLES

Section 4.3.2 has revealed that when the value of the equilibrium contact angle (θe ) is
a constant, the apparent contact angle (θapp ) is determined by the C a f number. This
section focuses on the influence of the prescribed value of the equilibrium contact angle
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(θe ) on the apparent contact angles (θapp ) of the n-heptane slugs.

Figure 4.6 shows the difference between the apparent contact angle (θapp ) and the equi-
librium contact angle (θe ) as a function of the C a f number of n-heptane. The advancing
contact angle (θA) is always larger than the equilibrium contact angle (θe ), and the dif-
ference is defined as: ∆θapp =∆θA = θA −θe . The receding contact angle (θR ) is smaller
than the equilibrium contact angle (θe ), and the difference is defined as: ∆θapp = |∆θR | =
|θR −θe |. The squares represent θe = 133◦, the data of which are extracted from Figures
4.5a and 4.5b. The circles represent θe = 90◦ and the simulation conditions are the same
as those of θe = 133◦, i.e., the C a f number of n-heptane is varied by changing the vol-
umetric flow rates and µ f . The volumetric flow rates of the two phases are always kept
equal (Φaq =Φor g ) and the corresponding Re number of n-heptane ranges from 0.37 to
6.61. The coefficient of interfacial tension is a constant (σ = 50.2mN/m) and the µ f is
varied from 1.0Pa · s to 8.0Pa · s. The C n number is 0.06 and the mobility parameter (M)
is 3.60×10−9m3s/kg.
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Figure 4.6: Influence of the C a f number and θe on the ∆θapp of the n-heptane slugs.
The C a f number of n-heptane is varied by changing the volumetric flow rates and µ f .
C n = 0.06, and M=3.60×10−9m3s/kg. The solid symbols denote ∆θapp =∆θA = θA −θe

while the open symbols denote ∆θapp = |∆θR | = |θR −θe |.

For θe = 133◦, with constant C a f number of the n-heptane, it is found that |∆θR | is al-
ways larger than∆θA . However, in the case of θe = 90◦, |∆θR | is always equal to∆θA when
the C a f number is constant. Clearly,∆θapp is also determined by the value of θe . Focus-
ing on the ∆θA when θe = 133◦ and θe = 90◦, it is found that the ∆θA of θe = 90◦ is always
larger than that of θe = 133◦. On the other hand, the ∆θR of θe = 90◦ is always smaller
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than that of θe = 133◦. With simulating dry slug flow with the Phase Field method, the
∆θapp is determined by the difference between θe and 180◦ (for θA) or 0◦ (for θR ). The
larger the difference, the larger the ∆θapp . When θe = 133◦, |∆θR | is always larger than
∆θA with the same C a f number. In addition, when θe = 90◦ at the same C a f number,
the advancing contact angle (θA) and the receding contact angle (θR ) differ from the
equilibrium contact angle (θe ) at the same magnitude.

4.3.4. INFLUENCE OF THE PE NUMBER AND THE CN NUMBER ON THE AP-
PARENT CONTACT ANGLES

In Section 4.3.1, the mobility parameter (M) and capillary width (ε) are kept constant in
the simulations. This section focuses on the influence of these two parameters on the
apparent contact angles (θapp )
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Figure 4.7: Influence of the Pe number on the advancing contact angle (θA) of the n-
heptane slugs. C n = 0.06, and θe = 133◦.

Figure 4.7a presents the advancing contact angle (θA) as a function of the Pe number
of n-heptane. The simulation conditions are the same as those of Figure 4.2: the mo-
bility parameter (M) is 3.60× 10−9m3s/kg and the C n number is 0.06. The solid sym-
bols indicate that the Pe number of n-heptane is varied by changing the volumetric flow
rates (keeping Φaq = Φor g ) and keeping the coefficient of interfacial tension constant
(σ= 50.2mN/m). The open symbols indicate that the Pe number of n-heptane is varied
by changing the coefficient of interfacial tension (σ). The volumetric flow rates of both
phases are set to 2.0µL/min and the corresponding C a number of both phases is always
smaller than 1×10−3.
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Figure 4.7b shows the advancing contact angle (θA) as a function of the n-heptane slugs
(varied by changing the mobility parameter (M)). In the simulations, the volumetric flow
rates of both phases are 2.0µL/min, the coefficient of interfacial tension is a constant
(σ = 50.2mN/m) and the C n number is 0.06. It can be seen that the advancing contact
angle (θA) is much less sensitive to the mobility parameter (M), compared to the case in
Figure 4.7a. For instance, in the case of µ f = 1.0Pa · s, when the Pe number is varied from
6.52×10−3 to 1.4×10−1 by changing the mobility parameter (M), the advancing contact
angle (θA) changes from 137◦ to 142◦ (by 3.6%). As a comparison, when the Pe number
is varied in the same range by changing the flow rates in Figure 4.7a, the corresponding
advancing contact angle (θA) changes from 133◦ to 161◦ (by 21.1%).
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Figure 4.8: The apparent contact angles (θapp ) as a function of the C n number of the n-
heptane slugs. The solid symbols denote the advancing contact angle (θA) and the open
symbols denote the receding contact angle (θR ). θe = 133◦. The Pe number of n-heptane
is 0.026.

Concerning the influence of the C n number on the apparent contact angles (θapp ), Fig-
ure 4.8 demonstrates the apparent contact angles (θapp ) of the n-heptane slugs. The
volumetric flow rates of both phases are 2.0µL/min and the coefficient of interfacial ten-
sion (σ) is 50.2mN/m. The corresponding C a number of n-heptane is 6.41×10−5 and
the corresponding Re number of n-heptane is 1.47. When ε is varied, M is also changed
accordlingly, to keep the Pe number of n-heptane constant at 0.026. Based on the simu-
lation results of Figure 4.8, as the C n number varied from 0.04 to 0.1, neither the advanc-
ing contact angle (θA) nor the receding contact angle (θR ) shows significant change.

In Chapter 3, it has been shown that both the capillary width (ε) and the mobility pa-
rameter (M) affect the slug length in dry slug flow. To generate consistent slug length
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when the capillary width (ε) is varied, the mobility parameter (M) needs to be changed
by following C nPe−1 = constant. Unlike the slug length, based on the results of Figure
4.7b and 4.8, the mobility parameter (M) and capillary width (ε) do not bring notice-
able influence on the apparent contact angles (θapp ) of the n-heptane slugs in dry slug
flow. Thus, concerning the choice of the numerical parameters for simulating the dry
slug flow with the Phase Field method, it can be concluded that the capillary width (ε)
and the mobility parameter (M) influence the slug length and the contact line friction
parameter (µ f ) influences the apparent contact angles (θapp ).

4.3.5. COMPARING SIMULATION RESULTS OF THE APPARENT CONTACT AN-
GLE WITH THE EXPERIMENTAL RESULTS

Section 4.3.1 has shown that by setting the contact line friction parameter (µ f ) to a pos-
itive value, the apparent contact angle (θapp ) deviates from the equilibrium contact an-
gle (θe ). This section focuses on comparing the apparent contact angle (θapp ) in the
simulations with the experimental results, to study if the non-equilibrium contact angle
boundary condition simulates the apparent contact angles (θapp ) in dry slug flow cor-
rectly.
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Figure 4.9: Comparing ∆θapp in the experiments with those in the simulations. The
C a number of n-heptane is varied by changing the flow rates. The asterisks with error
bars represent the experimental results with the standard deviation. In the simulations,
C n = 0.06 and M=3.60×10−9m3s/kg.

Figure 4.9 presents the experimental results as well as the simulation results of ∆θA and
∆θR with respect to the C a number of n-heptane. In the experiments, the C a number of
n-heptane is varied by changing the volumetric flow rates of n-heptane and water , while
the volumetric flow rates of the two phases are kept the same. The ∆θA and ∆θR have
been derived from the average results of 7 slugs at the same experimental conditions.
In the simulations, the C a number of n-heptane is varied by changing the volumetric
flow rates of n-heptane and water. In this process, the volumetric flow rates of these two
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phases are kept the same. The C n number is 0.06 and the mobility parameter (M) is set
to 3.60×10−9m3s/kg, which are the same as those of Figure 4.2 and Figure 4.3. For the
deviation of the advancing contact angle (∆θA), the simulation results of µ f = 2.0Pa · s is
mostly resembling the experimental results while for the deviation of receding contact
angle (∆θR ), the simulation results of µ f = 1.0Pa · s fit the experimental results better.
Thus, it can be considered that for fitting the experimental results of dry slug flow of
the n-heptane/water system, the value of the contact line friction parameter (µ f ) ranges
from µ f = 1.0Pa · s to µ f = 2.0Pa · s.

4.3.6. INFLUENCE OF THE NUMERICAL PARAMETERS ON THE VELOCITY OF

THE SLUGS

As mentioned in Section 4.1, besides the apparent contact angles (θapp ), monitoring the
velocity of the three-phase moving contact line is another way to verify if the Moving
Contact Line is correctly simulated. Thus, this section investigates the velocity of the
slugs in the simulations, especially the influence of the numerical parameters (capillary
width and mobility parameter) with the equilibrium or non-equilibrium contact angle
boundary conditions.

The investigation is carried out by comparing the velocity of the n-heptane slugs in the
experiments with that in the simulations. In the experiments, the flow rates of both
phases are 1.0µL/min. The corresponding C a number of the aqueous phase is 1.07×
10−4 while the C a number of n-heptane is 4.13× 10−5. As introduced in Section 3.2.3,
such small C a number ensures that the flow pattern belongs to dry slug flow. A camera
recorded the distance of the moving n-heptane slugs to a reference position with respect
to time. The distance of the n-heptane slugs to the reference position is derived from the
average distance of 7 slugs. Figure 4.10 shows the experimental results of the temporal
evolution of the distance to the reference position with the asterisk symbol. The slope
of the linear regression line is 1.09×10−2 m/s, which can be considered as the average
velocity of the n-heptane slugs.

In the simulations, the C a number of the two phases is the same as that of the experi-
ments by controlling the flow rates. The contact line friction parameter (µ f ) is set to zero,
i.e., the equilibrium contact angle boundary condition is applied. The Pe number is var-
ied by changing the mobility parameter (M) while keeping other parameters constant.
In Figure 4.10a, the C n number is 0.04 and the C n number is 0.06 in Figure 4.10b. In
the simulations, the velocity of the n-heptane slugs is derived by finding the slope of the
linear regression line, which is the same as deriving the velocity of the n-heptane slugs in
the experiments. In Figure 4.10a, in the case of C n = 0.04, when the Pe number is varied
from 2.52×10−2 to 25.2 by changing the mobility parameter (M), the simulated velocity
ranges from 1.06×10−3 m/s to 1.08×10−3 m/s, hence with a deviation less than 2 %. The
situation is similar in Figure 4.10b when the C n number is 0.06. Thus, concerning the
simulated velocity in Figure 4.10, it can be concluded that neither the capillary width (ε)
nor the mobility parameter (M) brings significant influence on the velocity of the slugs
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when µ f is zero. Furthermore, the difference between the velocity in the simulation and
that in the experiment is less than 2.8 %. Therefore, it can be concluded that the simula-
tion results agree well with the experimental results.
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Figure 4.10: Temporal evolution of the distance of the n-heptane slugs to the reference
position. The corresponding C a number of the aqueous phase is 1.07×10−4 while the
C a number of n-heptane is 4.13×10−5. The asterisks with error bars represent the ex-
perimental results with the standard deviation. The coefficient of determination (R2) of
the linear regression line is 0.9943.

However, in Figure 4.11, when the non-equilibrium contact angle boundary condition is
imposed by setting µ f to a positive value, it is found that the mobility parameter (M) in-
fluences the velocity of the slugs. In Figure 4.11, the C n number is kept as 0.06 and µ f is
set to 1.0Pa · s. The Pe number of n-heptane is varied by changing the mobility parame-
ter (M), the coefficient of interfacial tension (σ) or the flow rates of the two phases. When
the Pe number is varied by changing the mobility parameter (M) or the coefficient of in-
terfacial tension, the flow rates of both phases are kept constant. When the Pe number
of n-heptane is varied by changing the volumetric flow rates, the volumetric flow rates of
these two phases are always kept the same. The corresponding Pe number of n-heptane
is plotted on the horizontal axis and the ratio of the velocity with µ f > 0.0Pa · s to the
velocity with µ f = 0.0Pa · s (Unon−eq /Ueq ) is plotted on the vertical axis.

In Figure 4.11a, when µ f =1.0Pa · s, the velocity of the advancing interface of the slugs in
the simulations is always lower than that in the experiments. When the Pe number of
n-heptane is varied from 1.30×10−2 to 1.04×10−1 by changing the mobility parameter
(M), the velocity of the advancing interface changes from 87.9 % to 97.2 % of the veloc-
ity with the equilibrium contact angle boundary condition. The situation is the same for
the receding interface of the slugs in Figure 4.11b. On the other hand, when changing the
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Pe number of n-heptane by varying the coefficient of interfacial tension (σ) or the flow
rates, the velocity of the slugs does not change significantly. Thus, among the three vari-
ables varied in Figure 4.11, only the mobility parameter (M) determines the slow down
effect of the velocity of the slugs when the non-equilibrium contact angle boundary con-
dition is applied. The higher the value of the mobility parameter (M), the slower the slug
moves.
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Figure 4.11: Influence of the Pe number on the velocity of the n-heptante slugs when
the non-equilibrium contact angle boundary condition is applied. The C n number is
0.06. µ f = 1.0Pa · s.

Figure 4.12a demonstrates the influence of the C n number on the velocity of the ad-
vancing interface of the n-heptane slugs when 1.0Pa · s. In Figure 4.12a, the flow rates of
both phases are 1.0µL/min. The Pe number of n-heptane is set to 0.013 by adjusting the
mobility parameter (M). In Figure 4.12a, as the C n number is increased, the slug moves
slower. Figure 4.12b shows the influence of the contact line friction parameter (µ f ) on
the velocity of the advancing interface of the n-heptane slugs. The C n number is 0.06
and the flow rates of both phases are kept as 1.0µL/min. The Pe number of n-heptane
is changed by varying the mobility parameter (M). Figure 4.12b presents the simulation
results of setting µ f to 1.0Pa · s and 2.0Pa · s. The simulation results of µ f =1.0Pa · s are
extracted from Figure 4.11a. In Figure 4.12b, at the same Pe number, the velocity of the
slug when µ f =2.0Pa · s is always smaller than that of µ f =1.0Pa · s.

Based on the results of this section, when the equilibrium contact angle boundary con-
dition is applied, the velocity of the slug shows no dependency on the numerical pa-
rameters (capillary width and mobility parameter). However, when the non-equilibrium
contact angle boundary condition is imposed, according to Figure 4.11, Figure 4.12a and
Figure 4.12b, the n-heptane slug moves slower, compared with applying the equilibrium
contact angle boundary condition. The higher the value of the numerical parameters
(capillary width, mobility parameter and contact line friction parameter), the slower the
n-heptane slug moves. According to Carlson et al., a similar slowing down effect has
also been found in simulating droplet spreading process with the non-equilibrium con-
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tact angle boundary condition [10] and the mechanism behind that is still not clear [12].
Further work is needed to address this issue.
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Figure 4.12: Influence of the capillary width (ε) and the contact line friction prarmeter
(µ f ) on the velocity of the n-heptante slugs. The flow rates of both phases are 1.0µL/min.

4.4. CONCLUSIONS

When utilizing the parallel microfluidic solvent extraction to purify 99Mo, in the exper-
iments in Chapter 6, there can be leakage from one phase to the other at the outlet of
the microfluidic channel, leading to failure of the extraction. However, the leakage can
not be simulated correctly with the widely applied equilibrium contact angle boundary
condition in the Phase Field method. The leakage involves the so-called Moving Contact
Line, which can be characterized by the apparent contact angle (θapp ) formed between
the interface and the wall. This chapter deals with the question of whether the Phase
Field method can model the apparent contact angle (θapp ) of the Moving Contact Line
correctly with the non-equilibrium contact angle boundary condition first proposed by
Jacqmin [7][8]. In order to study this boundary condition, the case of dry slug flow is
chosen since dry slug flow provides a direct way to monitor the apparent contact angles
(θapp ).

For dry slug flow (C a < 1×10−3) in the simulations , by imposing the equilibrium con-
tact angle boundary condition, the apparent contact angle (θapp ) is always equal to the
equilibrium contact angle (θe ). In such a situation, the Moving Contact Line has on effect
on the apparent contact angle (θapp ). With the non-equilibrium contact angle boundary
condition, the apparent contact angle (θapp ) deviates from the equilibrium contact an-
gle (θe ). Furthermore, in the case of dry slug flow, the simulated advancing contact angle
(θA) is larger than the equilibrium contact angle (θe ) while the receding contact angle
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(θR ) is smaller than the equilibrium contact angle (θe ), which fulfils the observation of
contact angle hysteresis in nature.

Furthermore, this research shows that the apparent contact angle (θapp ) of the slugs is
determined by the C a f number of the system. This is equivalent to varying the three
variables (Uor g , σ and µ f ) in the C a f number to generate the same apparent contact
angle (θapp ). These results indicate that, with the non-equilibrium contact angle bound-
ary condition, the convective flow deforms the shape of the interface and leads to a dif-
ference between the apparent contact angles (θapp ) and the equilibrium contact angle
(θe ). The interfacial tension tries to keep the apparent contact angles (θapp ) at the equi-
librium contact angle (θe ). With the contact line friction parameter (µ f ) in the range
between 1.0 and 2.0Pa · s, the apparent contact angles (θapp ) of the slugs in the simula-
tions reasonably agree with those in the experiments.

Besides the C a f number, it is found that the value of the equilibrium contact angle (θe )
influences the magnitude of the deviation between the apparent contact angle (θapp )
and the equilibrium contact angle (θe ) in dry slug flow. When the C a f number is fixed,
∆θapp is determined by the difference between θe and 180◦ (for θA) or 0◦ (for θR ).

Regarding the velocity of the slugs, with the equilibrium contact angle boundary condi-
tion, it does not depend on the capillary width or the mobility parameter. In this case,
the velocity of the slugs in the simulations agree with that in the experiments. With the
non-equilibrium contact angle boundary condition, the slug moves slower with the in-
crease of the value of the numerical parameters (capillary width, the mobility parameter
and contact line friction parameter), which conflicts with the experiments.
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5.1. INTRODUCTION

In microfluidic liquid-liquid solvent extraction, the small-scale feature of microfluidic
channels reduces the diffusion distance for solutes, which ensures high extraction effi-
ciency [1]. Besides the high extraction efficiency, in the parallel flow pattern, the auto-
matic phase separation at the outlet of the microfluidic channel is also advantageous
in extracting radionuclides because it reduces radiation exposure to operators [2]. The
working principle of the microfluidic liquid-liquid solvent extraction for 99Mo has been
briefly demonstrated in Figure 1.6. For the purpose of utilizing parallel microfluidic
liquid-liquid solvent extraction to purify 99Mo, a stable interface is of paramount im-
portance. A stable interface means the interface between the immiscible two phases
is always parallel to the main channel, as depicted in Figure 1.6. An unstable interface
may break, forming segmented flow and leading to contamination of the extracted 99Mo.
Thus, the flow pattern should be maintained to the parallel flow pattern.

However, until now, there are no clear criteria that are available for accurately predicting
flow patterns in microfluidic channels [3]. One of the reasons for the difficulty in pre-
dicting flow patterns is that there are lots of influencing factors to be taken into account.
The geometry and fabrication material of the microfluidic channel [4] [5] as well as the
physical properties of the working fluids [6] have been reported to be influencing factors
on flow patterns. Moreover, operating conditions, including the volumetric flow rates of
phases as well as their ratio [7] [8] and which fluid is first injected into the microfluidic
channel [9] are also found to affect flow patterns.

Researchers have tried to predict flow patterns with dimensional analysis in terms of
fluid forces. The Re ynold s number (Re=ρUL

µ ), the C api l l ar y number (C a=µU
σ ) and the

W eber number (W e=ρU 2L
σ ), or the combination of these dimensionless numbers are all

reported to be used for predicting flow patterns [6] [10] [11] [12] [13] [14] [15] [16] [17]
[18]. Nevertheless, these analysis are all limited to their specific flow conditions and are
not universally applicable [18]. For example, Tice et al. have studied the influence of
liquid viscosity on plug formation in the microfluidic channel. They have proposed to
use the C a number to predict flow patterns [11]. Dessimoz et al. have predicted the
flow patterns within a Y-shaped and a T-shaped microfluidic channel with the mean C a
number and the mean Re number of the fluids. [6]. However, by investigating flow pat-
terns inside a T-shaped microfluidic channel, Guillot and Colin have found that the flow
patterns can not be expressed in terms of the C a number [12]. Besides the C a number,
the W e number has also been proposed to predict the flow patterns. Zhao et al. have in-
vestigated the flow patterns with water and kerosene inside a PMMA T-shaped channel.
They have found that parallel flow is formed at higher values of the W e number and have
concluded that the flow patterns are attributed to the competition between the inertia
force and the interfacial tension [10].

Besides the competition between fluid forces, the contact angle has also been reported
to affect multiphase flows in microfluidics [19] [20] [21]. Bashir et al. have studied the
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droplet formation in a T-shaped microfluidic channel and have reported that the droplet
length is influenced by the contact angle [22]. Zhao et al. have changed the contact an-
gle of the fluids inside a T-shaped PMMA microfluidic channel with surface modifica-
tion. They have found that the parallel flow pattern is more likely to occur after surface
modification. For the purpose of selective extraction, extractants are usually added in
the organic solution [1], which change the fluid property, leading to the change of the
contact angle.

For modelling parallel flow in microfluidic channels within hydrodynamics-based sim-
ulation methods, even though the Volume-of-Fluid method is more widely being used
[13] [21] [23] [24] [25], the Phase Field method has the advantage of being compatible
with the no-slip boundary condition in continuum fluid dynamics so that no special
treatments are required [26]. This chapter deals with the parallel flow pattern in a dou-
ble Y-shaped microfluidic channel with the Phase Field method, and aims to utilize the
method as a numerical tool to understand the occurrence of parallel flow. The objectives
of the present work are: firstly, to determine the mobility parameter (M) and the capil-
lary width (ε) in modelling parallel flow. Based on the study of dry slug flow in Chapter
3, to generate consistent slug length, it needs to set up the numerical parameters by fol-
lowing C nPe−1 = constant. This work will examine whether such a scaling law still holds
in modelling parallel flow. Secondly, by combining the Phase Field method with exper-
iments based on the toluene/water system and the n-heptane/water system, this study
aims to reveal the dominating force that determines the occurrence of parallel flow in-
side the microfluidic chip under investigation here. Lastly, with help of the Phase Field
method, this study clarifies when the interface is located in the centre of the main chan-
nel, the influence of the contact angle between the liquids and the wall on flow patterns.

5.2. MATERIALS AND METHODS

The experiments of investigating flow patterns were conducted in the IMT ICC-DY05
double Y-shaped microfluidic chip, the geometry and fabrication material of which can
be found in Section 3.2.1. In the experiments, Milli-Q water served as the aqueous phase.
Toluene and n-heptane, which were purchased from Sigma Aldrich, served as the or-
ganic phase. The experiments also included the mixture of toluene and Aliquat 336 (pur-
chased from Sigma Aldrich). Aliquat 336 is a water insoluble quaternary ammonium salt
with octyl and decyl chains. The choice of the mixture of toluene and Aliquat 336 in this
study is: firstly, adding Aliquat 336 to toluene can change the equilibrium contact angle
(θe ) between water and toluene on a glass surface. Secondly, it has been reported that
Aliquat 336 is able to extract uranium(VI) from HCl media [27] [28] [29]. As introduced
in Section 1.2.3, recovering the non-fissioned 235U from the fission products in the loop
system is meaningful, which ensures that the 235U can be better consumed.

Physical properties (density, dynamic viscosity, coefficient of interfacial tension and equi-
librium contact angle) of the fluids related to this research served as input parameters in
the simulations. Section 5.2.1 briefly introduces the measurement of the physical prop-
erties of the fluids which can not be found in literature.
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5.2.1. MEASUREMENT OF PHYSICAL PROPERTY OF FLUIDS

The equilibrium contact angle (θe ) between water and toluene on a glass surface was
measured with the same method which has been introduced in Section 3.2.2. The macro
cuvette with a glass surface (described in Section 3.2.2) served as the container of the
bulk solution. The equilibrium contact angle of the water droplet in the bulk toluene
solution was measured to be 49◦±5◦, the measurement of which was repeated 6 times.
Figure 5.1a illustrates a picture of the water droplet in the bulk toluene solution, which
is taken by the camera of the CAM 200 instrument. Besides, Figure 5.1b illustrates one
water droplet in the bulk toluene solution (in which 0.1mol/L Aliquat 336 is dissolved)
on a glass surface. It is clear that by adding Aliquat 336, the equilibrium contact angle
(θe ) of water in Figure 5.1b is larger than 90◦, which indicates that the organic solution
preferentially wetting the glass surface of the macro cuvette. The measured equilibrium
contact angle (θe ) with respect to the concentration of Aliquat 336 in toluene is plotted
in Figure 5.2. The results in Figure 5.2 indicate that the equilibrium contact angle (θe )
does not show noticeable dependency on the concentration of Aliquat 336 in the range
from 0.1mol/L to 0.4mol/L.

Measurement of the coefficient of interfacial tension (σ) between water and the mixture
of toluene and Aliquat 336 was also conducted with the CAM 200 instrument (KSV In-
struments Ltd., Finland), with the pendant drop method. The CAM 200 instrument mea-
sures the coefficient of interfacial tension (σ) based on the deformation of the droplet
by gravity and the interfacial tension. At equilibrium, the shape of the pendant drop
obeys the Young–Laplace Equation. The built-in software of the CAM 200 instrument de-
termines the coefficient of interfacial tension (σ) by iterative fitting the Young–Laplace
Equation [30].

The macro cuvette served as the container of the bulk toluene solution (or the mixture
of toluene and Aliquat 336). One water droplet was provided by the pipette tip. The co-
efficient of interfacial tension (σ) between water and pure toluene was measured first,
as a benchmark test. The measurement was repeated more than 5 times and the mea-
sured value was 34.3±2.3 mN/m, which was considered to agree with the value found in
literature (listed in Table 5.1). Figure 5.3a illustrates the shape of water droplet in pure
bulk toluene solution. When Aliquat 336 was added to the toluene solution, the shape
of the water droplet changed accordingly, which is demonstrated in Figure 5.3b. The
measured coefficient of interfacial tension (σ) with respect to the concentration of Ali-
quat 336 is demonstrated in Figure 5.4. In Figure 5.4, as the concentration of Aliquat 336
is varied from 0.1mol/L to 0.4mol/L, the coefficient of interfacial tension (σ) does not
change significantly.
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(a) One water droplet in bulk toluene solution on
a glass surface.

(b) One water droplet in the mixture solution of
toluene and Aliquat 336 (in which the concentra-
tion of Aliquat 336 is 0.1mol/L) on a glass surface.

Figure 5.1: Measurement of the equilibrium contact angle (θe ) of one water droplet in
bulk toluene solution on a glass surface. The macro cuvette serves as the container of
the bulk solution. In Figure 5.1a, the equilibrium contact angle (θe ) is smaller than 90◦
while the equilibrium contact angle (θe ) in Figure 5.1b is larger than 90◦.
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Figure 5.2: Measurement of the equilibrium contact angle (θe ) of one water droplet in
bulk toluene solution (in which Aliquat 336 is dissolved) on a glass surface.
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(a) One water droplet in pure bulk toluene solu-
tion.

(b) One water droplet in the mixture solution of
toluene and Aliquat 336 (in which the concentra-
tion of Aliquat 336 is 0.4mol/L).

Figure 5.3: Measurement of the coefficient of interfacial tension (σ) of one water droplet
in bulk toluene solution with the pendant drop method in the experiments. Due to the
larger interfacial tension, the water droplet in Figure 5.3a is rounder compared with the
one in Figure 5.3b.

The dynamic viscosity of the mixture solution of toluene and Aliquat 336 was measured
using a rheometer (TA Instruments, AR-G2) with 40 mm parallel plate. However, it was
found that, among all the samples, only the mixture with Aliquat 336 concentration of
0.4mol/L could reach the lowest measurement limit of the rheometer. Thus, the mix-
ture with Aliquat 336 concentration of 0.4mol/L was chosen as the working fluid in the
experiments and the measured dynamic viscosity is listed in Table 5.1. In Table 5.1, the
fluid "tol+Aliquat" indicates the mixture of toluene and Aliquat 336 in which the concen-
tration of Aliquat 336 is 0.4mol/L. The abbreviation will be used in the following text. In
addition, the coefficient of interfacial tension (σ) indicates the σ between the organic
phase and water.

Table 5.1: Physical properties of fluids in the simulations

Fluids Viscosity Density σ θe

(Pa · s) (g/cm3) (mN/m)

Water 1×10−3 1
n-heptane 3.86×10−4 0.68 50.2 47◦±4◦
toluene 5.86×10−4 0.87 36.1 49◦±5◦
tol+Aliquat (1.22±0.05)×10−3 0.95 5.7±0.7 156◦±5◦
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Figure 5.4: Measurement of the coefficient of interfacial tension (σ) between water and
mixture solution of toluene and Aliquat 336.

5.2.2. EXPERIMENTAL PROCEDURE

The experimental procedure was the same as those introduced in Section 3.2.1: before
the experiments, the microfluidic chip was rinsed by ethanol for around ten minutes
to clean. Then, the whole system was flushed by Milli-Q water for around ten minutes.
After making sure that there was no gas bubble in the microfluidic system, the organic
solution was pumped into the microfluidic channel. The volumetric flow rates were var-
ied in the experiments, to study the flow patterns.

5.2.3. MODEL DESCRIPTION AND SIMULATION SETUP

In the simulations, the governing equations were the Cahn-Hilliard equation (Equation
2.23), the continuity equation (Equation 2.2) and the Navier–Stokes momentum equa-
tions (Equation 2.24) for multiphase flows. These equations have been introduced in
detail in Section 2.5.

In COMSOL, based on the geometry of the microfluidic channel as introduced in Ta-
ble 3.1, a 2-dimensional model was built. To save the computational effort, the length
of the main channel was set to 2000µm, which was shorter than the one used in the
experiments (see Table 3.1). This change was made based on the research that the chan-
nel length starts to influence flow patterns when it is longer than 4m [5]. At the two
inlets, the average velocity of the fluids was prescribed as boundary conditions. The av-
erage velocity was calculated based on the volumetric flow rates of fluids and the cross-
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sectional area of the inlet of the microfluidic chip (the geometry of the microfluidic chip
is shown in Table 3.1). The velocity profile was assumed to be fully developed since the
fluid needed to flow through a capillary tubing (Length: 25cm) in the experiments. At
the two outlets, a reference pressure (Pressure = 0 Pa) was used as the boundary condi-
tion. At the solid wall, the no-slip boundary condition was imposed and Equation 2.39
with µ f = 0Pa · s was adopted for the contact angle boundary condition.

5.3. RESULTS AND DISCUSSION

The experiments concerning the flow patterns were conducted in the IMT double Y-
shaped microfluidic chip with the toluene/water system, the n-heptane/water system
and the tol+Aliquat/water system, respectively. In the experiments, the volumetric flow
rates of both phases were varied and three flow patterns appeared, namely the seg-
mented flow pattern, the parallel flow pattern and the transition flow pattern. Features
of these flow patterns have already been introduced in Section 3.3.1.
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Figure 5.5: Flow pattern map of the toluene/water system in the IMT double Y-shaped
microfluidic chip. The diamonds, circles and squares denote the segmented flow, the
transition flow and the parallel flow pattern, respectively.

The experimental results of the flow patterns by varying the volumetric flow rates of the
toluene/water system in the microfluidic chip are plotted in Figure 5.5 based on the Re
number of the two phases. The Re number of each phase is calculated based on the
average velocity of the fluid at the inlet of the microfluidic channel. The average velocity
was calculated based on the volumetric flow rate of the fluid and the cross-sectional area
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of the inlet of the microfluidic chip. In Figure 5.5, it has been shown that the segmented
flow pattern occurs when the volumetric flow rates of both phases are low. By increasing
the volumetric flow rates, the segmented flow pattern eventually changes to the parallel
flow pattern. The parallel flow pattern is maintained when the Re number of toluene is
larger than approximately 10 while the Re number of the aqueous phase is larger than
approximately 5. Section 5.3.1 will study the influence of the numerical parameters on
the flow patterns. In this case, Figure 5.5 will serve as the benchmark for comparing the
numerical results with the experimental results.

5.3.1. INFLUENCE OF THE MOBILITY PARAMETER AND CAPILLARY WIDTH

ON FLOW PATTERNS

As been introduced in Section 2.5, in the Phase Field method, the capillary width (ε, a
numerical parameter) determines the thickness of the diffusive interface and the mo-
bility parameter (M , a numerical parameter) determines the diffusive transport of the
order parameter (φ). Besids, these two adjustable parameters also affect the simulation
results. By investigating the slug length inside the microfluidic channel in Chapter 3, it
has been found to generate constant slug length in dry slug flow, it is necessary to choose
these two numerical parameters by following C nPe−1 = constant. This section investi-
gates if such a criterion is still valid in modelling the occurrence of parallel flow in the
microfluidic channel.

The investigation starts with the influence of the mobility parameter (M) on the flow
pattern. For this purpose, a simulation model is built based on the toluene/water system
in the IMT microfluidic chip. The physical properties of the fluids and the equilibrium
contact angle are adopted from Table 5.1. The initial interface is prescribed at the Y-joint
part of the microfluidic channel, as illustrated in Figure 3.12b. Such a choice agrees with
the experimental procedure in Section 5.2.2 where the aqueous phase was first pumped
into the microfluidic channel.

In the simulations, the volumetric flow rate ratio (Φaq /Φor g ) of the aqueous phase to
toluene is kept at 0.66. Such a choice is based on positioning the interface in the centre
of the main channel, which is beneficial for obtaining complete phase separation at the
outlet of the microfluidic channel 1. Pohar et al. proposed an empirical correlation for
positioning of the interface in the centre of the microfluidic channel [31]:

Φaq

Φor g
= (

µaq

µor g
)−0.76 (5.1)

where Φaq and Φor g represent the volumetric flow rate of the aqueous phase and the
organic phase, respectively. µaq and µor g denote the dynamic viscosity of the aqueous
phase and the organic phase, respectively. By filling in the viscosity of toluene and water,
the volumetric flow rate ratio ofΦaq /Φor g =0.66 is derived.

1The complete phase separation will be further discussed in Chapter 6
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Concerning the influence of the mobility parameter (M) on the flow pattern, the C n
number is fixed at 0.06, to ensure the calculation time is affordable (within a few hours).
The volumetric flow rates and the mobility parameter (M) are varied in the simulations.
The simulation results are plotted in Figure 5.6a with colors to distinguish different flow
patterns. The mobility parameter (M) is plotted on the horizontal axis and the Re num-
ber of toluene is plotted on the vertical axis. The Re number is varied because of the
change of the volumetric flow rate. Since the volumetric flow rate ratio (Φaq /Φor g ) of
the aqueous phase to toluene is kept at 0.66, the Re number of the aqueous phase can
be calculated if needed. When the value of the mobility parameter (M) is fixed and the
volumetric flow rates are increased (the Re number increased accordingly), the flow pat-
tern first changes from segmented flow, to transition flow and then to parallel flow. Such
a tendency agrees with the experimental results in Figure 5.5 where the parallel flow pat-
tern is more likely to occur when the Re numbers are high.
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(a) The flow pattern map as as function of the
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(c) The relatiohship between the critical Re num-
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The R2 of the linear regression line is 0.9844.

Figure 5.6: Simulation results of the influence of the mobility parameter (M) on flow
patterns. The red, yellow and black colors denote segmented flow, transition flow and
parallel flow, respectively. The C n number is 0.06.
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To further study the influence of the mobility parameter (M) on the flow patterns, the
simulation results in Figure 5.6a have been plotted in term of the Pe−1 number and the
Re number in Figure 5.6b. In Section 3.3.2, it finds that to obtain the same slug length in
dry slug flow, it is equivalent to varying the volumetric flow rate and the mobility param-
eter (M). As a result, the Pe−1 number determines the slug length when the C n number
is constant. In modelling the occurrence of parallel flow, the focus is given to the criti-
cal Re number (the first time that the parallel flow occurs by increasing the flow rates).
However, in Figure 5.6b, when the mobility parameter (M) is varied in the Pe−1 number,
the critical Re number is not the same. In other words, the critical Re number of interest
in this study does not show a clear dependence on the Pe−1 number.

In addition, Figure 5.6c only plots the critical Re number at different values of mobility
parameter (M), which are directly extracted from Figure 5.6a. In Figure 5.6c, when the
value of the mobility parameter (M) becomes larger, the critical Re number of toluene
shifts to a higher value. Focusing on the relationship between the critical Renumber and
the mobility parameter (M), the critical Re number of toluene approximately linearly
scales to the common logarithm (logarithm with base 10) of the mobility parameter (M),
i.e., Recr i t i cal ∝ log10 M .

Considering the influence of the capillary width (ε) on the flow patterns, the simulation
results are plotted in Figure 5.7. The C n number (C n = ε

L ) is plotted on the horizon-
tal axis while the Re number of toluene is plotted on the vertical axis. The simulation
conditions are similar to those of Figure 5.6a with setting the mobility parameter (M) to
7.20× 10−11 m3s/kg 2. As the value of the C n number becomes higher, the critical Re
number of toluene shifts to a higher value as well. Based on the linear regression line de-
rived from the critical Re number and the C n number in Figure 5.7, the critical Re num-
ber of toluene increases linearly with respect to the C n number, i.e., Recr i t i cal ∝ C n.
Such results agree with the findings in Section 3.3.3 that the slug length (feature of the
flow to monitor) is linearly proportional to the C n number.

2With this value when C n = 0.06, the simulation results agree with the experimental results, which will be
further introduced in Figure 5.8
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Figure 5.7: The flow pattern map as as function of the C n number and the Re number
of toluene. The linear regression line is derived from the critical Re number and the C n
number. The R2 of the linear regression line is 0.9917. The red, yellow and black colors
denote segmented flow, transition flow and parallel flow, respectively.

Focusing on the research question of this section: to obtain the same simulation result,
by keeping C nPe−1 constant is still valid in modelling the occurrence of parallel flow in
the microfluidic channel? Combining the results in Figure 5.6 and 5.7, clearly the scaling
law does not hold anymore. In Chapter 3, it explains that the calculated interfacial ten-
sion is linearly proportional to both the capillary width (ε) and the mobility parameter
(M). Thus, to obtain the same slug length, when the capillary width (ε) is varied, the
mobility parameter (M) need to be changed by following C nPe−1 = constant. In mod-
elling parallel flow in this study, the calculated interfacial tension is still proportional to
the C n number since the critical Re number increases linearly as the C n number (see
Figure 5.7). However, the critical Re number of toluene approximately linearly scales to
the common logarithm (logarithm with base 10) of the mobility parameter (M) in Figure
5.6c. Such results indicate the scaling law has changed, even for the same system. The
reason behind that could be the C a number has been changed. Khatavkar et al. have
investigated the relationship between the capillary width (ε) and the mobility parameter
(M) by studying the mixing of two immiscible fluids in a lid-driven cavity flow [33]. They
have found that the scaling law varies as the C a number changes. In the dry slug flow
studied in Chapter 3, interfacial tension plays an important role (the C a number around
1×10−4). However, for simulating parallel flow, the interfacial tension is relatively less
important and viscous forces take over the flow (which will be discussed in Section 5.3.2
and 5.3.3. Thus, the conclusion here is the scaling law found by dry slug flow does not
work in modelling multiphase flow.
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Figure 5.8: Comparison of the experimental results with the simulation results. The flow
pattern map is plotted based on the Re number of the toluene/water system. The mo-
bility parameter (M) is set to 7.20×10−11 m3s/kg while the C n number of the simulation
is 0.06. The diamonds, circles and squares denote segmented flow, transition flow and
parallel flow, respectively. The black symbols indicate the experimental results while the
red symbols indicate the simulation results.

Based on the simulation results of Figure 5.6, increasing the values of the mobility pa-
rameter (M) and the capillary width (ε) leads to an increasing critical Re number of the
system. To utilize the Phase Field method as a predictive tool to model the multiphase
flow pattern inside the microfluidic channel, it is necessary to find if there is a specific
combination of these two numerical parameters, with which the flow pattern in the sim-
ulations agrees with that in the experiments. For this purpose, in the simulations, the
C n number is kept as 0.06, to ensure the calculation is affordable. The mobility param-
eter (M) has been varied from 1×10−11 m3s/kg to 1×10−9 m3s/kg. The volumetric flow
rate ratio (Φaq /Φor g ) of the aqueous phase to toluene is kept at 0.66, which is calcu-
lated based on Equation 5.1. In Figure 5.8, the experimental results of the toluene/water
system serving as the benchmark are directly extracted from Figure 5.5. Among all the
tested mobility parameters, it is found that when the mobility parameter (M) is set to
7.20×10−11 m3s/kg, the simulation results fit the experimental results best. Therefore,
to highlight the comparison between the simulation results and the experimental re-
sults, only the simulation results when the mobility parameter (M) is set to 7.20×10−11

m3s/kg are plotted in Figure 5.8. Thus, M = 7.20×10−11 m3s/kg is set as the specific mo-
bility parameter for the toluene/water system when the C n number is 0.06, which will
be further used in the following study in this chapter.
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5.3.2. FLOW PATTERN VERSUS THE CA NUMBER

Concerning predicting flow patterns with dimensional analysis, as has been mentioned
in Section 5.1, there are no universally applicable criteria on the flow patterns in mi-
crofluidic channels. According to Section 2.1.3, the interfacial tension between the two
phases tries to bend the interface, forming segmented flow in microfluidics. On the other
hand, based on the experimental results in Figure 5.5, the parallel flow pattern occurs at
high volumetric flow rates. Regarding the dimensionless number, the C a number scales
the relative importance of the viscous forces to the interfacial tension while the W e num-
ber scales the relative importance of the inertia forces to the interfacial tension. Both of
them have been proposed to predict flow patterns [6] [10] [11]. This section focuses on if
the flow patterns can be predicted with the C a number while Section 5.3.3 investigates
the effect of the W e number.
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Figure 5.9: Flow pattern maps of the toluene/water system and n-heptane/water system
in the IMT double Y-shaped microfluidic chip. The diamonds, circles and squares de-
note the segmented flow, the transition flow and the parallel flow pattern, respectively.
The black symbols denote the toluene/water system while the red symbols denote n-
heptane/water system.

Experiments concerning the flow patterns were conducted in the IMT double Y-shaped
microfluidic chip with the toluene/water system and the n-heptane/water system, re-
spectively. For both systems, the volumetric flow rates of both phases were varied and
three flow patterns appeared, namely the segmented flow pattern, the parallel flow pat-
tern and the transition flow pattern. This section mainly focuses on the conditions when
the parallel flow pattern appears, under which the parallel microfluidic solvent extrac-
tion can be applied. The experimental results are plotted in Figure 5.9. Specifically, in
Figure 5.9a, the flow pattern map is plotted based on the C a number of the two phases
while the flow pattern map based on the W e number of the two phases is plotted in
Figure 5.9b. The dimensionless number of each phase is calculated based on the av-
erage velocity of the fluid at the inlet of the microfluidic channel. In Figure 5.9a, for
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both the toluene/water system and the n-heptane/water system, the parallel flow pat-
tern is maintained when the C a number of both phases is larger than approximately
1×10−3. Concerning the W e number, the W e number needs to be larger than approxi-
mately 5×10−3 for both phases to sustain the parallel flow pattern. However, increasing
the volumetric flow rate of the fluid results in increasing the values of both the C a num-
ber and the W e number. Therefore, based on the results in Figure 5.9, no solid conclu-
sion can be drawn yet which dimensionless number determines the flow patterns in the
studied microfluidic channel. This issue will be further discussed with help of the Phase
Field method, where the C a number and the W e number can be changed independently
by varying the dynamic viscosity or the density of the fluids.
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Figure 5.10: Comparison of the experimental results with the simulation results. The
flow pattern map is plotted based on the C a number of the toluene/water system. The
mobility parameter (M) is set to 7.20×10−11 m3s/kg while the C n number of the simu-
lation is 0.06. The diamonds, circles and squares denote segmented flow, transition flow
and parallel flow, respectively. The black symbols indicate the experimental results while
the red symbols indicate the simulation results.

To numerically study the dominating forces in the flow patterns with the Phase Field
method, the results in Figure 5.10 are demonstrated with the C a number of the fluids,
which is varied by changing the volumetric flow rates. The shapes of the symbols are
used to distinguish different flow patterns and the colors of the symbols are used to de-
note the experimental results and simulation results. The mobility parameter (M) is set
to 7.20×10−11 m3s/kg while the C n number is set to 0.06, as determined in Figure 5.8.
The volumetric flow rate ratio (Φaq /Φor g ) of the aqueous phase to toluene is kept at 0.66,
which is calculated based on Equation 5.1. As can be found in Figure 5.10, in the sim-
ulations, the segmented flow pattern occurs when the C a number of toluene is smaller
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than 4.06×10−4 and the parallel flow pattern appears when the C a number of toluene is
larger than 8.12×10−4. In between, the transition flow pattern is found.

To further study if the C a number can predict flow patterns in the microfluidic channel
under investigation, Figure 5.11 demonstrates a set of numerical tests of the influence
of the C a number on the flow pattern. In the simulations, the C n number is set to 0.06
while the mobility parameter (M) is set to 7.20×10−11 m3s/kg, which has been proven
to agree with the experimental results in Figure 5.10. The volumetric flow rate of toluene
had a fixed value of 15.0µL/min while the volumetric flow rate of the aqueous phase had
a fixed value of 9.9µL/min. The corresponding C a number of toluene and the aqueous
phase in the experiments are 1.01×10−3 and 1.14×10−3, respectively. Under such cir-
cumstances, the parallel flow pattern is obtained in the experiments.

In Figure 5.11a, the C a number of toluene is varied by changing the coefficient of inter-
facial tension (σ). The value of the coefficient of interfacial tension (σ) is plotted on the
horizontal axis while the corresponding C a number is plotted on the vertical axis. As
the C a number is increased, the flow pattern changes from segmented flow to transition
flow and lastly to parallel flow, the tendency of which agrees with the experimental re-
sults in Figure 5.9a. Specifically, in the simulations, when the C a number of toluene is
larger than 8.45×10−4, the flow pattern belongs to the parallel flow pattern.

0 0.05 0.1 0.15

Coefficient of interfacial tension (  in N/m)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

T
he

 C
a 

nu
m

be
r 

of
 to

lu
en

e 

10-3

Segmented flow
Transition flow
Parallel flow

(a) The C a number of toluene is varied by chang-
ing the coefficient of interfacial tension (σ).

0 0.2 0.4 0.6 0.8 1 1.2

Dynamic viscosity of toluene (Pa.s) 10-3

0

0.5

1

1.5

2

2.5

T
he

 C
a 

nu
m

be
r 

of
 to

lu
en

e 

10-3

Segmented flow
Transition flow
Parallel flow

(b) The C a number of toluene is varied by chang-
ing the dynamic viscosity.

Figure 5.11: Study the influence of the C a number of toluene on the flow patterns. The
red, yellow and black colors denote segmented flow, transition flow and parallel flow,
respectively.

Besides, in Figure 5.11b, the C a number of toluene is varied by changing the dynamic
viscosity (µ) while the dynamic viscosity ratio (µaq /µor g ) of the two phases is always
kept constant. Therefore, the ratio of the C a number of toluene to the C a number of
water is also kept constant. The value of the dynamic viscosity of toluene is plotted on
the horizontal axis while the corresponding C a number of toluene is plotted on the ver-
tical axis. It can be found that the critical C a number of toluene for the parallel pattern
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in the simulations due to the change of dynamic viscosity is 9.13×10−4, which is com-
parable with that of changing the coefficient of interfacial tension (C a = 8.45×10−4) in
Figure 5.11a. Considering the simulation results in Figure 5.10, when varying the volu-
metric flow rates, the parallel flow pattern is found when the C a number of toluene is
larger than 8.12×10−4. In addition, since the volumetric flow rate ratio of the aqueous
phase to toluene (Φaq /Φor g ) follows Equation 5.1, it can be calculated that the critical
C a number of the aqueous phase is 9.14×10−4. Therefore, combining the experimen-
tal results with the simulation results, it can be concluded that the parallel flow pattern
can be maintained when the C a number of both phases is larger than 1×10−3, regard-
ing the fact that it is equivalent to varying the coefficient of interfacial tension (σ) or the
dynamic viscosity (µ) when Equation 5.1 is fulfilled.

5.3.3. FLOW PATTERN VERSUS THE WE NUMBER

This section discusses the influence of the W e number on the flow patterns with the
Phase Field method. For this purpose, in the simulations, the C n number is set to 0.06
while the mobility parameter (M) is set to 7.20× 10−11 m3s/kg, which are the same as
those in Section 5.3.2. Figure 5.12 shows the W e number of both phases in the toluene/water
system, where the W e number is varied by changing the volumetric flow rates. The volu-
metric flow rate ratio of the aqueous phase to toluene (Φaq /Φor g ) is always kept as 0.66,
which is calculated based on Equation 5.1. Focusing on the experimental results in Fig-
ure 5.12, which are extracted from Figure 5.10, the critical W e number (the first time
the parallel flow pattern is shown) of toluene is around 5×10−3. The numerically found
critical W e number in Figure 5.12 is 6.02× 10−3, which is comparable with that of the
experimental results. However, in Figure 5.12, when the W e number of toluene is varied
by changing the volumetric flow rate, the C a number of toluene is also changed accord-
ingly. To focus on the influence of the W e number on the flow patterns, in the following
simulations, the density of the fluids will be changed. In this way, the W e number is
varied due to the change of density while the C a number, which is not a function of the
density, can be kept constant. As a result, the influence of the W e number can be inde-
pendently studied.

To study the influence of the W e number on the flow patterns, in the simulations, the
volumetric flow rate of toluene is set to 5.0µL/min, 8.0µL/min, 15.0µL/min and 30.0µL/min,
respectively. The volumetric flow rate ratio of the aqueous phase to toluene (Φaq /Φor g )
is always kept as 0.66. The simulation results are plotted in Figure 5.13 where the W e
number of toluene is plotted on the horizontal axis while the corresponding C a number
of toluene is plotted on the vertical axis.

When the volumetric flow rate of toluene is set to 5.0µL/min, in the experiments, the
corresponding C a number of toluene is 3.38×10−4 while the corresponding W e num-
ber is 1.05× 10−3. According to Figure 5.9, under such circumstances, the segmented
flow pattern occurs. In the simulation results in Figure 5.13, keeping the C a number of
toluene at 3.38×10−4 and increasing the W e number by changing the density of these
two fluids, the parallel flow pattern appears. In this process, the density ratio (ρaq /ρor g )
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of the two phases is always kept constant. The critical W e number in the simulations is
2.09×10−1. A similar effect is found in the case when the volumetric flow rate of toluene
is 8.0µL/min. In this case, in the experiments, the corresponding C a number of toluene
is 5.41×10−4 while the corresponding W e number is 2.68×10−3. In this test, increasing
the W e number can change the transition flow pattern to the parallel flow pattern with
a critical W e number of 1.34×10−1.
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Figure 5.12: Comparison of the experimental results with the simulation results. The
flow pattern map is plotted based on the W e number of the toluene/water system. The
diamonds, circles and squares denote segmented flow, transition flow and parallel flow,
respectively. The black symbols indicate the experimental results while the red symbols
indicate the simulation results.

With the volumetric flow rate of toluene setting to 15.0µL/min and 30.0µL/min, the cor-
responding C a number of toluene in the experiments is 1.01×10−3 and 2.03×10−3. Un-
der such situations, in Figure 5.13, the flow pattern always belongs to the parallel flow,
even though the W e number of toluene is decreased to 7.53×10−5 by changing the den-
sity. In other words, when the C a number of toluene is larger than 1× 10−3, the flow
pattern is always parallel, showing no dependency on the W e number. Such results
also confirms the conclusion in Section 5.3.2 that the parallel flow pattern is maintained
when the C a number is larger than 1×10−3.

In summary, combining the results in Section 5.3.2 and this section, it can be concluded
that for the studied microfluidic channel, the parallel flow pattern can be obtained when
the C a number of both phases are larger than 1× 10−3 when Equation 5.1 is fulfilled.
Besides, regarding the W e number, the parallel flow pattern occurs by increasing the
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density of the fluids when the W e number of toluene is larger than 1×10−1.
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Figure 5.13: The influence of the W e number of toluene on the flow patterns. The red,
yellow and black colors denote the segmented flow, the transition flow and the parallel
flow pattern, respectively. The C n number is 0.06 and the mobility parameter (M) is set
as 7.20×10−11 m3s/kg.

5.3.4. EQUILIBRIUM CONTACT ANGLE VERSUS FLOW PATTERNS

Based on the study of the toluene/water system, Section 5.3.2 and Section 5.3.3 have
shown that the flow patterns within the microfluidic channel are determined by the C a
number when Equation 5.1 is fulfilled and the W e number is less than 1×10−1. For the
tol+Aliquat/water system, however, the parallel flow pattern occurs at a lower value of
the C a number (i.e., the critical C a number of tol+Aliquat is 1× 10−4 in Figure 5.14).
One noticeable difference between the tol+Aliquat/water system and the toluene/water
system is the equilibrium contact angle (θe ). It is therefore important to investigate the
influence of the equilibrium contact angle (θe ) on the flow patterns as well.

Figure 5.14 demonstrates the flow pattern map of the tol+Aliquat/water system and the
toluene/water system. The flow pattern map is plotted based on the C a number of
each system. For the tol+Aliquat/water system, the parallel flow already occurs when
the C a number is larger than approximately 1× 10−4. This result is different from the
toluene/water system and n-heptane/water system where the critical C a number is 1×
10−3. The reason for the different critical C a number can be attributed to the differ-
ence in the equilibrium contact angle (θe ). As shown in Table 5.1, the equilibrium con-
tact angle (θe ) between toluene/water/glass is 49◦, which is comparable with that of n-
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heptane/water/glass (θe = 47◦). However, for the tol+Aliquat/water system, the equilib-
rium contact angle (θe ) is 156◦. To further investigate the influence of the equilibrium
contact angle (θe ) on the flow patterns, the equilibrium contact angle (θe ) is therefore
varied in the simulations.
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Figure 5.14: Experiment results of the flow patterns of the toluene/water system and
the tol+Aliquat/water system in the IMT double Y-shaped microfluidic chip. The di-
amonds, circles and squares denote segmented flow, transition flow and parallel flow,
respectively. The black symbols denote the toluene/water system while the red symbols
denote tol+Aliquat/water system.

In the simulations, the working fluids are toluene and water. The C n number is set to
0.06 while the mobility parameter (M) is set to 7.20×10−11 m3s/kg, which is the same as
those in Section 5.3.2 and Section 5.3.3. The volumetric flow rates are varied in the sim-
ulations and the volumetric flow rate ratio of water to toluene is kept at 0.66, according
to Equation 5.1. The corresponding C a number of toluene is plotted on the horizontal
axis in Figure 5.15 and the values of the equilibrium contact angle (θe ) are plotted on the
vertical axis of Figure 5.15. The equilibrium contact angle (θe ) of 10◦, 49◦, 90◦ and 156◦
are investigated in the simulations, among which θe of 49◦ is the measured equilibrium
contact angle (θe ) between toluene and water in Table 5.1 and θe of 156◦ is the measured
equilibrium contact angle (θe ) between tol+Aliquat and water.
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Figure 5.15: Simulation results of the influence of the equilibrium contact angle (θe )
on the flow patterns. The C n number is 0.06 and the mobility parameter (M) is set as
7.20×10−11 m3s/kg. The red, yellow and black colors denote segmented flow, transition
flow and parallel flow, respectively.

In Figure 5.15, when the equilibrium contact angle (θe ) is set to 90◦, the critical C a num-
ber for the parallel flow pattern is 1.22×10−3, which is larger than the critical C a num-
ber (C a=8.12×10−4) when the equilibrium contact angle (θe ) is 49◦. Moreover, when the
equilibrium contact angle (θe ) is set to 10◦, the critical C a number becomes even smaller,
which is 5.41×10−4. Obviously, these results indicate that the equilibrium contact angle
(θe ) influences the occurrence of the parallel flow pattern. When the equilibrium con-
tact angle (θe ) is set to 90◦, it means that the two phases wet the solid surface equally.
In this case, according to the simulation results of Figure 5.15, the parallel flow pattern
is less likely to occur. In addition, it is also found that the transition flow is not shown.
Such result indicates that with θe = 90◦, as the interface reaches the outlet, it is more
likely to pin at the Y-shaped joint part of the microfluidic channel. This simulation re-
sult needs further validation by experiments. On the other hand, with the equilibrium
contact angle (θe ) is set to 10◦ or 156◦, one phase dominantly wets the solid surface.
Under such a situation, the parallel flow pattern is more likely to occur, resulting in a
smaller critical C a number. Such results is confirmed by the experiments in Figure 5.14
that the critical C a number in the tol+Aliquat/water system (θe = 156◦) is lower than the
one in the toluene/water system (θe = 49◦). Additionally, based on the experiments of a
kerosene/water two-phase flow system inside a T-shaped PMMA material microfluidic
channel, Zhao et al. have found similar results that the parallel flow can be formed easily
when the equilibrium contact angle (θe ) close to 0◦. Thus, combining the simulation re-
sults in this work, it can be concluded that as long as one phase dominantly wet the solid
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surface (i.e. the equilibrium contact angle (θe ) is closer to either 0◦ or 180◦), the parallel
flow can occur at a low value of the C a number.

5.4. CONCLUSIONS

To utilize parallel flow microfluidic liquid-liquid solvent extraction to obtain a high-level
purity of 99Mo, it is important to keep the interface stable and parallel to the main
channel of the microfluidic chip. Until now, there were no clear criteria available for
accurately predicting flow patterns in microfluidic channels. This chapter, where ex-
periments are combined with the Phase Field method, aims to provide such criteria for
maintaining the parallel flow pattern.

This chapter starts with investigating the influence of the mobility parameter (M) and
capillary width (ε) of the Phase Field method on modelling the parallel flow pattern. In
modelling the occurrence of the parallel flow, it finds that increasing the value of the
mobility parameter (M) and the capillary width (ε) shift the critical Re number (the first
time that the parallel flow occurs) to a higher value. However, the criterion (C nPe−1 =
constant) found based on dry slug flow in Chapter 3 is not valid in modelling parallel
flow. The Phase Field method can be utilized in this chapter for predicting flow patterns
by finding the specific combination of the mobility parameter (M) and the C n number,
under which condition the simulation results agree with the experimental results.

Based on the experiments, when the interface is located in the centre of the microflu-
idic channel, the parallel flow pattern can be maintained when the C a number of both
phases is larger than 1×10−3. By studying all the three variables in the C a number, the
Phase Field simulation further confirms that it is the C a number that determines the
flow patterns in the studied microfluidic channel. Further research also shows that the
W e number plays a minor role in determining the occurrence of the parallel flow pattern
in the studied microfluidic system. In other words, the competition between the viscous
forces and the interfacial tension determines the occurrence of the parallel flow pattern
in the studied microfluidic channel.

Besides the competition between the forces, the interaction between the fluids and the
microfluidic channel wall influences the occurrence of parallel flow. Based on the ex-
perimental results and the Phase Field simulation of the toluene/water system and the
tol+Aliquat/water system, when one of the phases dominantly wets the wall surface (i.e.,
θe is close to 0◦ or 180◦), the parallel flow pattern can occur at lower volumetric flow rates.
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6.1. INTRODUCTION

When utilizing the parallel flow microfluidic solvent extraction to purify 99Mo, it is im-
portant to maintain a parallel and stable interface [1] [2]. However, when the parallel
flow pattern is established, there is leakage from one phase to the other at the outlet of
the microfluidic channel, leading to contamination of the extracted 99Mo. In principle,
any contamination of the extracted 99Mo is unacceptable because of the strict require-
ments of the purity of radiopharmaceuticals [3]. Even though the leakage is a common
occurrence in parallel microfluidic solvent extraction, there are very few publications fo-
cusing on this phenomenon [4][5].

The reason for little attention is paid to the leakage phenomenon can be explained by
the fact that, for extracting non-radioactive species, selective surface modification can
be used to achieve complete phase separation. As introduced in Section 1.4, the selec-
tive surface modification partially changes the wettability of the microfluidic channel by
coating the wall surface with a monolayer [6] [7]. For instance, in the case of the glass
microfluidic channel in this study, partially coating the surface with a layer of organosi-
lane makes it possible to maintain the aqueous phase in the bare hydrophilic side while
keeping the organic phase in the coated hydrophobic side [4] [8] [9] [10]. However, the
selective surface modification is not compatible with extracting radioactive nuclides in
this research because the monolayer degrades under irradiation environment [11].

This thesis focuses on modelling the multiphase flow inside a microfluidic channel with
the Phase Field method, aiming to provide guidelines for maintaining the parallel flow
pattern and achieving complete phase separation. For this purpose, Chapter 5 dealt with
flow patterns in the microfluidic channel by combining experiments with the Phase Field
method. In Chapter 5, the leakage phenomenon did not appear probably attributed to
the fact that the equilibrium contact angle boundary condition was imposed at the wall
of the microfluidic channel, which is not adequate to capture the physics behind the
leakage phenomenon.

Leakage involves the Moving Contact Line, i.e., the movement of the interface between
two immiscible phases on the solid channel wall. As introduced in Section 2.3, due to
the movement of the contact line, the apparent contact angle (θapp ) deviates from the
equilibrium contact angle (θe ) [12]. Based on the investigation of Chapter 4, with the
equilibrium contact angle boundary condition in the simulations, the apparent contact
angle (θapp ) was always forced to be equal to the equilibrium contact angle (θe ), which
indicated that the physics behind the Moving Contact Line was not modelled correctly.
With the non-equilibrium contact angle boundary condition, the apparent contact an-
gle (θapp ) was allowed to deviate from the prescribed equilibrium contact angle (θe ) in
dry slug flow, which provided more physical simulation results. Thus, it is worthwhile to
investigate the behaviour of the non-equilibrium contact angle boundary condition on
simulating the leakage in the microfluidic channel.

Concerning the aims of this chapter, the following sections first concentrate on the im-
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pact of the value of the prescribed equilibrium contact angle (θe ) in the Phase Field
method on the leakage direction in the studied double Y-shaped microfluidic channel.
Secondly, with the equilibrium and non-equilibrium contact angle boundary conditions,
this research studies the mechanism behind the occurrence of the leakage phenomenon
in the Phase Field method. In addition, simulation results concerning leakage will be
validated by experiments.

6.2. MATERIALS AND METHODS

The experiments of investigating the leakage phenomenon were conducted in the IMT
ICC-DY05 double Y-shaped microfluidic chip, the geometry and material of which can
be found in Section 3.2.1. In the experiments, Milli-Q water served as the aqueous phase.
Toluene or tol+Aliquat (mixture solution of toluene and Aliquat336 in which the con-
centration of Aliquat336 is 0.4mol/L) served as the organic phase. The experimental
procedure was the same as those introduced in Section 3.2.1: before the experiments,
the microfluidic chip was rinsed with ethanol for around ten minutes to clean. Then,
the whole system was flushed with Milli-Q water for around ten minutes. After making
sure that there was no gas bubble in the microfluidic system, the organic solution was
pumped into the microfluidic channel.

In COMSOL, the 2-dimensional model was the same as the one used in Chapter 5. The
input parameters of the physical properties of the fluids (density, dynamic viscosity, co-
efficient of interfacial tension and equilibrium contact angle) related to this research can
be found in Table 5.1. The governing equations for the leakage phenomenon in the mi-
crofluidic channel are the Cahn-Hilliard equation (Equation 2.23), the continuity equa-
tion (Equation 2.2) as well as the Navier–Stokes momentum equations (Equation 2.24)
for multiphase flows. These equations have been introduced in detail in Section 2.5.

At the two inlets, the average velocity of the fluids was prescribed as boundary condi-
tions. The average velocity was calculated based on the volumetric flow rates of the
fluids and the cross-sectional area of the inlet of the microfluidic chip (the geometry
of the microfluidic chip is shown in Table 3.1). The velocity profile was assumed to be
fully developed since the fluid needed to flow through a capillary tubing (Length: 25cm)
in the experiments. At the two outlets, a reference pressure (Pressure = 0 Pa) was used
as the boundary condition. At the solid wall, the no-slip boundary condition was im-
posed. Equation 2.39 was adopted for the contact angle with µ f = 0Pa · s representing
the equilibrium contact angle boundary condition andµ f > 0Pa · s representing the non-
equilibrium contact angle boundary condition.
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6.3. RESULTS AND DISCUSSION

6.3.1. LEAKAGE DIRECTION AT THE OUTLET OF THE MICROFLUIDIC CHAN-
NEL IN THE EXPERIMENTS

In the experiments, when the parallel flow pattern is obtained, there is always leakage
from one phase to the other. The direction of leakage is not fixed and is influenced
by operating conditions and fluid properties. This study focuses on the influence of
the volumetric flow rate ratio of the aqueous phase to the organic phase (denoted as
Φaq /Φor g ) on the leakage direction. The volumetric flow rate ratio (Φaq /Φor g ) is varied
in the toluene/water system and the tol+Aliquat/water system. The C a number of the
organic phase, which is calculated using the average velocity of the fluid at the inlet of the
microfluidic channel, is plotted on the horizontal axis of Figure 6.1 while the volumetric
flow rate ratio (Φaq /Φor g ) is plotted on the vertical axis. The down-pointing triangles
indicate that the leakage is from water to the organic phase, since water is always on the
upper part of the figure, as illustrated in Figure 6.2. The up-pointing triangles indicate
that the leakage is from the organic phase to water.
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Figure 6.1: Experimental results of the leakage direction of two-phase flows inside the
IMT microfluidic channel. The down-pointing triangles indicate that the leakage is from
the aqueous phase to the organic phase. The up-pointing triangles indicate that the
leakage is from the organic phase to the aqueous phase.

In the experiments, the C a number of toluene is high enough (C a > 1×10−3 by control-
ling the volumetric flow rate) to maintain the parallel flow pattern in the microfluidic
channel. In Figure 6.1, the volumetric flow rate ratio (Φaq /Φor g ) influences the leak-
age direction by determining the position of the interface between the two phases in
the microfluidic channel. Concerning avoiding the leakage, the first attempt is position-
ing the interface in the centre of the microfluidic channel. For this purpose, Pohar et
al. have proposed an empirical correlation between the flow rate ratio (Φaq /Φor g ) and



6.3. RESULTS AND DISCUSSION

6

125

the dynamic viscosity ratio (µaq /µor g ) of the two phases for positioning the interface in
the middle of a single Y-shaped microfluidic channel [13], as shown in Equation 5.1. Ac-
cording to Equation 5.1 and the physical properties of the fluids in Table 5.1, the flow rate
ratio (Φaq /Φor g ) of the toluene/water system should be 0.66 and the tol+Aliquat/water
system should be 1.15. Figure 6.1 shows solid lines to indicate the volumetric flow rate
ratio calculated based on Equation 5.1 for the specific combination of fluids, which are
parallel to the horizontal axis.

(a) Leakage of water to the toluene outlet. The C a
number of toluene is 2.18×10−3. The volumetric
flow rate ratio (Φaq /Φor g ) of these two phases is
0.8.

(b) Leakage of toluence to the water outlet. The
C a number of toluene is 2.18 × 10−3. The vol-
umetric flow rate ratio (Φaq /Φor g ) of these two
phases is 0.3.

(c) Leakage of water to the toluene outlet. The C a
number of toluene is 2.18×10−3. The volumetric
flow rate ratio (Φaq /Φor g ) of these two phases is
0.67.

(d) Leakage of tol+Aliquat to the water outlet. The
C a number of tol+Aliquat is 1.14×10−3. The vol-
umetric flow rate ratio (Φaq /Φor g ) of these two
phases is 1.

Figure 6.2: Leakage at the outlets of the double Y-shaped IMT microfluidic channel. The
aqueous phase is dyed with methylene blue (0.1%, w/w).

The experimental results in Figure 6.1 clearly show that Equation 5.1 can be used to
predict the leakage direction. When the volumetric flow rate ratio (Φaq /Φor g ) is larger
than the one calculated based on Equation 5.1, the interface shifts downwards in the
microfluidic channel, resulting in leakage to the organic outlet, vice versa. For exam-
ple, in Figure 6.2a when Φaq /Φor g = 0.8 (> 0.66), water is leaking to the toluene outlet.
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WhenΦaq /Φor g = 0.3 (< 0.66) in Figure 6.2b, there is leakage from toluene to water. Ad-
justing the volumetric flow rate ratio (Φaq /Φor g ) to keep the interface in the middle of
the microfluidic channel (i.e., adjusting Φaq /Φor g to approach the solid line in Figure
6.1) can help to reduce the amount of leakage, as shown in Figure 6.2c. Despite the fact
that the location of the interface is positioned in the centre of the channel; however,
leakage always exists and complete phase separation cannot be achieved. Besides, it is
found that when the interface is positioned in the centre of the channel, the leakage di-
rection is different in the toluene/water system and in the tol+Aliquat/water system. In
the toluene/water system in Figure 6.2c, water tends to leak to the toluene outlet while
the tol+Aliquat tends to leak to the water outlet in the tol+Aliquat/water system in Fig-
ure 6.2d. This can be explained as, according to Table 5.1, the equilibrium contact an-
gle (θe = 49◦) of water in bulk toluene solution is less than 90◦, which means the glass
channel wall is hydrophilic and is preferably wetted by water. In contrast, the equilib-
rium contact angle (θe = 156◦) of water in the bulk tol+Aliquat solution on a glass sur-
face is larger than 90◦, which means the glass channel wall is preferable to be wetted
by tol+Aliquat. The influence of the value of the equilibrium contact angle (θe ) and the
boundary conditions for the contact angle will be further studied in Section 6.3.2 with
numerical simulations.

6.3.2. LEAKAGE PHENOMENON BY CHANGING THE EQUILIBRIUM ANGLE

This numerical study investigates whether the Phase Field method can simulate the leak-
age phenomenon occurs in the experiments. As introduced in Section 4.1, the boundary
condition for the contact angle plays an important role in simulating the Moving Contact
Line, which is believed to influence the leakage at the outlet of the microfluidic channel.
The research starts with studying the influence of the equilibrium contact angle bound-
ary condition (by setting µ f = 0Pa · s in Equation 2.39) on the leakage phenomenon. The
simulation model is the same as the one used to simulate the toluene/water system in
the IMT microfluidic chip in Chapter 5. The physical properties of the fluids are adopted
from Table 5.1. In the simulations, the C n number is set to 0.06 while the mobility pa-
rameter (M) is set to 7.20×10−11 m3s/kg. The choice of these two parameters was based
on Section 5.3.2 where it has been shown that the simulation results of this combina-
tion of numerical parameters agreed with the experimental results of predicting the flow
patterns in the microfluidic channel. To locate the interface in the centre of the main
channel, the volumetric flow rate ratio (Φaq /Φor g ) of water and toluene is kept at 0.66
(Equation 5.1). The C a number of toluene, which is varied by changing the volumetric
flow rate, is plotted on the horizontal axis of Figure 6.3. The red square symbols rep-
resent segmented flow or transition flow and the black symbols represent parallel flow.
Specifically, the black square symbols indicate that the interface is pinned on the wall
of the outlets. The down-pointing triangles indicate that the leakage is from the aque-
ous phase to the organic phase and the up-pointing triangles indicate that the leakage is
from the organic phase to the aqueous phase, which are the same as those of Figure 6.1.
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Figure 6.3: Influence of the chosen equilibrium contact angle (θe ) on the leakage phe-
nomenon in the simulations. C n = 0.06. M = 7.20×10−11 m3s/kg. µ f =0Pa · s. For the
parallel flow, the squares indicate that the interface is pinned on the wall of the microflu-
idic channel. The down-pointing triangles indicate that the leakage is from the aqueous
phase to the organic phase. The up-pointing triangles indicate that the leakage is from
the organic phase to the aqueous phase.

In Figure 6.3, in the case of θe = 49◦ (the measured equilibrium contact angle between
water and toluene, as shown in Table 5.1), it can be seen that the flow pattern changes
from segmented flow / transition flow to parallel flow when the C a number of toluene
increases. Such results agree with the experimental findings in Chapter 5 that parallel
flow is more likely to occur when the value of the C a number is high. When parallel flow
is established, the interface is pinned on the Y-joint part of the microfluidic channel, as
demonstrated in Figure 6.4a and Figure 6.4b. Besides, the interface does not change with
respect to time at the same simulation conditions. In the simulations, the pinned inter-
face indicates that complete phase separation is achieved. These results, however, do
not agree with the experimental results shown in Figure 6.1 where there is always leak-
age from water to toluene when the interface is located at the centre of the microfluidic
channel.
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(a) The interface is pinned on the wall of the mi-
crofluidic channel. θe = 49◦

(b) Zooming in the Y-joint part of the outlet of Fig-
ure 6.4a

(c) There is leakage from the aqueous phase to the
organic phase. θe = 10◦

(d) Zooming in the Y-joint part of the outlet of Fig-
ure 6.4c

Figure 6.4: Schematic diagram of pinned interface and leakage at the outlet of the dou-
ble Y-shaped microfluidic channel. The color legend indicates the value of the order
parameter φ. φ = 1 indicates the aqueous phase while φ = −1 represents the organic
phase and −1 <φ< 1 represents the interface.

With the same simulation conditions, the equilibrium contact angles (θe ) of 10◦, 30◦, 70◦,
90◦ and 170◦ are also investigated and plotted on the vertical axis of Figure 6.3. It is found
that the prescribed value of the equilibrium contact angle (θe ) changes the C a number
where parallel flow starts to occur, as discussed in Section 5.3.4. Based on the results in
Figure 6.3, however, the leakage only occurs when the prescribed equilibrium contact
angle (θe ) is set to 10◦ and 170◦. The direction of leakage is correct for 10◦ and 170◦:
when the equilibrium contact angle (θe ) is 10◦, the leakage is from the aqueous phase
to the organic phase, as illustrated in Figure 6.4c and Figure 6.4d. When the equilibrium
contact angle (θe ) is 170◦, the leakage is from the organic phase to the aqueous phase.
However, as shown in Figure 6.3 when θe is in the range between 30◦ to 90◦, the leakage
phenomenon does not occur in the simulations, which is in contrast to the experimental
findings.
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6.3.3. LEAKAGE PHENOPMENA BY USING THE NON-EQUILIBRIUM CONTACT

ANGLE BOUNDARY CONDITION

Obviously, with merely using the equilibrium contact angle boundary condition, the
leakage in the simulations does not agree with that in the experiments when θe is in the
range between 30◦ to 90◦. Based on the study of the apparent contact angles (θapp ) of
the slugs in Chapter 4, applying the non-equilibrium contact angle boundary condition
(µ f >0Pa · s in Equation 2.39) allows the apparent contact angle (θapp ) to deviate from the
prescribed equilibrium contact angle (θe ), which provides more physical results regard-
ing the Moving Contact Line. Since leakage at the end of the chip is, among other things,
determined by the Moving Contact Line between both phases, the influence of the non-
equilibrium contact angle boundary condition on the leakage needs to be studied.
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Figure 6.5: Influence of the C a number and contact line friction parameter (µ f ) on the
leakage phenomenon of the toluene/water system. C n = 0.06. M = 7.20×10−11 m3s/kg.
θe = 49◦. The black squares indicate that the interface is pinned on the wall of the mi-
crofluidic channel. The up-pointing triangles indicate that the leakage is from the or-
ganic phase to the aqueous phase.

In the simulations, the volumetric flow rate ratio of water to toluene (Φaq /Φor g ) is 0.66,
which is derived based on Equation 5.1. The C n number is set to 0.06 and the mobility
parameter (M) is set to 7.20×10−11 m3s/kg, which are the same as those in Figure 6.3.
The prescribed equilibrium contact angle (θe ) is 49◦, the same as the one in the experi-
ments. By studying the apparent contact angles (θapp ) of the n-heptane slugs in Section
4.3.5, it has been found that when the contact line friction parameter (µ f ) is set to be-
tween 1.0Pa · s and 2.0Pa · s, the advancing contact angle (θA) and receding contact angle
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(θR ) in the simulations agrees with the experimental results. Figure 6.5 therefore shows
the contact line friction parameter (µ f ) on the vertical axis in the range between 0 and
2.0Pa · s. The C a number of toluene on the horizontal axis is changed by varying the vol-
umetric flow rate.

(a) t=0.1 s. (b) t=0.2 s.

Figure 6.6: Schematic diagram of leakage from toluene to the water outlet. The color
legend indicates the value of the order parameter φ. φ= 1 indicates water while φ=−1
represents toluene and −1 < φ < 1 represents the interface. µ f = 2.0Pa · s. C a = 2.03×
10−3. C n = 0.06. M = 7.20×10−11 m3s/kg. θe = 49◦.

According to the results in Figure 6.5, sometimes there is leakage from toluene to water,
opposite to the expected direction of the leakage. This is caused by imposing the non-
equilibrium contact angle boundary condition. Figure 6.6 illustrates the leakage from
toluene to water, together with the presence of a few toluene slugs in the lower outlet.
The position of the slugs does not change with time, as shown in Figure 6.6a and Fig-
ure 6.6b. Such results indicate that the leakage from toluene to water is due to the fact
that the lower outlet is clogged by the toluene slugs. To further demonstrate this phe-
nomenon, Figure 6.7a and Figure 6.7b illustrate the velocity magnitude profile along with
the upper outlet and lower outlet of Figure 6.6, respectively. In the time interval from 0.1s
to 0.2s in the simulations, the velocity magnitude at the lower outlet remains zero, which
indicates that the lower outlet is clogged by the toluene slugs. Extending the simulation
time to 1s, the result is the same. It has been reported that a microfluidic system can
be clogged by gas bubbles or particles [14] [15]. But clogging of the microfluidic chan-
nel with organic fluid slugs, however, is not found in the literature or in the experiments
in this research. It can therefore be concluded that, the clogging phenomenon is con-
sidered as an unphysical simulation result and must be caused by the non-equilibrium
contact angle boundary condition.
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(a) Velocity magnitude profile (all profiles are
overlapped) at the upper outlet when there is
leakage from toluene to water. µ f = 2.0Pa · s.

(b) Velocity magnitude profile (all profiles are
overlapped) at the lower outlet when there is leak-
age from toluene to water. µ f = 2.0Pa · s.

Figure 6.7: Velocity magnitude profile along the outlet of the mocrofluidic channel. C a =
2.03×10−3. C n = 0.06. θe = 49◦.

6.3.4. INFLUENCE OF THE MOBILITY PARAMETER ON THE LEAKAGE

In Section 5.3.1 where the relationship between the mobility parameter (M) and flow
patterns were investigated, the leakage phenomenon was sometimes observed when
varying the mobility parameter (M). These results indicate that the mobility parame-
ter (M) plays a role in the occurrence of leakage in the simulations. Thus, in this section,
the influence of the mobility parameter (M) is investigated.

In the simulations, the C a number of toluene is set to 1.01×10−3, 1.35×10−3 and 2.03×
10−3 by changing the volumetric flow rates, which is plotted on the vertical axis. To
position the interface in the centre of the main channel, the volumetric flow rate ra-
tio (Φaq /Φor g ) of water to toluene is kept at 0.66, which is calculated based on Equa-
tion 5.1. According to the experimental results in Figure 6.1, under such conditions, the
parallel flow pattern with leakage to the toluene outlet is expected. The C n number is
0.06, µ f =0Pa · s and θe = 49◦, which are the same as those of Section 6.3.2. Figure 6.8

demonstrates the simulation results as a function of the Pe number (Pe = 2
p

2U Lε
3Mσ ) on

the horizontal axis. The Pe number is varied by changing the mobility parameter (M)
and the volumetric flow rate. The symbols used to distinguish different flow patterns are
the same as those in Figure 6.3. The black square symbols indicate that the interface is
pinned on the wall of the microfluidic channel. The down-pointing triangles indicate
that the leakage is from the aqueous phase to the organic phase.
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Figure 6.8: Influence of the mobility parameter (M) on the leakage phenomenon of the
toluene/water system. C n = 0.06. θe = 49◦. µ f =0Pa · s. The black squares indicate that
the interface is pinned on the wall of the microfluidic channel. The down-pointing tri-
angles indicate that the leakage is from the aqueous phase to the organic phase.

When the Pe number of toluene, being a function of M here, is in the range between 1 to
100, the interface is pinned on the microfluidic channel wall. If we increase the mobility
parameter (M), the leakage phenomenon occurs when Pe numbers of toluene is above
100. Figure 6.8 shows that the leakage at the outlet is influenced by the mobility param-
eter (M). In addition, Figure 6.8 also explains why the leakage phenomenon does not
occur in Figure 6.3 in the case of θe = 49◦. In Figure 6.3, the corresponding Pe number of
toluene is in the range between 10.9 and 22.7, which belongs to the range (1 < Pe < 100)
where the interface pins on the channel wall in Figure 6.8.

The mobility parameter (M) influences the occurrence of leakage because it determines
the diffusive transport of the order parameter (φ) in the Phase Field method. As ex-
plained in Section 3.3.1, the whole system tends to minimize the free energy (E f r ee )
by changing the distribution of the order parameter (φ). The mobility parameter (M)
determines the global diffusive movement of the order parameter (φ) [16]. When the
value of the mobility parameter (M) is high (low Pe number), the diffusive movement of
the order parameter (φ) is fast and the system relaxes to the equilibrium state quickly.
When the equilibrium state is reached, the leakage phenomenon does not occur. On
the other hand, when the value of the mobility parameter (M) is low (high Pe number),
the system relaxes slowly to the equilibrium state, leading to the possibility of the oc-
currence of leakage in the simulations. Thus, to simulate the occurrence of the leakage
phenomenon, the value of the mobility parameter (M) needs to be set below a certain
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threshold. However, based on Section 5.3.1, the mobility parameter (M) also influences
the flow patterns in the microfluidic channel. Decreasing the value of M will therefore
change the critical C a number (i.e. the first time that the parallel flow occurs, as shown
in Section 5.3.2). Therefore, predicting flow patterns and simulating the leakage phe-
nomenon cannot be integrated with the same value of M . Section 7.3 will discuss a pos-
sible solution of this problem within the Phase Field method as further direction of this
research.

6.4. CONCLUSIONS

When utilizing the parallel multiphase flow microfluidic solvent extraction for purifica-
tion, without selectively modify the surface of the channel, leakage at the outlet of the
microfluidic channel is a common occurrence, which results in failure of the microflu-
idic solvent extraction. This chapter investigates the leakage phenomenon in the mi-
crofluidic channel, focusing on the relationship between the leakage phenomenon with
the volumetric flow rate ratio as well as the fluid-fluid-wall interaction.

In the experiments, adjusting the volumetric flow rate ratio (Φaq /Φor g ) of the fluids can
change the leakage direction. However, it is found that leakage is unavoidable, even
though the interface is located in the centre of the main channel. When the interface is
located in the centre of the main channel, the fluid which preferably wets the microflu-
idic channel leaks to the other outlet.

In the Phase Field simulations, with the application of the equilibrium contact angle
boundary condition, the leakage phenomenon occurs only for extremenly low or large
contact angles. Obviously, this finding does not agree with the experiments. The leakage
phenomenon for common values of the equilibrium angles does not appear probably
due to the fact that applying the equilibrium contact angle boundary condition is not
adequate to capture the physics behind the leakage phenomenon by definition. With the
non-equilibrium contact angle boundary condition, however, the organic slugs clogging
the microfluidic channel is found in the simulations, which is unphysical as well. Further
research reveals that decreasing the value of the mobility parameter (M) results in the
occurrence of the leakage; however, since the mobility parameter (M) determines the
flow patterns, it is not possible to use the same value of M to predict the occurrence of
parallel flow and the leakage at the same time.
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When utilizing the parallel microfluidic liquid-liquid solvent extraction method to pu-
rify 99Mo, two practical problems arise, i.e., first, there are no clear criteria about how
to establish a parallel flow pattern and second, leakage at the outlet of the microfluidic
channel is difficult to avoid. Both of these problems lead to contamination of the ex-
tracted 99Mo. This thesis deals with the complex multiphase flow phenomena inside a
double Y-shaped microfluidic channel using the Phase Field method, focusing on pre-
dicting the occurrence of the parallel flow pattern and the leakage phenomenon. If the
Phase Field method is able to simulate the above-mentioned problems, it can be used as
a predictive tool to provide guidelines in designing the microfluidic chip.

The two above-mentioned problems are termed the Interface Breakup Problem and the
Moving Contact Line Problem. This thesis firstly studies dry slug flow with the Phase Field
method since both the Interface Breakup Problem and the Moving Contact Line Problem
are involved in this type of flow. By monitoring the length, velocity and apparent contact
angle of the slug, it is verified that these two problems are correctly modelled. Secondly,
this research investigates the occurrence of parallel flow and the leakage phenomenon.
The main results and conclusions of each chapter are provided in Section 7.1. Section
7.2 provides a brief practice guideline for choosing the numerical parameters and rec-
ommendations for future study are discussed in Section 7.3.

7.1. CONCLUSIONS

In Chapter 3, the Interface Breakup Problem has been investigated by studying the dry
slug flow characteristics in the microfluidic channel. Besides this, the dry slug flow
(C a < 1×10−3 for both phases) ensures the existence of the Moving Contact Line, which is
also one of the research topics of this thesis and has been studied in Chapter 4. Focusing
on the Interface Breakup Problem, the simulation results vary with the choice of the cap-
illary width (ε) and the mobility parameter (M). When the capillary width (ε) is changed,
the mobility parameter (M) should be changed accordingly, to generate consistent sim-
ulation results. Until the start of this research, a consistent relationship between ε and M
was not known in multiphase flows in microfluidics. This chapter aimed to reveal such
a relationship between the capillary width (ε) and the mobility parameter (M). To this
purpose, the slug length of dry slug flow of the n-heptane / water system in the double
Y-shaped microfluidic channel has been studied. The main findings and conclusions of
this chapter are:

1. The position of the initial interface plays a very important role in simulating dry
slug flow in microfluidics with the Phase Field method. To produce a physically
meaningful dry slug flow in agreement with the experiments, the initial interface
should be prescribed at the Y-joint part of the microfluidic channel, to ensure the
interfacial tension is expressed correctly, as described in Section 3.3.1.

2. The numerical parameters (ε and M) determine the slug length in dry slug flow.
When the volumetric flow rates of the two phases are the same (Φaq = Φor g ), it
is found that the slug length is linearly proportional to the Pe−1 number (Pe =
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2
p

2Uaq Lε
3Mσ ) and to the C n number (Cn = ε

L ). To generate consistent slug length when
the capillary width (ε) is varied, the mobility parameter (M) needs to be changed
by following C nPe−1 = constant.

3. To ensure the Phase Field method can correctly capture the dynamics of the in-
terface of the multiphase flow system, the slug length in the simulations is com-
pared with that in the experiments at various volumetric flow rates. It is found that
with one specific combination of the capillary width and the mobility parameter
(ε= 6µm and M =3.60×10−9m3s/kg), the slug length in the simulations agree with
that in the experiments.

In Chapter 4, the Moving Contact Line has been studied with the Phase Field method
by investigating the apparent contact angles (θapp ) in dry slug flow. The Phase Field
method uses a diffusive interface to enable the Moving Contact Line and the no-slip
boundary condition at the solid walls of the microfluidic channel. However, it is found
that the simulated leakage at the outlet of the microfluidic channel does not correspond
to the experiments. This indicates that the physics of the Moving Contact Line is not
modelled correctly. One of the reasons is that the equilibrium contact angle boundary
condition does not sufficiently capture the flow phenomena at the outlet. It is therefore
important to apply a boundary technique that can describe the apparent contact angles
(θapp ) as a function of the interface velocity. For this purpose, the application of the
non-equilibrium contact angle boundary condition first proposed by Jacqmin [1][2] is
studied. It has been reported that this boundary condition provides more physical re-
sults in capturing the droplet spreading process [3] [4]. However, it is unclear if such
a boundary condition is also applicable in multiphase flows in microfluidics. In dry
slug flow of the n-heptane/water system in the microfluidic channel, the influence of
the non-equilibrium contact angle boundary condition on the apparent contact angles
(θapp ) and on the velocity of the n-heptane slugs is investigated. The main findings and
conclusions of this chapter are:

1. With the equilibrium contact angle boundary condition (µ f = 0Pa · s), both the ad-
vancing contact angle (θA) and the receding contact angle (θR ) of the slugs equal
the prescribed equilibrium contact angle (θe ), which indicates that the effect of
the Moving Contact Line on the apparent contact angles (θapp ) is not shown. On
the other hand, with the non-equilibrium contact angle boundary condition (µ f >
0Pa · s), the advancing contact angle (θA) is larger than the equilibrium contact an-
gle (θe ) and the receding contact angle (θR ) is smaller than the equilibrium contact
angle (θe ), which agrees with the experimental observations.

2. The apparent contact angles (θapp ) of the slugs are determined by the C a f number

(C a f = µ f Uor g

σ ) of the system. To produce the same apparent contact angle (θapp ),
the three variables (Uor g , σ and µ f ) can be varied as long as the C a f number is
kept the same (keepingΦaq =Φor g in this process).

3. With the contact line friction parameter (µ f ) in the range between 1.0 and 2.0Pa · s,
the apparent contact angles (θapp ) of the slugs in the simulations reasonably agree
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with those in the experiments. In addition, the capillary width (ε) and the mobility
parameter (M) do not bring significant influence on the apparent contact angles
(θapp ).

4. When the equilibrium contact angle boundary condition being applied (µ f = 0Pa · s),
the velocity of the slugs does not show any dependency on the capillary width (ε)
or the mobility parameter (M). Moreover, the velocity of the slugs in the simula-
tions agree with that in the experiments. With the non-equilibrium contact angle
boundary condition, however, the slug moves slower with the increase of the value
of the capillary width (ε) , the mobility parameter and the contact line friction pa-
rameter (µ f ).

In Chapter 5, the occurrence of parallel flow is studied with the Phase Field method and
validated with experiments. Currently, there are no clear criteria for accurately predict-
ing flow patterns in microfluidic channels. One of the reasons is that the understanding
of the multiphase flow is incomplete and that there are lots of influencing factors to be
taken into account. As mentioned in Section 1.4, the geometry and fabrication material
of the microfluidic channel, physical properties of the working fluids as well as operating
conditions determine flow patterns. Besides, predicting flow patterns with dimensional
analysis in terms of fluid forces is not universally applicable [5]. This chapter aims to uti-
lize the Phase Field method as a numerical tool to understand the occurrence of parallel
flow. Chapter 3 has revealed that for the Interface Breakup Problem, the mobility param-
eter (M) and the capillary width (ε) influences simulation results. To ensure that flow
patterns in the simulation agree with experiments, this study firstly focuses on choos-
ing these two numerical parameters. Secondly, combining the Phase Field method with
experiments based on the toluene/water system and the n-heptane/water system, this
study reveals the dominating force that determines the flow patterns inside the microflu-
idic chip under investigation here. Thirdly, it has been reported that the contact angle
plays an important role in determining the flow pattern,therefore this study also investi-
gates the influence of the contact angle on the occurrence of the parallel flow. The main
findings and conclusions of this chapter are:

1. In modelling the occurrence of the parallel flow, it finds that increasing the value of
the mobility parameter (M) and the capillary width (ε) shift the critical Re number
(the first time that the parallel flow occurs) to a higher value. However, the crite-
rion (C nPe−1 = constant) found based on dry slug flow in Chapter 3 is not valid
in modelling parallel flow. The Phase Field method can be utilized in this chap-
ter for predicting flow patterns by finding the specific combination of the mobility
parameter (M) and the C n number, under which condition the simulation results
agree with the experimental results.

2. Based on the experiments, when the interface is located in the centre of the mi-
crofluidic channel, the parallel flow pattern can be maintained when the C a num-
ber of both phases is larger than 1×10−3. By studying all three variables in the C a
number, the Phase Field simulations confirm that the C a number that determines
flow patterns in the studied microfluidic channel. Further research shows that the
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W e number plays a minor role in the occurrence of the parallel flow pattern in the
studied microfluidic system.

3. Interaction between the fluids and the microfluidic channel wall influences the
occurrence of parallel flow. Based on the experimental results and the Phase Field
simulation of the toluene/water system and the tol+Aliquat/water system, the par-
allel flow pattern can occur at lower volumetric flow rates when one of the phases
dominantly wets the wall surface (i.e., θe is close to 0◦ or 180◦).

In Chapter 6, leakage at the outlet of the microfluidic channel is investigated with ex-
periments and the Phase Field method, aiming to provide guidelines for achieving com-
plete phase separation. The leakage phenomenon at the outlet of the double Y-shaped
microfluidic channel is a common occurrence in the parallel multiphase flow pattern,
which will result in failure of the microfluidic solvent extraction. This chapter experi-
mentally investigates the leakage phenomenon in the microfluidic channel, focusing on
the relationship between the leakage phenomenon and the volumetric flow rate ratio
as well as the fluid-fluid-wall interaction. Besides, this research studies the effect of the
contact angle boundary condition on the leakage phenomenon using simulations and
experiments. The main findings and conclusions of this chapter are:

1. In the experiments when parallel flow is established, the volumetric flow rate ra-
tio (Φaq /Φor g ) of the fluids influences the position of the interface inside the mi-
crofluidic channel. This can even change the leakage direction. Unfortunately,
leakage is unavoidable, even though the interface is located in the centre of the
main channel. Under such circumstances, the fluid which preferably wets the mi-
crofluidic channel leaks to the other outlet.

2. Applying the equilibrium contact angle boundary condition in the Phase Field
simulations, the leakage phenomenon occurs only when one of the phases domi-
nantly wets the microfluidic channel (θe is close to 0◦ or 180◦). Under such a situ-
ation, leakage in the simulation does not agree with that in experiments. With the
non-equilibrium contact angle boundary condition, the organic slugs clogging the
microfluidic channel is found in the simulations, which is considered as unphysi-
cal.

3. Further research reveals that decreasing the value of the mobility parameter (M)
results in the occurrence of leakage; however, since the mobility parameter (M)
determines flow patterns, it is not possible to use the same value of M to predict
the occurrence of parallel flow and leakage at the same time.

7.2. PRACTICE GUIDELINES

This work mainly focuses on simulating multiphase flows inside a microfluidic channel
with the Phase Field method. The following paragraph provides a brief and practical
guideline for choosing the numerical parameters and flow conditions.
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1. The capillary width (ε), (or the C n number in dimensionless form), controls the
thickness of the diffusive interface of the Phase Field method. The interfacial thick-
ness in the simulation is usually much larger than that of a physical interface (a
few nanometers [6]), since there should be enough node points within the diffu-
sive interface to ensure convergent simulation results. If the C n number is chosen
too small, the computational effort is unaffordable. On the other hand, if the C n
number is chosen too large, it will lose details of the interface [7]. The choice of the
C n number influences simulation results related to the Interface Breakup Problem.
In this study, as an example, the C n number in the range of 0.03 to 0.1 has been
investigated. One can decide the C n number based on the computing resource, to
keep the calculation time acceptable.

2. The mobility parameter (M) is not an experimentally measurable physical param-
eter and is not known as a priori for a given system. The value of the mobility
parameter (M) determines if the numerical calculation converges or not [1] [2].
For instance, in modelling dry slug flow in Chapter 3 when C n = 0.06, the mobil-
ity parameter (M) should be in the range from 1.60×10−14 m3s/kg to 1.60×10−3

m3s/kg, to ensure convergence of the simulation.

3. Similar to the capillary width (ε), the choice of the mobility parameter (M) also
affects simulation results. As a result, the mobility parameter (M) is usually de-
termined by combining experiments with numerical simulations. As a typical ex-
ample, it finds that with C n = 0.06 and M = 3.60× 10−9 m3s/kg, the slug length
in simulations fit the experimental results. When the C n number is changed, the
mobility parameter (M) needs to be varied accordingly, to generate consistent sim-
ulation results. However, the relationship between the C n number and the mo-
bility parameter (M) does not universally hold in different flow types and finding
their relationship is still a challenge [2][8] [9][10]. Thus, when the C n number is
changed, one can find the new mobility parameter (M) by fitting simulations to
experiments again or try to find the specific scaling law of the C n number and the
mobility parameter (M) for the studied flow type.

4. With the non-equilibrium contact angle boundary condition (µ f > 0Pa · s), when
µ f is in the range between 1.0 and 2.0Pa · s, the simulated apparent contact angle
(θapp ) of the slugs agree with the experiments. However, using the non-equilibrium
contact angle boundary condition, there is no improvement in simulating the leak-
age, compared with the equilibrium contact angle boundary condition.

5. The position of the initial interface plays a very important role in the simulations
with the Phase Field method. For example, in modelling slug flow in Section 3.3.1,
when the initial interface is prescribed in the middle of the microfluidic channel,
the flow pattern always becomes parallel flow. To produce a physically meaning-
ful slug flow, the initial interface should be prescribed at the Y-joint part of the
microfluidic channel, to ensure the interfacial tension is correctly calculated.
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In the Phase Field method, the wall boundary condition is found to play a significant role
in modelling multiphase flow phenomena [11]. Chapter 6 reveals that it is not possible
to use the same value of M to predict the occurrence of parallel flow and the leakage at
the same time. Thus, future study can investigate if other wall boundary conditions for
the Moving Contact Line can model the leakage at the outlet of the microfluidic chan-
nel. For instance, Qian et al. have proposed a generalized Navier boundary condition
to replace the no-slip boundary condition in the Phase Field model [12][13][14][15]. By
introducing one more numerical parameter, this boundary condition includes slip at the
wall. Thus, it will be interesting to study if the occurrence of parallel flow and the leakage
can be simulated at the same time with such a boundary condition.

Future research could investigate the feasibility of utilizing an aqueous-aqueous two-
phase system to purify 99Mo. Such a system can be formed by dissolving certain poly-
mers into the aqueous solution and this microfluidic system has already been reported
to separate proteins, antibodies, DNA and cells [16]. Based on the study of Chapter 5,
interfacial tension between the aqueous phase and the organic phase tends to desta-
bilize the interface in the parallel microfluidic multiphase flow. Compared with the
aqueous-organic system, the interfacial tension of the aqueous-aqueous two-phase sys-
tem is much lower (1×10−4 to 1×10−1 mN/m) [16]. Therefore it is expected that parallel
flow can be established in the aqueous-aqueous system at lower flow rates, which could
increase the contact time of the two phases and the extraction efficiency. Furthermore,
based on the results of Chapter 6, leakage is more likely to occur when one phase is
dominantly wetting the microfluidic channel. The similar properties of the two aqueous
phases would result in a similar affinity with the solid microfluidic channel [17], which
may reduce leakage. Since the formation of the aqueous-aqueous two-phase system re-
quires adding polymers into the aqueous solution, future research should investigate
whether these polymers are durable under irradiation.

For avoiding leakage and achieving complete phase separation, future research could
focus on using different materials to fabricate the outlets of the microfluidic channel, to
make one hydrophobic and the other one hydrophilic. Furthermore, the geometry of the
outlets can also be changed, to help improve the phase separation performance. To im-
plement this technique, the difficulty comes from finding suitable materials which are
compatible with the utilized organic solvent solution and with irradiation from radioac-
tive nuclides. In addition, considering the small dimension of the microfluidic channel,
connecting these two materials might also be a challenge. If the desired materials are
found, then the flow pattern does not need to be limited to parallel flow. In this case,
segmented flow can be utilized as well and the mass transfer performance in segmented
slow is reported to be better than that in parallel flow [18].
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