
A Descriptive Force-Balance Model for Droplet
Formation at Microfluidic Y-Junctions

Maartje L. J. Steegmans, Jolet De Ruiter, Karin G. P. H. Schroën, and Remko M. Boom
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In a previous article, we studied the basics of emulsification in microfluidic Y-junc-
tions, however, without considering the effect of viscosity of the disperse phase. As it
is known from investigations on many different microstructures that viscosity and vis-
cosity ratio are governing parameters for droplet size, we here investigate whether
this is also the case for microfluidic Y-junctions and do so for a wide range of process
conditions. The investigated Y-junctions have a width of 19.9 or 12.8 lm and a depth
of 5.0 lm, and the formed monodisperse droplets (CV \ 1%) are between 3 and
20 lm. We varied the disperse-phase viscosity using different oils (1–105 mPa s), and
continuous-phase viscosity using glycerol–water and ethanol–water mixtures (1.0–
6.2 mPa s), which corresponds to disperse-to-continuous-phase viscosity ratios from
0.4 to 105.0. Through the variation of the liquids, also a range in interfacial tensions
(12–55 mN m�1) is assessed. The disperse-phase flow rate is varied from 0.039 to
18.0 lL h�1, the continuous-phase flow rate from 1.39 lL h�1 to 0.41 mL h�1, and
this corresponds to flow rate ratios from 1.1 � 10�3 to 0.14, which is once again
based on wide range of conditions. For all these conditions, in which droplets are
formed in the dripping and jetting regime, the droplet size could be described with a
model based on the existing force-balance model, but now extended to incorporate the
cross-sectional area of the droplet and the resistance with the wall. Surprisingly
enough, it was found that the droplet size is not influenced by the disperse-phase vis-
cosity, or the viscosity ratio, but it is dominated by the resistance with the wall and
the continuous-phase properties. Because of this, emulsification with Y-junctions is
intrinsically simpler than any other shear-based method as droplet size is only deter-
mined by the continuous phase. VVC 2010 American Institute of Chemical Engineers AIChE J,

56: 2641–2649, 2010
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Introduction

Traditionally, emulsions are prepared with mixers, rotor-
stator systems, ultrasonic, or high-pressure homogenizers.1–3

With these techniques, droplets are formed by elongation
and shear, which generally results in a broad droplet size

distribution. Therefore, microfluidic emulsification has
gained attention, as the produced emulsion droplets are
monodisperse.

Microfluidic emulsification includes various geometries
with typical channel sizes in the order of several to hundreds
of micrometers. The observed droplet-formation mechanism
depends on the geometry. One of the most extensively studied
shear-driven microfluidic geometries is the T-junction.4–10

At T-junctions, droplet formation can be described with a
two-step droplet formation model consisting of a droplet
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growth and a droplet detachment step, as we found to be the
case in a review of all available articles on T-junctions.11 As
in T-junctions, droplet formation is rather complex, in this ar-
ticle we prefer emulsification at microfluidic Y-junctions,12–15

in which droplet formation takes place through a much sim-
pler one-step mechanism.15 Because of this, variation of a
process parameter is expected to have a direct and more easily
traceable effect on the droplet size.

In our previous article, we discovered that emulsification
at (flat) Y-junctions is much simpler than in other (shear-
driven) microfluidic geometries, as the droplet size is inde-
pendent of the disperse-phase flow rate as it operates through
a one-step mechanism.15 In the dripping and jetting regime,
droplet size could be described with a force balance between
the interfacial tension force and the shear force at the posi-
tion where the neck and the incipient droplet are con-
nected.15 The interfacial tension force is the main force
keeping the incipient droplet attached to the bulk, and it acts
opposite to the shear force exerted by the continuous phase.
The derived force-balance model was validated for a fairly
wide range of interfacial tensions and flow rates, even
though for only one disperse-phase viscosity and a rather
limited range of continuous-phase viscosities.15 As it is
noted in literature9,16–18 that viscosity of both phases, viscos-
ity ratio, flow rates, and flow rate ratios can be of imminent
importance for emulsification (in microfluidic devices), this
was investigated further for Y-junctions. We varied the dis-
perse-phase and continuous-phase viscosity, corresponding to
viscosity ratios from 0.4 to 105.0, and disperse-phase and
continuous-phase flow rates, corresponding to flow rate ratios
from 1.1 � 10�3 to 0.14. For this wide range of process con-
ditions, the droplet sizes were compared with our existing
force-balance model and various extended models, (i.e., that
include wall effects), and on the basis of this analysis, the
ruling parameters for droplet formation in Y-junctions were
identified.

Experimental

Materials

Disperse Phases. n-Hexadecane (anhydrous, purity
[99%, no. 296317, Sigma-Aldrich, Steinheim, Germany),
low-viscous paraffin oil (no. 1.07174.1000, Merck, Darm-
stadt, Germany), high-viscous paraffin oil (no. 1.07160.1000,
Merck, Darmstadt, Germany), 40 wt % pentane–hexadecane,
or 60 wt % capric acid–hexadecane mixtures were used as
disperse phase. The mixtures were prepared from n-hexade-
cane and n-pentane (no. 1.07177.1000, Merck, Darmstadt,
Germany) or capric acid (purity �98%, no. C1875, Sigma,
Zwijndrecht, The Netherlands), respectively. Before use, the
paraffin oils and 60 wt % capric acid–hexadecane mixture
were filtered with a hydrophobic 0.2 lm filter (no.
10463503, Whatman, Dassel, Germany). To prevent crystal-
lization, the 60 wt % capric acid–hexadecane mixture was
heated up to 40�C and cooled down to 23�C just before use.

Continuous Phases. Milli-Q water, 20, 30, 50 wt %
glycerol–water, 9, or 28 wt % ethanol–water mixtures were
used as the continuous phase. The glycerol–water mixtures
were prepared from Milli-Q water and glycerol (purity
�99.5%, no. 49767, Fluka, Buchs, Switzerland) and were fil-

tered with a hydrophilic 0.2 lm filter (no. 62131, Alltech,
Deerfield). The ethanol–water mixtures were prepared from
Milli-Q water and 96% v/v ethanol (no. 20824, VWR BDH
Prolabo, Amsterdam, The Netherlands).

Viscosity. The viscosities of the Newtonian continuous
and disperse phases were measured in duplicate in a rheome-
ter (MCR 301, Anton Paar, Graz, Austria) with a Couette
geometry (DG 26.7, Anton Paar, Graz, Austria) (see Table
1). For each measurement, forward and backward rate sweep
were performed between 1 and 900 s�1 at a controlled tem-
perature of 23�C. Each of the 18 shear rates was applied for
at least 6 s (900 s�1) up to 30 s (1 s�1) and measurement
occurred at the end of each period.

Density. The densities of the phases were determined
in duplicate with a calibrated 49.960 mL Gay-Lussac-type
pyknometer (Brand, Wertheim, Germany) at a controlled
temperature of 23�C (see Table 1).

Static Interfacial Tension. The static interfacial ten-
sions (see Table 2) between the various continuous and dis-
perse phases were measured in duplicate at a controlled tem-
perature of 23�C using a dynamic drop tensiometer (ADT,
ITCONCEPT, Longessaigne, France).19 A disperse-phase
droplet between 5 and 10 lL was formed at the tip of a
U-shaped needle positioned in a cuvette with the continuous
phase; to prevent premature droplet detachment the droplet
volume was decreased with decreasing interfacial tension.
The interfacial tension was determined by droplet shape
analysis as described by Benjamins et al.19 The samples
were measured in the order of increasing concentration of
the continuous phase, and after each concentration, the cuv-
ette and the needle were rinsed extensively with Milli-Q
water. Between the various disperse phases and glycerol–
and ethanol–water mixtures, the cuvette and the needle were
rinsed with hot tap water, chloroform, tap water, and Milli-Q
water.

Experimental setup

Microfluidic Y-Junction Device. We designed borosili-
cate glass microfluidic devices with Y-junctions, subse-
quently produced by Micronit Microfluidics BV (Enschede,
The Netherlands) (for further details see Steegmans et al.15).

Table 1. Viscosity g and Density q of the Various Phases at
a Temperature of 23�C

Sample* g (mPa s) q (kg m�3)

Disperse phases
Pentane–hexadecane 40 wt % (PHD40) 1.0 710
Hexadecane (HD) 3.5 773
Capric acid–hexadecane 60 wt %
(CAHD60)

6.4 839

Low-viscous paraffin oil (LPO) 29.8 848
High-viscous paraffin oil (HPO) 105.0 860

Continuous phases
Milli-Q water (M) 1.0 996
Glycerol–water 20 wt % (G20) 1.8 1045
Glycerol–water 30 wt % (G30) 2.6 1071
Glycerol–water 50 wt % (G40) 6.2 1124
Ethanol–water 9 wt % (E9) 1.5 980
Ethanol–water 28 wt % (E28) 2.5 954

*The abbreviations used for the various liquids in this article are given
between brackets.
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The microfluidic device consists of a lower plate in which
the Y-channels are (chemically) etched and which is
annealed to a top plate with inlets. After enclosure, the
microchannels and collecting area have a uniform depth of
5 lm.

Figure 1 shows a picture of the Y-junction. The continu-
ous phase enters the Y-junction via channel C, whereas the
disperse phase enters via channel D. The angle between
channels C and D is 97�. At the Y-junction, both phases
meet and droplets are formed, which are transported
through channel E toward the collecting area. Except for
one device, channel width was between 18 and 20 lm (see
Table 3).

Droplet-Formation Experiments. The Y-junction devi-
ces were operated in the appropriate holder (no. 4515,
Micronit Microfluidics BV, Enschede, The Netherlands), and
the continuous and disperse phase were supplied as
described in previous work.15 At applied continuous-phase
flow rates ranging from 0.01 to 0.80 mL h�1 and applied
disperse-phase flow rates ranging from 0.2 lL h�1 to 0.20
mL h�1, droplets were formed at the Y-junction. The actual
flow rates at the Y-junction were found to differ from the
(applied) flow rates set on the pump, probably because of
the large pressure drop in the microfluidic device (in the
order of tens of bars). Therefore, the continuous- and dis-
perse-phase flow rates were calculated (for details on the
calculation see Steegmans et al.15). The actual continuous-
phase flow rate used for further analysis was calculated in
the range from 1.39 lL h�1 to 0.41 mL h�1, and from
0.039 to 18.0 lL h�1 for the disperse phase. This corre-
sponds to a disperse-to-continuous-phase-flow-rate-ratios

from 1.1 � 10�3 to 0.14. After changing the flow rate(s),
the droplet-formation process was allowed to equilibrate for
at least 2 min.

Droplet formation in the dripping and jetting regime was
recorded using a high-speed camera (MotionPro HS-4, Red-
lake, Tallahassee) connected to an inverted transmitted light
microscope (Axiovert 200, Carl Zeiss, Sliedrecht, The Neth-
erlands). The formation of 25 subsequent hexadecane drop-
lets was recorded using �20 frames per droplet, which cor-
responds to frame rates between 210 and 73,502 s�1. The
gain and the exposure time were chosen such that the image
quality was optimal.

Analysis

Droplet Size. The hexadecane droplet size was deter-
mined automatically using a custom-written script based on
the DIPimage toolbox operating in Matlab 7.0.1. The area of
each droplet was determined as the average over three subse-
quent frames. Ten subsequent droplets were measured; the
reported size was the average of these 10 with a 95% confi-
dence interval (average � 1.96�standard deviation).

The droplet volume V was calculated from the droplet
area. When the diameter of the droplet was smaller than the
depth of the microchannel, the droplet was spherical (drop);
otherwise, the droplet was squeezed in between the bottom
and top surface and disc-shaped (disc) as shown in Figure 2
of our previous article.15 The volume V of discs was calcu-
lated assuming rounded edges with the channel depth as
curvature15:

Figure 1. Picture of the Y-junction.

Low-viscous paraffin oil droplets are formed in 30 wt %
glycerol-water at /G30 ¼ 89 (� 2) lL h�1 and /LPO ¼ 2.5
(� 0.1) lL h�1.

All intervals given in this article for the continuous- and
disperse-phase flow rate are derived from image analysis
assuming a maximal experimental error of one pixel or one
frame.

Table 3. Width of the Continuous-Phase Channel wc, Disperse-Phase Channel wD, and Downstream Channel wE as
Measured with Image Analysis of the Studied Microfluidic Y-Junctions

Disperse Phase Continuous Phase wc (lm) wD (lm) wE (lm)

PHD40 M, G30 18.8 19.2 19.0
PHD40 M, G30 18.6 18.9 18.9
HD M, E9, E28 18.0 18.2 18.1
HD M, G20 18.2 18.1 18.1
HD M, G20 19.4 19.8 19.7
HD G20, G30 19.4 19.9 19.6
CAHD60 M, G30 18.7 19.1 18.9
CAHD60 G30, G50 19.0 19.1 19.1
LPO M, G30 19.0 19.0 19.1
HPO M, G30 19.6 19.6 19.6
HD M, G20, G30 12.9 13.1 12.8

Widths have a measurement error of � 0.5 lm. The depth of the Y-junctions is 5.0 lm for all devices (because of the chemical etching process used during pro-
duction). The disperse and continuous phase(s) used in each Y-junction are indicated in the code.

Table 2. Static Interfacial Tension c (in mN m21) at a
Temperature of 23�C

Continuous Phase M G20* G30 G50* E9* E28*

Disperse phase
PHD40 41 – 37 – – –
HD 41 37 35 34 27 15
CAHD60 12 – 12 12 – –
LPO 49 – 45 39 – –
HPO 55 – 44 – – –

*A dash means that the static interfacial tension was not measured.
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V ¼ p z

4
ðD� zÞ2 þ p2z2

8
D� 1� 4

3p

� �
z

� �
; ðm3Þ (1)

with D the diameter of the disc area, and z the depth of the
microchannels. To compare drops and discs, the equivalent
diameter D3D of an unrestricted spherical droplet with the
same volume as the disc was calculated (D3D ¼ (6V/p)1/3) and
used for further analysis.

Droplet-Formation Quantities. Two characteristic
droplet-formation quantities were determined in the second-
to-last frame before droplet detachment: Dhead and Dneck (see
Figure 2). Dhead is the largest diameter of the incipient drop-
let head and Dneck is the width of the thinnest point of the
filament keeping the droplet attached to the disperse-phase
bulk (neck). The quantities were manually determined with
Image-Pro Plus 4.5.0.29. For each quantity, the average of
10 incipient droplets was taken, and a corresponding 95%
confidence interval was calculated.

Statistical analysis

The relation between Dhead and D3D, as described in Eq.
18, was established using the least squares method. The
standard deviations of the parameters (a, b, and c) were esti-
mated as the product of the square root of the residual mean
square and the square root of the variance of the parameter.
Minimal sum of squares, parameters, and standard deviations
were found with the Levenberg–Marquardt method in Math-
cad 14.

Results and Discussion

Critical capillary number for Y-junctions

At microfluidic Y-junctions in the dripping and jetting re-
gime, monodisperse micron-sized droplets with a polydisper-
sity index (standard deviation to average droplet size ratio)
below 1% were formed with frequencies of 10 up to more
than 10,000 droplets per second. In emulsification literature,
it is common to use a critical capillary number for droplet
break-up. For microfluidic Y-junctions, the determined capil-
lary numbers [defined according to Grace16 as:
ðCa ¼ ð _ccR3DgcÞ=c, where cc is the shear rate of the continu-
ous phase, R3D is the droplet radius, gc is the viscosity of
the continuous phase, and c is the interfacial tension] for
micron-sized droplets are in the order of 10�3 to 10�2 (see
Figure 3). This is at least 10, but in most cases, 100 times or

more lower than reported by Grace16 for millimeter-sized
emulsion droplets generated by elongation or rotation. This
implies that in microfluidic Y-junctions shear is used more
efficiently to form droplets than in (rotational) shear or elon-
gation. Most probably, geometric confinement in combina-
tion with the rectangular cross-section of the channels pro-
motes instability of the liquid column and therewith droplet
break-up. Guillot et al.20 showed that the absence of confine-
ment in one direction, as observed for a liquid column
enclosed in a channel with a rectangular cross-section (see
Figure 2), promotes instability of a liquid column. Besides,
Figure 3 suggests that the dependency of the critical capil-
lary number on viscosity ratio seems less pronounced for
microfluidic Y-junctions than for (rotational) shear or elon-
gation, which might indicate viscosity ratio independency for
the experimental conditions investigated here (viscosity ratio
0.4–105.0 and flow rate ratio 1.1 � 10�3–0.14).

Droplet formation at Y-junctions

In the next sections, the effect of e.g. viscosity ratio on
emulsion droplet size at microfluidic Y-junctions is studied
more extensively. We start by visual observation of the drop-
let-formation process. Regardless of the properties of the dis-
perse and/or the continuous phase, we observed that droplet
formation starts with interface expansion without movement
along the downstream channel [see Figures 4a(B)–4d(B)].
Subsequently, the tip of the disperse phase starts to move
along the downstream channel in the direction of the contin-
uous-phase flow [see Figures 4a(C)–4d(C)], until the incipi-
ent droplet is connected to the bulk with a neck [see Figures

Figure 2. Picture of the second-to-last frame before
low-viscous paraffin oil droplet detachment
in 30 wt % glycerol with herein indicated
droplet-formation quantities Dhead and Dneck.

Flow rates are as stated for Figure 1.

Figure 3. The critical capillary number (Ca 5 (_cR3Dgc)/c)
as function of the disperse-to-continuous-
phase-viscosity-ratio k.

The spheres (*) are the capillary numbers obtained in our
Y-junctions for the dripping and jetting regime. The solid
line is the curve for (rotational) shear flow and the dashed
line is the curve for elongational flow after Grace, Figure
19.16
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4a(D)–4d(D)]. Then, the diameter of the neck swiftly
decreases and the droplet detaches, after which the interface
returns to its original position [see Figures 4a(E)–4d(E)].

Emulsion droplet formation occurs either at the Y-junction
(dripping, see Figures 4a, c) or downstream, near the bottom
wall (jetting, see Figures 4b, d). For 40 wt % pentane–hexa-
decane, hexadecane, low-viscous, and high-viscous paraffin
oil, monodisperse emulsion droplets were formed with both
mechanisms, but for the 60 wt % capric acid–hexadecane,
this occurs only downstream. We previously found that both
droplet formation at the junction and downstream can be
treated as one for the force-balance analysis,15 and, there-
fore, in the remainder of this article the two mechanisms
will not be distinguished.

Force-balance model development

To estimate the droplet size at Y-junctions for different
disperse phases, we adapted the existing force-balance
model15 by redefining the interfacial tension force Fc and the
shear force Fshear. Abating (the swift decrease of the neck

resulting in detachment) is infinitely fast in the dripping and
jetting regime,15 which implies that the eventual droplet size
equals the droplet size when abating starts, i.e., when both
forces are equal:

Fc ¼ Fshear: (2)

In the next sections, the various steps that were taken to
redefine the interfacial tension force and the shear force are
systematically presented.

Interfacial Tension Force. The diameter of the neck
was experimentally determined, and as the disperse phase
tends to minimize its contact area with the continuous phase,
the neck was assumed to be cylindrical (see Figure 5). The
interfacial tension force can, therefore, be estimated with:

Fc ¼ pDneckc: ðNÞ (3)

In a previous work,15 we assumed that the neck diameter
is approximately equal to the channel depth (5 lm), but
from the current investigation, it is clear that this is not the
case as shown in Figure 5c. Besides, this figure suggests that
the neck diameter depends on the disperse phase, but no
straightforward relation to describe this effect is available.
Therefore, the experimentally determined value of Dneck is
used when Dneck is below channel depth, otherwise Dneck ¼
z, as the neck cannot start abating as long as Dneck [ z.

Shear Force. The shear force is based on the general
drag equation.21 For the cross-sectional area of the incipient
droplet head exposed to the continuous-phase flow (i.e.,
minus the area shaded by the neck, see Figure 5) in a rectan-
gular channel, it is written:

Fshear ¼ 1:125qcv
2
cA?KwallCDK: ðNÞ (4)

where qc is the continuous-phase density, vc is the (average)
velocity of the continuous phase along the neck calculated
with Eq. 5, A? is the cross-sectional area of the incipient
droplet head exposed to the continuous-phase flow calculated
with Eq. 6 or 7, Kwall is the wall correction factor, CD is the
drag coefficient, and K is the Hadamard viscosity correction
factor.22–24 The velocity along the neck is calculated as:

vc ¼ /c

A?;E � A?;neck
¼ /c

zwE � p
4
D2

neck

: ðm s�1Þ (5)

where /c is the continuous-phase flow rate, A?,E is the cross-
sectional area of the downstream channel, and wE is the
downstream-channel width. The cross-sectional area of the
incipient droplet head exposed to the continuous phase A? is
calculated for Dhead [ z as:

A? ¼ A?;head � A?;neck ¼ p
4
ðz2 � D2

neckÞ þ zðDhead � zÞ: ðm2Þ
(6)

and otherwise (i.e. Dhead � z):

A? ¼ A?;head � A?;neck ¼ p
4
ðD2

head � D2
neckÞ: ðm2Þ; (7)

Figure 4. Droplet formation at the Y-junction (dripping,
a and c) and droplet formation downstream
(jetting, b and d).

For further details on the process conditions, see Table 4.
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where A?,head is the cross-sectional area of the head and
A?,neck that of the neck.

Wall Correction Factor. During droplet formation, the
incipient droplet head is in contact with the channel wall.
When the cross-sectional area of the downstream channel is
largely occupied by the head, the resistance coefficient
between the head and the wall can be described with22,25:

Kwallðk; eÞ¼0:83a0ðeÞ k
5
2þð2:62þa1ðeÞÞk3

2þð2:01þ atðeÞÞk1
2

� �

þ… ðfor k\ 1Þ ð8Þ
where k is the clearance between the channel and the droplet
head defined for Y-junctions as:

k ¼ wE � Dhead

Dhead

(9)

e is a measure for the position of the center of the droplet head
compared to the wall, and a0(e), a1(e), and at(e), are (complex)
functions which describe the resistance at position e. At the
wall (i.e., e ¼ 1), a0(e) and a1(e) attain finite limiting values of
0.52 and 0.27, respectively.25 The exact expression of at(e) is
unknown, but as it is of the order k1/2 25 it can be neglected for
k values below 1, so Eq. 8 becomes:

kwallðkÞ ¼ 0:43 k
5
2 þ 2:89k

3
2 þ 2:01k

1
2

� �
þ… ðfor k\ 1Þ

(10)

For k values larger than one, i.e. for small cross-sectional
droplet head area26,27:

kwall ¼ 1:7 ðfor k � 1Þ: (11)

Drag Coefficient and Hadamard Viscosity Correction
Factor. The Reynolds numbers in our Y-junctions are
typically between 0.1 and 10. In this Reynolds number
range, liquid discs and spheres have comparable drag coeffi-
cients described as21,23:

CDK ¼ 24

Rec
ð1þ 0:14 � Re0:7c ÞK: (12)

with:

K ¼ 3kþ 2

3ðkþ 1Þ ; (13)

where k is the (dynamic) viscosity ratio and Rec is the
Reynolds number of the continuous phase. These quantities
are calculated as:

Figure 5. (a) Picture of the second-to-last frame before hexadecane droplet detachment in 20 wt % glycerol at
/G20 5 115 (6 5) lL h21 and /HD 5 4.5 (6 0.1) lL h21; the white line marks the position of the schematic
cross-section shown in Figure 5b and the white arrow indicates the point of view; (b) schematic cross-
section at the position where the neck is connected to the incipient droplet head (see Figure 5a); (c) the
neck diameter Dneck as function of the glycerol–water flow rate /c for various disperse phases: 40 wt %
pentane–hexadecane (!), hexadecane (*), 60 wt % capric acid–hexadecane (&), low-viscous paraffin oil
(~), and high-viscous paraffin oil (^).

The dashed line indicates the channel depth.

Table 4. Details of the Pictures Shown in Figure 4

Picture Disperse Phase Continuous Phase /d (lL h�1) /c (lL h�1)

Time (ms)

A B C D E

a PHD40 M 9.4 � 0.08 260 � 8 0 0.08 0.22 0.32 0.36
b PHD40 M 8.2 � 0.3 210 � 9 0 0.14 0.27 0.39 0.43
c LPO G30 2.2 � 0.02 185 � 6 0 0.11 0.43 0.54 0.60
d LPO M 3.3 � 0.1 256 � 8 0 0.07 0.4 0.6 0.67
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k ¼ gd
gc

(14)

and

Rec ¼ qcvcDH;c

gc
; (15)

with

DH;c ¼ 4ðA?;E � A?;neckÞ
U?;E

¼ 2

zþ wE

zwE � p
4
D2

neck

� �
; ðmÞ

(16)

where gd and gc are the disperse- and continuous-phase
dynamic viscosity, respectively, DH,c is the hydraulic diameter
of the area through which the continuous phase can flow past
the neck, and U?,E is the perimeter of the downstream channel.

Force-Balance Model. From all the information men-
tioned in the section ‘‘Force-balance model development,’’
droplet size follows from equating the interfacial tension
force and the shear force (i.e. Eqs. 3 and 4):

pDneckc ¼ 2qcv
2
cA?ðDheadÞKwallðDheadÞCDK: (17)

This results in a complex equation, as both A? and Kwall

are a function of Dhead. Therefore, it was solved numerically
with a script written in Matlab 7.0.1. This script determines
Fshear for Dhead values between 0 and 20 lm in steps of 0.1
lm and returns the Dhead for which Fshear equals Fc.

Equivalent Droplet Size. As a final step, the measured
Dhead (see section ‘‘droplet-formation quantities") is related
to the experimental unrestricted droplet diameter D3D, as
droplet diameter is a more prevalent quantity. As the shape
of the incipient droplet is complex (see e.g., Figure 5a) and
not simply described by the deformation of an ellipse, we

Figure 6. Dhead as function of D3D in the dripping and
jetting regime at microfluidic Y-junctions for:
40 wt % pentane-hexadecane (!), hexade-
cane (*), 60 wt % capric acid-hexadecane
(&), low-viscous paraffin oil (~), and high-
viscous-paraffin oil (^) at various continu-
ous- and disperse-phase flow rates, static
interfacial tension, and continuous-phase
viscosity as described in the experimental
section.

The gray filled circles are for the smaller channel width.
The dashed line is Eq. 18.

Figure 7. Comparison of Dhead (a) and the droplet size D3D (b) estimated with the force-balance model to the
experimentally determined Dhead and droplet size D3D for various process conditions as described in the
experimental section.

The diagonal line is the line of parity and the error bars represent the 95% confidence interval of the experimental droplet size.
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derived an empirical relation through statistical analysis
(implying no physical meaning):

Dhead ¼ 1
1
a þ b

Dc
3D

; ðmÞ (18)

where a, b, and c are the parameters fitted with the least
squares method (see Experimental section). These parameters
have a value (represented with their 95% confidence interval)
of 25.6 � 5.6, 3.8 � 1.6, and 1.7 � 0.2 for a, b, and c,
respectively (see Figure 6).

Comparison model and experimental data

The force-balance model was compared with all 137 ex-
perimental Y-junction data, and Figures 7a, b show that all
data were described adequately, irrespective of the consider-
able differences in disperse- and continuous-phase viscosity
(gd ¼ 1.0–105.0 mPa s, gc ¼ 1.0–6.2 mPa s), flow rate (/d

¼ 0.039–18.0 lL h�1, /c ¼ 1.39 lL h�1 to 0.41 mL h�1),
(static) interfacial tension (c ¼ 12–55 mN m�1), and channel
width (12.8–19.9 lm). Therewith, it is clear that the model
has considerable predictive value and covers factors that
were not implemented before. For droplets between 9 and 10
lm, a slight underestimation of the force-balance model can
be observed for Dhead; most probably this is caused by the
changeover from one Kwall equation to the other (Eqs. 10
and 11).

The sensitivity of the force-balance model was tested by
leaving out the viscosity correction factor K or the wall cor-
rection factor Kwall. The standard deviation between the so
adjusted force-balance models and the data points was calcu-
lated. Table 5 shows that the influence of the viscosity cor-
rection factor is insignificant, especially, when compared to
the effect of the wall correction factor. This finding strongly
suggests that emulsification in Y-junctions is ruled by the re-
sistance with the wall, and not by disperse-phase viscosity,
or viscosity ratio, as is observed for other emulsification sys-
tems (e.g., see Figure 3).

As mentioned previously, the initial Y-junction model15

assumed Dneck equal to the channel depth (z), but current
results suggest that this is not always correct (see Figure 5c)
and that is also reflected in the predicted droplet sizes. When
it was assumed that Dneck ¼ z, the standard deviation
doubled (see Table 5). This suggests that the Dneck value is

clearly essential for the description of the data points.
Ideally, this value, which can only be determined experimen-
tally, should become more accessible. For this, the contact
angle between the microchannel wall and the liquids could
be a starting point as it plausibly influences the shape of the
neck, but unfortunately, this parameter is not (easily) acces-
sible under the conditions studied here.

Conclusions

Microfluidic Y-junctions were used to produce monodis-
perse emulsions. A force-balance model was derived based
on the cross-sectional area of the incipient droplet just before
detachment from a neck with a cylindrical shape. The model
shows good predictive value for emulsification in microflui-
dic Y-junctions in the dripping and jetting regime over a
broad range of disperse- and continuous-phase viscosities,
flow rates, and interfacial tensions. The model shows that
the droplet size generated by Y-junctions is controlled by
interfacial tension, continuous-phase properties (viscosity,
density, and flow rate), and resistance with the wall and is
practically independent of the disperse-phase viscosity
and viscosity ratio. As droplet size is also not influenced by
disperse-phase flow rate,15 operation of Y-junctions is
intrinsically simpler than other (shear-driven) microfluidic
geometries.
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Notation

Uppercase letters

A? ¼ cross-sectional area of the incipient droplet head exposed to
the continuous-phase flow (m2)

A?,E ¼ cross-sectional area of the downstream channel (m2)
A?,head ¼ cross-sectional area of the head (m2)
A?,neck ¼ cross-sectional area of the neck (m2)

CD ¼ drag coefficient
Ca ¼ capillary number of the continuous phase
D ¼ diameter of a disc (m)

DH,c ¼ the hydraulic diameter of the area through which the
continuous phase can flow past the neck (m)

Dhead ¼ largest diameter of the incipient droplet head (m)
Dneck ¼ diameter of the neck (m)
D3D ¼ equivalent diameter of an unrestricted spherical drop of the

same volume as the droplet (m)
Fc ¼ interfacial tension force (N)

Fshear ¼ shear force (N)
Kwall ¼ wall correction factor
Rec ¼ Reynolds number of the continuous phase
R3D ¼ droplet radius (m)
SS ¼ sum of squares

U?,E ¼ perimeter of the downstream channel (m)
V ¼ droplet volume (m3)

Lowercase letters

a ¼ fit parameter
b ¼ fit parameter
c ¼ fit parameter
e ¼ measure for the position of the center of the droplet head

compared to the wall

Table 5. Standard Deviation Between the Force-Balance
Model and the Data Points for the Complete Force-Balance
Model (Eqs. 17 and 18), the Model Without the Viscosity or
the Wall Correction Factor, and the Model Based on the

Assumption that Dneck 5 z

Model
Standard

Deviation* (lm)

Model following Eqs. 17 and 18 1.1
Model without viscosity correction factor 1.0
Model without wall correction factor 65.5
Model assuming Dneck equals z 2.1

*H(SS/(n � 1), with SS the sum of squares and n the number of data points.
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k ¼ clearance between the channel and the droplet head
n ¼ number of data points
vc ¼ (average) velocity of the continuous phase along the neck

calculated with Eq. 5 (m s�1)
wC ¼ continuous-phase channel width (m)
wD ¼ disperse-phase channel width (m)
wE ¼ downstream-channel width (m)
z ¼ depth of the Y-junction (m)

Greek letters

K ¼ Hadamard viscosity correction factor
a0(e) ¼ (complex) function which describes the resistance at position

e
a1(e) ¼ (complex) function which describes the resistance at position

e
at(e) ¼ (complex) function which describes the resistance at position

e
/c ¼ continuous-phase flow rate (m3 s�1)
/d ¼ disperse-phase flow rate (m3 s�1)

/G30 ¼ flow rate of 30 wt % glycerol–water (m3 s�1)
/G20 ¼ flow rate of 20 wt % glycerol–water (m3 s�1)
/HD ¼ flow rate of hexadecane (m3 s�1)
/LPO ¼ flow rate of low-viscous paraffin oil (m3 s�1)

c ¼ interfacial tension (N m�1)
cc ¼ shear rate of the continuous phase (s�1)
g ¼ dynamic viscosity (Pa s)
gc ¼ dynamic viscosity of the continuous phase (Pa s)
gd ¼ dynamic viscosity of the disperse phase (Pa s)
k ¼ disperse-to-continuous-phase-viscosity-ratio
q ¼ density (kg m�3)
qc ¼ density of the continuous phase (kg m�3)

Literature Cited
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