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ABSTRACT

The liquid-liquid two-phase flow in a T-junction was Ca
numerically investigated applying the VOF method and is com-Cq
pared with experimental results. The geometry was generatedCy,
and meshed using the software Gridgen, and the correspondindp
equations for the CFD analysis were solved by using the f
commercial software Fluent (Flued®). The generated mesh h
consists of block-structured grids with hexahedral elements.k(x)
Water-Glycerol solution (to-be-dispersed phase) and siliconeL
oil (continuous phase) at room conditions are considered aslLp
fluids for this work. The effect of various parameters such asp
flow rate of the phases, width of the channel, viscosity andQwa
surface tension on the droplet formation are investigated andQs;
compared with available experimental results [1]. The breakup Re
mechanism of droplets in various capillary-number regimes arer,
explained. The numerical results of the length of the generated,
droplets as a function of the capillary number (varying the t
flow rate of the continuous phase) are in good agreement withv
the experimental values, which were measured using the samé/
geometrical and physical properties. Further studies indicate a
that at a constant flow rate of the continuous phase, the dropletAp.
length rises strongly if the flow rate of the disperse phasep
increases, whereas the relative effects of the viscosity of the]l
continuous phase, and the surface tension between phases an
the length of droplets are moderate. u
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NOMENCLATURE

Capillary number

Volume flow coefficient of disperse phase
Momentum coefficient
Channel depth

Body force

Channel height

Curvature of fluid interface
Channel length

Droplet length

Pressure

Flow rate of Water-Glycerol
Flow rate of Silicone-Oil
Reynolds number of continuous phase
Axial curvature

Radial curvature

Time

Velocity vector

Channel width

Volume of fraction

Laplace pressure

Density

Surface force

Surface tension

Viscosity

Continuum surface force
Volume of fraction

INTRODUCTION

*Resarch assistant

The usage of microsystems, which are systems of struc-

TProfessor tures of at least one characteristic dimension in the order of 10
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to 100 um has considerably been increased recently in differ- of fluid density and viscosity are negligible.

ent areas such as medical science, biotechnology, process efsuo and Chen [19] applied a two-dimensional numerical sim-
gineering and in the field of life-science products. The main ulation (using air as dispersed phase and water as continuous
reason for such vast usage is the advantage of microstructurgshase). Their simulations were carried out using the VOF
with respect to conventional macrostructures such as a bettemethod and considereé@a-numbers ranging from 4: 104 to
heat transfer due to high surface to volume ratios [2], improve-1.7-10~2. Their numerical results of droplet lengths in various
ment of mixing quality in mixer processes and better control on flow fields from squeezing to dripping agreed well with experi-
microchemical [3] and microbiochemical [4] processes such asmental values.

separation [5], emulsification, dispersion, membrane microre-Van der Graaf et al. [20] used lattice Boltzmann simulations to
actor and so on. Hence, the usage of microstructures in cominvestigate the droplet size in a three-dimensional T-junction ge-
parison with macro devices can greatly increase efficiency ancbmetry. They showed that lattice Boltzmann is a valid method
reduce the cost [6], [7]. In this regard, different kinds of mi- for predicting the droplet size.

crostructures have become of great importance. One of thén spite of the numerous experimental studies in the field of
most important application fields of microsystems is in multi- multiphase micro T-junction geometries, there are not many
phase flows. In recent years, numbers of researchers have ptiree-dimensional numerical works dealing with multiphase
their interest on the fluid flow behaviour of liquid-liquid and flows in micro T-junctions.

gas-liquid multiphase flows in microchannels and have investi-In this study we use fully three-dimensional numerical sim-
gated the formation mechanism of droplets and bubbles. ulation to investigate multiphase (liquid-liquid) flows in a T-
Generally, some methods for the droplet and bubble generajunction. As the results from our numerical approach are com-
tion [8] are known in literature: geometry-dominated breakup pared with those from the experimental study done by Oishi et
[9], [10], crossflow rupturing through microchannel arrays [11], al. [1], the geometrical characteristics of the T-junction and the
[12], hydrodynamic flow focusing through a small orifice [13], fluid properties in this research are exactly the same. All simu-
[14], [5] and droplet generation in T-junctions [15], [8], [16], lations were carried out using the VOF method. The objectives
[1]. Many efforts have been made to predict geometric featuresof this work are to clarify the mechanisms of droplet genera-
of droplets by relating them to other relevant parameters suchtion in various capillary flow regimes. Additionally, influences
as flow rates, viscosities and the interfacial tension. of different effective parameters such as the width of the mi-
In this study our focus is on the droplet generation in one of thecrochannel and the surface tension between both fluids as well
simplest multiphase devices, namely the T-junction. First of all as effects of the flow rate of both phases and the viscosity of the
we make a brief review on the recent experimental and numer-continuous phase on the formation, buildup and length of the
ical investigations done on this kind of microstructures. Usagedroplets are studied.

of T-junction geometries for generation of droplets started with

the work of Thorsen and his coworkers [17]. In their experi-

ment, they used oil as dispersed phase and water as continuo@$OVERNING EQUATIONS

phase. They explained a model for predicting the droplet size ~ The governing equations of viscous incompressible New-
by using the force balance between the shear stresses and thenian fluid flows are the continuity and the Navier-Stokes mo-
interfacial tension. Nisisako et al. [18] obtained similar results mentum equations:

in their work.

Most of all previous studies use the capillary numiga:(see 0.v=0 (1)
equation 8) in order to describe the flow regimes in multiphase

flows, which is the ratio of viscous to interfacial stresses. As

a function of increasing Ca, three different regimes for the

formati.on.of drop_letg or bubbles can be ident?fied: squeez- P <W+V~DV> — —Op+p02+ f 4+0 )

ing, dripping and jetting. Some authors report in their exper- ot

imental and numerical investigation on the T-junction that the

mechanism of droplet and bubble generation changes if thevherep is the fluid densityy is the velocity vectot is the time,
Ca-number changes: At low-capillary numbers, Garstecki etpis the pressurgy is the fluid dynamic viscosityf is the body

al. [15] demonstrated that the breakup of droplets or bubbles irforce component and is the body force due to surface tension.
a microfluidic T-junction does not occur due to shear stress butThe VOF (Volume Of Fraction) formulation relies on the fact
due to the pressure drop across the emerging bubble or drop. Ahat two or more fluids (or phases) are not interpenetrating. The
high-capillary numbers, Thorsen et al. [17] showed that the dy-main purpose of the VOF method is to track the interface be-
namics of droplet formation are dominated by the shear stressesveen two phases. For each phase, a variable is introduced: the
that act from the continuous phase on the dispersed phase.  volume fraction of the phase in the computational cgl{for
Qian and Lawal [16] numerically investigated gas-liquid mul- instance, in two-phases liquid-liquid system the indlskows
tiphase flows in a two-dimensional T-junction geometry using the continuous liquid phase—1 and the to-be-dispersed liquid
the VOF method. They used air (as dispersed phase) and watgfhase—2). In each control volume, the volume fraction of alll
(as continuous phase) for their study. They showed that surfacghases sum up to unity. The volume fraction of liquidor ev-
tension moderately impacts the slug lengths, whereas the effectsry non-primary phase is convected in the flow field according
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to the following equation:

4 §.0a; =0. ) Ssiicone-oi

ot G.P.: Grid points

For two-phase liquid—liquid systems, dfiquia—1 = 1 the com-
putational cell is filled with the first phase, whereas it is filled A
with the second phase #jiquic—1 = 0. Cells with a value of Water-@ycero'r\
Qliquid—1 OF Qliquid—2 between 0 and 1 are considered a part of

the phase boundary, where the liquid—1 and liquid—2 interface

exists. For the primary phase, the volume fraction is calculated”/GURE 1. SCHEMATIC VIEW OF THE GEOMETRY OF
THE T-JUNCTION WITH CORRESPONDING COMPUTATIONAL

0.8W, 30 G.P.

by:
MESH AND NUMBER OF GRID POINTS IN EACH DIRECTION
n
aj=1 4 . . .
le ! @) used to provide the appropriate geometry and the corresponding
meshes.

o ) A schematic view of this channel is shown in Fig. 1, which
wheren indicates the number of all non-primary phases. If the comprises the 130im long channel. The length of the chan-
volume fractions of all phases are known, the density and the,q, carrying the water and silicone oil phases is 300, while
dynamic viscosity in each control volume (cell) can be calcu- 4,4 mixing channel has a length of 100en. All channels in T-

lated from (e.g. for a two-phase flow): junction configuration have the same rectangular cross-section
dimensions, which have a width and height of 106 and 80
p=oa1p1+(1—a1)p> (5) um, respectively. The straight main channel carries the continu-

ous fluid (silicone oil), and the discontinuous phase flow (water-
glycerol) penetrates into the main channel at the T-shaped junc-
tion. At the T-shaped junction the discontinuous phase is de-
=01+ (1—ag) (6) flected toward the outlet of the channel and is transformed into
droplets. After the breakup process the generated drops flow
N .. within the continuous phase along the straight main channel to-
whereps, p2, 41 andpi are the densities and the dynamic Vis- |\ 514 the outlet.
cosities of liquid—1 and liquid—2, respectively. _ ~ltis noticeable that, as the aspect ratio (the ratio of the width to
For th_e calc_ulatlon of two-phase flows, the interfacial Fensmnthe height of the channel's cross section) is around unity, there
force is an important parameter and depends on the interfacgs g possibility to study such channels using a two-dimensional
condition between both phases. The effect of surface tension i$qqel which leads to an increased number of grid points and
taken into account by modeling and adding the force terio calculr;\tion time.
the momentum equation Eqn. (2). The model applied in thisgigre 1 presents the computational mesh for the aforemen-
paper uses th€ontinuum Surface Force (CSF) [21] model o tipned microchannel. As shown, structured grids using hexahe-

describe interfacial surface tension, dral elements were used to discretize the model.
Several successive refinement steps of 25 (width) x 20 (height)
0 = ok(x)Oa; (7) X 75,300 (length) cells (coarse), 35 (width) x 30 (height) x

100,500 (length) cells (medium), and 45 (width) x 40 (height)

i i x 150,700 (length) cells (fine) were used in the present work.
whereo is the surface tension between both phaseskaids  The medium grid was found to be a good compromise between
the local mean curvature of the fluid interfacéx(k= —0, computational accuracy and simulation time. Further increas-
with n as the vector normal to the fluid surface). ing the resolution from the medium grid to the fine grid yields

no significant changes in the qualitative nature of the simula-
tion results. However, a full refinement study applying eight
MODEL GEOMETRY AND COMPUTATIONAL SETUP times the number of grid points was not feasible due to the high
Model for T-junction computational costs.
A three-dimensional T-shaped microchannel geometry was
modeled and studied numerically in this research for the inves-
tigation of fluid—fluid two-phase flows. As the results from our Computational setup
numerical approach are compared with those from the exper-  The fluid flow inside the T-junction micro multiphase sys-
imental study done by Oishi et al. [1], geometrical character-tem has a low value of the Reynolds number{Reud,/u < 1,
istics of the modeled geometry in this research are exactly thevherep, u andd, are the density, viscosity and the hydraulic
same. The commercial software Gridgen ( Gridgeii5) was diameter of the system, respectively), so the flow can be con-
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FIGURE 2. TIME EVOLUTION OF A PERIODIC DROPLET GENERATION PROCESS AND ACCORDING PRESSURES IN CONTIN-
UOUS AND DISPERSED PHASE IN THREE CAPILLARY FLOWS: a) VERY-LOW-CAPILLARY NUMBERa = 8.14- 104, b) LOW-
CAPILLARY NUMBER Ca= 1.6-10-3 AND c) HIGH-CAPILLARY NUMBER Ca=8.14-10~3

sidered laminar. A commercial computational fluid dynamics by some iterative method.

(CFD) code, FLUENT, is employed to numerically simulate In the current study we employ the PISO algorithm [22]
the multiphase flow through the T-junction. The differential (pressure-implicit with splitting of operators) for the pressure-
Navier-Stockes equations (Eqns. 1 and 2) in laminar flow arevelocity coupling. This scheme is part of the SIMPLE family
integrated through the finite-volume method over the control of algorithms and is based on the higher degree of the approx-
volumes (mesh elements). By applying the Gauss theorem thaimate relation between the corrections for pressure and veloc-
transforms the volume integrals in surface integrals and by apity. For the pressure interpolation, the PRESTO [23] (pressure
proximating the convection, diffusion and source terms, a sys-staggering option) scheme was applied. The geometric recon-
tem of algebraic equations is gained, which needs to be solvedtruction scheme was used for the interface interpolation be-
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cause of its high-accuracy curvature computation. Addtign in the jetting regime the droplet formation occurs in the same
in all simulations we adapted the time step in order to keep themanner as in the dripping regime: again, shear stresses have the
Courant number around 1. For this purpose, the simulationsdominant role in the breakup process.
were performed applying the adaptive time step option in Flu- Generally, there are three important forces which participate in
ent. Thereby, the time step may change as the calculation prothe breakup process [14]: The surface tension forgg, (fhe
ceeds. If the Courant number during a time step is greater thashear-stress force {Fand the force because of the resistance
1, the size of the next time step is decreased; otherwise, the tim& the continuous phaseg} According to the capillary hum-
step size is increased. Averaging over all simulation runs in theber, the breakup process is the result of the balance of one or
present work yields a mean time step in the order of*1§. two of the latter forces with the surface tension force. The sur-
A maximum of 20 iterations per time step was sufficient to re- face tension force is associated with the Laplace-pressure jump
duce the residuals of all considered transport equations by théAp, ) across the phase interfadep, is given from the Young-
order of six. Depending on the velocity of both phases, a totalLaplace equation as follows:
physical timespan between 1 and 2 s was simulated to ensure
that several generated droplets could reach the main channel
and flow toward the channel outlet.
To close the system of equations the following boundary condi-
tions were used: Dirichlet conditions (uniform velocity inlet for wherer, andr, are the axial and radial curvatures, respectively.
both water and silicone oil phases) and a constant pressure outFhe Ap_ achieves its maximum value if the curvature at the
let boundary (pressure outlet with the value of ambient pressurgphase interface becomes minimal. This occurs at the neck of
at the exit of the main channel) were used at the inlet and outlethe droplet just before the breakup happens, because at that mo-
of the channel, respectively. No slip boundary conditions werementrg >> 1y & min ~ g (the radial curvature is bounded by
applied at all walls. To consider the effect of surface tensionthe height of the channel). In our channel with constant val-
along the interface between water and silicone oil phases, the inues ofg = 0.0117 N/m anch = 80 um, the maximum of the
terface tension was set tdd1.17 N/m, which is value used inthe  Laplace-pressure jump almost equals Pa0
experimental study. In the VOF model used in this study, thereFigure 2 shows the time sequence of the droplet’s generation
is an option to specify the contact angle between the phases an@ four time steps: 1) when the tip of the disperse phase en-
the walls [21]. This so-called dynamic boundary condition re- ters the main channel, 11) when the dispersed phase elongates
sults in the adjustment of the curvature of the surface near theand grows, Ill) just before the breakup and IV) just after the
wall. In this study, the contact angle was set t6.45 breakup of the dispersed phase. All time sequences show the
volume of fraction of the disperse phase (black denotes the wa-
ter phase and white shows the oil phase) along a cross sec-
RESULTS AND DISCUSSION tion in the middle of the channel. Using three various veloc-
Mechanism of droplet breakup ities for the continuous phase and keeping all other variables
According to the previous studies on two-phase flows in T- constant, according to the Eqn. 8 three flow regimes can be
junctions, three different flow regimes have been establishedconsidered : a) very-low-capillary flonCé = 8.14-10~%), b)
squeezing, dripping and jetting regime. Most of all previous |ow-capillary flow Ca= 1.6-10-3) and c) high-capillary flow
studies use the capillary numb@sa) in order to describe flow  (Ca=8.14-10"9).
regimes in multiphase flow€ais defined as the ratio of shear Generally in all time sequences shown in Fig. 2, with the

Ap.=0(1/ra+1/r), (9)

stresses and the interfacial tension: entrance of the disperse phase into the main channel (1), the
stresses acting from the continuous phase cause the disperse
_ HeVe phase to be bended toward the outlet of the main channel. Si-
Ca=—, 8 .
9] multaneously, the dispersed phase expands and grows (Il and

). At the same time, the interfacial tension attempts to re-
where(; andv, are the viscosity and the velocity of the contin- sist the other forces acting on the disperse phase. If sum of
uous phase, respectively, agds the surface tension between the acting forces on the dispersed phase exceeds the maximum
both phases. Laplace-pressure, droplet breakup happens (sequence IV in Fig.
Garstecki et al. [14] focused their study on the mechanism of2-b) andc)). Otherwise, no breakup happens (sequence IV in
droplet and bubble formation at small capillary numbers. It Fig. 2-a)). Additionally, Fig. 2-a) b) andc) monitor the time
was suggested that in small capillary number flows (squeez-history of the pressure evolution at two points in the continuous
ing regime) the buildup of pressure upstream of the emergingand in the disperse phase, respectively (poandd in Fig. 2-
droplet plays the dominant role for the droplet formation. As a)).

Ca increases, the formation of droplets transits from squeezin all three cases, the pressure in the disperse phase remains
ing to the dripping regime. Thorsen et al. [17] suggested thatalmost constant while the pressure in continuous phase is in-
the dynamics of droplet formation in the aforementioned drip- creasing during the entrance and penetration of the dispersed
ping regime is dominated by the shear stresses acting on thphase in the main channel. The reason for this phenomenon is
dispersed phase. With further increaseCet, the flow regime  that the disperse phase blocks (totally or partially) the cross sec-
changes from dripping to jetting. Utada et al. [24] showed thattion of the main channel which leads to the rise of pressure in
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FIGURE 3. TIME HISTORY OF THE DEVELOPMENT OF THE INTERFACE GEOMETRY: a) ELONGATION INy DIRECTION, b)
ELONGATION IN X4 DIRECTION

continuous phase. pressure rise due to the partial blockage of the main channel are
First we consider the flow at the very low capillary number (Fig. responsible for the breakup of the dispersed phase. By increas-
2-a)): after the disperse phase has blocked the main channel, thiag the capillary number the influence of the shear stress on the
pressure difference between the continuous phase and the diglispersed phase becomes more important because the velocity
persed phase remains almost constant aroundP@1This does  of the continuous phase increases. Thus the dispersed phase
not exceed the Laplace-pressure and will not be enough for thdlocks the main channel much less and the gap between the dis-
breakup proces9t — pg < ApL). So the disperse and the con- persed phase and the wall of the channel gets wider.

tinuous phase flow together in the main channel and no breakugo make a more precise comparison between the droplet for-
occurs. Here, the length of the dispersed phase depends on thration in the low- Ca= 1.6-103) and in the high-Ca=
length of the simulation domain. 8.14-10°3) capillary flows, the evolution of the interface ge-

In the low-capillary regime (Fig. 2-B)one can see the same ometry between the phases in both flow regimes are compared.
process as in the very low-capillary regime, but after the block- For this purpose a new coordinate system with two components
age of the main channgb; — py ~ 286 Pa, which leads to the  (Xg andYy) is defined, wher&y andYy indicate the expansion
breakup of the dispersed phase and the generation of a dropletf the interface of the dispersed phase to the outlet and toward
After the droplet has separated from the tip, the pressures irthe opposite channel wall (see Fig. 3sajespectively. Fig-

both phases jump to the primary conditions and a new period ofures 3-a)andb) illustrate the time history of the interface ge-
droplet formation starts. ometry between both phase$y andYy are normalized by the

As theCa-number increases, the flow regime passes from thewidth of the channel, while for the normalization of the time,
squeezing to the dripping regime. As shown in (2-@t the the droplet generation period is used. As shown in Fig. ,3-a)
moment of the breakup the pressure difference between botlin both regimesyy increases with time, which means that the
phases ip. — pg ~ 245Pa < Ap.. AlthoughAp between the  dispersed phase progressively blocks the main channel. In the
both phases does not exceed the Laplace-pressure, breakup dow-capillary flow smaller shear stresses act on the dispersed
curs. It seems that other forces acting on the disperse phase pgrhase leading to almost complete blockage of the main channel.
ticipate in the breakup process at high-capillary flows. TheseThen the main channel will stay blocked till the pressure in the
phenomena can be described as follows: the pressure in theontinuous phase has sufficiently increased, so that the pressure
continuous fluid increases while the dispersed phase is growdifference between both phases exceeds the Laplace-pressure
ing downstream in the main channel. Because of the relatively(flat segment in the curve related to low-capillary flow). On the
higher velocity of the continuous phase, the dispersed phase canther hand, in the high-capillary regime, the higher velocity of
only block a part of the cross section of the main channel andthe continuous phase causes the disperse phase to only partially
a layer of continuous phase develops between the interface anbllock the main channel, and the droplet’'s breakup happens be-
the wall of the channel (gap in the time sequence Il in Fig. 2- fore the dispersed phase has reached the opposite wall of the
¢)). The continuous phase flows through the gap causing sheamain channel (the width of the gap between interface of both
stresses on the dispersed phase. This force together with thghases and the opposite wall of the main channel 16 pim).
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FIGURE 4. COMPARISON BETWEEN THE NUMERICALLY FIGURE 5. EFFECT OF THE VELOCITY OF THE DISPERSED
PREDICTED DROPLET LENGTH VALUES AND EXPERIMEN- PHASE ON THE DROPLET LENGTH AND TIME PERIOD OF
TAL RESULTS,QwaterGlycerol = 2 HL/N AND Qsilicone—oil= 8 UL/h THE DROPLET'S GENERATION,Qsilicone—oil = 40 puL/h AND
to 150uL/h QwaterGlycerol = 2 10 20 L/h

TABLE 1. MATERIAL AND FLOW PROPERTIES OF BOTH

Analog toYjy, the elongation of the disperse phase toward thePHASES

channel outlet (¥ is illustrated in Fig. 3-b) Because of the
higher shear stresses in the high-capillary flow, the dispersed
phase has not much time to be elongated toward the outlet, so
that smaller droplets are obtained.

continuous phase dispersed phase

Comparison of numerical simulation with experimen- working fluid Silicone oil Water
tal results Density (kg/n) 984 1162
The next goal of this work is the comparison between the .
numerical simulations and the experimental results measured in VISCOSity (Pas) 0.0686 001058
previous efforts [1]. For this goal, the geometrical and material syrface tension (Km) 0.0117
properties used in this work are the same as applied in the ex-
perimental setup. The material properties and flow rates of both FloW rate (L/h)
phases are shown in Tab. 1.
First, we assume the flow rate of the dispersed phase to

be constant (Qater-Giycerol = 2 HL/N), while the flow rate of very high-capillary number regime the droplet length alnmest

the continuous phase changes from 8 to pltllﬂh (due to Eqn. mains constant and further increase of the velocity of Silicone-

8, theCa-numb_er depe_nds on the_velocny of the continuous Oil does not lead to any more decrease of the droplet length (for

phase. Hence, increasing the continuous flow rate leads to th&a> 0.0018 itisLp /W ~1.17). Unfortunately, there are no ex-

rise of theCa-number). All other parameters remain constant perimental data available f@a> 0.02. But for theCa-regimes

in all simulations. Post processing of the numerical results i,swhere both experimental and numerical values are availl';\ble,
very good agreement can be found between the droplet-length

done along the horizontal cross section in the middle of the mi-
crochannel. Figure 4 shows the numerical results of the Pr€values predicted from numerical simulations and experimental
measurements.

dicted normalized droplet lengthgl/W, wherel p is the length

of the droplet andV is the channel width) depending on var-
ious Ca-number in comparison with the experimental values.
As shown, at low-capillary number€é < 0.005) the droplet  Effect of volume flow of dispersed phase

length decreases strongly with increasibg-number. But in In another study the effect of the velocity of the dis-
the flow regime at higher capillary numbeGa(> 0.005) the persed phase is investigated. For this goal, the flow rate of
droplet length depends much less on@&number, and in the the continuous phase is assumed to be conIR@isone_oil =

410 150 2
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FIGURE 6. TIME EVOLUTION OF PRESSURES IN CONTINU-  FIGURE 7. EFFECT OF THE SURFACE TENSION ON THE
OUS AND DISPERSED PHASE ATq = 0.05 AND 0.5 DROPLET LENGTH,Qwater-Glycerol = 2 HL/h AND Qsilicone—0il =
8 uL/n AND 40 uL/h

40 uL/h, while the flow rate of the dispersed phase changes

from QwaterGlycerol = 2 pL/h to 20 puL/h. We chooseCq = For the investigation of the influence of surface tension, the
QwaterGlycerol/ Qsilicone—oil @s the non-dimensional parameter. flow rate of the dispersed phased is assumed to be constant
The results shown in Fig. 5 clearly show a volume flow effect (Qwater-clycerol = 2 L/h). The simulations were done applying

of the disperse phase. It can be found that at a constant coriwo various flow rates for the continuous pha&&iiicone—oil =
tinuous flow rate, the droplet length raise with increasing rate8 (low-capillary regime) and 4@L/h (high-capillary regime).

of dispersed phase flow, whereas the time period of the droplefThen the simulations were repeated for three different values
generation decreases if the flow rate of dispersed phase raisesof surface tensionso(= 11.7, 175 and 234 mN/m). Figure

For a better understanding of these phenomena Fig. 6 showg shows the results of the predicted normalized droplet lengths
the normalized time history (for the normalization of the time, depending oi€a-number at two Reynolds numbers. As shown,
the droplet generation period is used) of the pressure evolutiorthe length of the droplet in both flow regimes becomes larger
in the continuous and in the disperse phase (poiahdd in when the surface tension increases. But the gradient of the curve
Fig. 2-a) using two specific flow rates of the disperse phase related to the case of the low-capillary regime is slightly higher
(Co = 0.05 and 05). As clarified before, aq = 0.05 due to  than in the case of the high-capillary regime. Following Eqn.
the partial blockage of the main channel the continuous phasé®, increasing the surface tension leads to a higher Laplace pres-
flows through the gap causing shear stresses on the disperse&dire. In the low-capillary regime, where the pressure difference
phase which leads to the breakup of the droplet. By increasingoetween the continuous and the dispersed phase plays the dom-
the disperse phase flow rateg-number remains constant), the inant role for the droplet breakup, increase of the Laplace pres-
disperse phase blocks the main channel much more, the presure causes that higher pressure differences are required for the
sure gradient increases, the gap between the dispersed phase dvt¢akup of the droplet and this leads to the longer droplet. On
the wall of the channel gets thinner, the effect of shear stressethe other hand, at high-capillary numbers the shear stresses are
becomes less important, and breakup happens at a higher pregiore important for the breakup process.

sure difference; — pg ~ 265 Pa).

Other physical effects involved here may be the effect of dis-

perse phase momentum that is represented by the momerF—ffeCt ,Of Reynolds number

tum coefficient,Cm = (0 - V2)wa / (p -V2)si, and the disperse With the same flow rates setup as used before

Reynolds numbeiRaya = (0 - dn - V/i)wa These were not in- (Qwater-Glycerol = 2 ML/, Qsilicone—oil = 8 pL/h and 40
vestigated in the present work. uL/h), and varying viscosity (38, 686, and 1372 mPa.s),

further simulations were carried out to investigate the effect of
Reynolds number of the continuous phase on the droplet length.
Effect of Capillary number Due to the Egn. 8, th€a-number increases with increasing
In the next section of this study, the effect of surface ten- the viscosity of the continuous phase. To consider the effect
sion on the length of the generated droplets is investigatedof Reynolds number at the constada-number, we adjusted

8 Copyright © 2010 by ASME
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FIGURE 8. EFFECT OF VISCOSITY OF CONTINUOUS PHASE FIGURE 9. EFFECT OF THE WIDTH OF THE MICROCHAN-
ON THE DROPLET LENGTH, Quater Glycerol = 2 HL/h AND NEL ON THE DROPLET LENGTH Qwater Glycerol = 2 HL/h AND
Qsilicone—oil= 8 HL/h AND 40 puL/h Qsilicone—oil= 8 uL/h TO 40 uL/h

the surface tension, so that tl&-number remains constant CONCLUSIONS
for each flow rate of the continuous phase, while the viscosity A series of three-dimensional multiphase flow simulations
changes. The results are shown in Fig. 8. It can be found thatising the VOF method in a simple T-junction geometry has been
the droplet length in high-capillary regimes more depends onperformed. The following conclusions can be drawn from the
the viscosity of the continuous phase, as expected. present research:

1. In low-capillary flows the breakup mechanism is domi-

Channel size sensitivity nated by a force balance between the pressure differences
between both phases at the phase interface and the Laplace
pressure. When th€a-number increases the shear-stress
forces acting on the disperse phase become more important
for the droplet buildup.

2. The length of droplets predicted by the numerical simula-
tions agree well with the experimental measurements. At a
constant flow rate of the disperse phase, the length of the
droplets gets smaller as ti@a-number increases, and at
higherCa-numbers it remains almost constant.

3. Ata constant flow rate of the continuous phase, the droplet
length rises strongly if the flow rate of the disperse phase
increases. The period time of the process decreases with
increasing volume flow of the disperse phase.

4. The relative effects of the capillary and Reynolds num-

depending on variou®s;/Quwa As can be found, at all flow bers based on continuous phase properties on the length
rates the droplet length increases as the channel becomes wider of droplets are moderate. N o
Also, the differences between the predicted droplet lentytis 5. The computations demonstrate that a S|gn|f|c_ant sens_mwty
low and high flow rates are shown in Fig. 9. It seems that the of the dropletllength \_Nlth_respect to_channel width for given
dimension of the T-junction microchannel plays a more impor- flow l;ates ?X'Stsf:Nh'Ch L::ra. cotmblges effelcg of Cak[;)lllary
tant role in the low-flow rate regimes, as the difference between humber, volume tlow coetlicient and Reynoids number.

the curves decreases from low to the higher flow-rate regimes.

The sensitivities to non-dimensional flow parameters as
shown above result in important sensitivities of droplet length
with respect to channel geometries. This is demonstrated by
another set of computations, where the width of the micro T-
junction was varied to 4fom and 60um. Both additional chan-
nels have the same geometrical properties in any other direction
as the original T-junction shown in Fig. 1. We assume the flow
rate of the dispersed phase to be constania(£ ciycerol = 2
pL/h), while the flow rate of the continuous phase changes
from 8 pL/h to 40 uL/h. All other parameters remain con-
stant in all simulations. Post-processing of the numerical re-
sults is done along the horizontal cross section in the middle of
the microchannel. Figure 9 shows the numerical results of the
normalized droplet length /W) in three T-junction channels

9 Copyright © 2010 by ASME
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