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Enhanced droplet size control in liquid-liquid emulsions obtained in a wire-
guided X-mixer
Abstract

A simple and efficient method has been proposed to control the droplet size in a liquid-liquid emulsion.
Placing a metal wire along the centerline of an X-mixer completely changes the droplet formation
mechanism. Droplets gradually form when flowing along the wire with droplet separation occurring at the
tip of the wire rather than at the channel intersection in the X-mixer. The droplet size is now defined by the
Plateau-Rayleigh instability developing in the axisymmetric annular flow region rather than by a
sophisticated and hardly predictable 3-dimensional flow at the channel intersection. The wire-guided
droplet formation allows for fine control of the droplet size by changing the wire diameter, position of the
wire tip, and the flow rates. Further control of the droplet size can be achieved by adjusting the surface
tension by addition of a surfactant.
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1. Introduction

Emulsions with micron-size water-in-oil droplets, often referred to as microemulsions, are widely used in
material synthesis, catalysis, diagnostics, drug delivery and analytical applications [1,2]. The microemulsion
synthesis and their application in microfluidic devices decrease material consumption, enable processing in
small volumes with low capital costs and in a high-throughput manner [3]. The continuous flow mode
allows for the synthesis of chemically uniform catalyst particles that are more active and selective as
compared to their counterparts obtained in batch [4]. It also allows obtaining stable microparticles for
efficient drug delivery [5,6] as well as novel materials for chemical, food, oil and many other industries [7-
9].

The efficient use of microemulsions requires precise control of the mean droplet diameter and the diameter
distribution. In the food industry applications, long shelf life and fine texture can be achieved with a droplet
size below 5 um [7,10]. In energy applications, the droplet size distribution of a blended fuel affects the
emulsion stability, viscosity, and hence the engine performance [11]. In medical and pharmaceutical

applications, the droplet size determines transport rates of nutrients and oxygen.

The droplet size distribution depends on the particular mechanism of droplet generation and the geometry
of the mixing device. A conventional method of bulk emulsification involves application of a high-shear
stirrer to double phase mixtures. A broad droplet size distribution results from the stochastic nature of
droplet generation [12,13]. Membrane emulsification provides a better control over the droplet size
distribution and good control via the membrane pore size, properties of the liquids, and their flow rates
[14]. The membranes with small and uniform pore dimensions are required, which results in high costs and
a possibility of the membrane clogging [15]. Although the membrane emulsification is simple and easily
scalable, the droplets generated have a typical relative standard deviation (RSD) at the level of 10-30%
which is often insufficient [16,17].

An alternative set of the emulsion generation methods involves microfluidic devices that can improve
droplet size uniformity. A number of geometries were used such as co-axial, T-, and X-mixers [18].
Montillet et al. [15] studied the formation of water-in-oil droplets using X- and T- mixers and obtained the
droplets of about 5 pm in diameter with an RSD of 13-70 % depending on the amount of surfactant added.
used efficient and widely An flow-focusing approach involves squeezing the flowing dispersed phase with
two streams of continuous phase joining from opposite directions at an orifice [19]. Using this approach, an
RSD can be reduced to below 5% [20]. Utada et al. (2007) investigated liquid-liquid flow regimes in a
capillary flow-focusing device and found that the jetting regime results in non-uniform droplets due to the
formation of small satellite droplets. The satellite droplet formation can be minimized using three-

dimensional flow-focusing devices to obtain submicron emulsions [22]. Bauer et al. [23] demonstrated that



the surface modification of the walls allows for the efficient formation of single and double emulsions with
an RSD below 1 %.

Despite advances in numbering up microfluidic devices above a kilogram per hour throughput, many
microfluidic approaches require complex mixer geometries [24] and fabrication methods with micron
tolerances [25-27]. Temperature variation can also have an effect on the emulsion dimensions but the
effect is limited [28]. Placing a wire inside an available X mixer provides a cost-efficient yet powerful
method to improve the droplet uniformity and gain control over droplet size. In this paper, the effect of the
wire position and diameter, liquid flow rate, and the presence of surfactant on the droplet size and droplet

size distribution is studied.

2. Experimental

A model ethanol and tetradecane system was studied considering applications in fuel blending
(Supplementary material, S1). Ethanol and tetradecane are partially miscible at room temperature [29].
Tetradecane (further referred to as oil) should be addressed more correctly as a saturated solution of
ethanol in tetradecane. The saturated ethanol and tetradecane solutions, however, are immiscible making
the study applicable to other immiscible fluids such as water and mineral oil.

2.1. Materials

Tetradecane (99 %, VWR) and anhydrous ethanol (99 %, Fischer) were used as continuous and dispersed
liquid phase respectively. For the visualization, Methylene blue dye (95 %, Sigma Aldrich) was added to
ethanol at a concentration of 0.1 %. Tungsten wires (99.9 %, Advent Research Materials) with different
diameter were used as guiding wires. The tungsten was selected for its high tensile strength and the high
chemical resistance. Glycerol monostearate, named as biodiesel thereafter (99 %, Kao Corporation) was

used as a surfactant.

2.2. Droplet generation

The mixing unit (Fig. 1) consists of standard 1/16” PEEK IDEX fluidic connectors: a T-mixer connected to
an X-mixer. The tungsten wire was inserted along the axis of the mixer. The droplet generation was
performed in a fluorinated ethylene propylene (FEP) tubing with an inner diameter of 500 um and an outer
diameter of 1.55 mm. QOil and ethanol were fed separately with two syringe pumps (neMESYS) equipped
with 1.0 mL SGE precision syringes. The oil flow was fed via the side ports of the X-mixer using two tubes
with an inner diameter of 100 pm for the uniform distribution of the flows [30-32]. The distance between

the tip of the wire and the center of the X-mixer is denoted as the wire position.

Figure 1.



Optical images were recorded at 100 frames per second with a PointGrey camera connected to an optical
microscope Olympus SZX16. The images of at least 100 droplets were recorded at each flow regime, and
the droplet dimensions were measured using the Imagel software [33]. The observed droplet shape was
distorted by the light refraction in the circular tubing [34,35], hence the spherical droplets appeared
elliptical (Fig. 2). This was concluded from the fact that when the droplets were introduced into a chip with
a flat channel of 1 mm width where no optical distortions were expected, the droplets immediately
appeared spherical with the same diameter as the minor axis of the elliptical droplets observed through the

FEP tube. Therefore, the small axis of the ellipses in droplet images was taken as the droplet size.

3. Results

3.1. Effect of wire position

A series of experiments was carried out to compare the wire-guided and conventional droplet generation
methods. The ethanol in oil droplets formed in the X-mixer )Fig. 2a) were compared with the droplets
generated in the same mixer with a wire of 80 um in diameter inserted along the centerline )Fig. 2b). The
droplet size and the RSD obtained in the presence of the wire )328.1 + 5.7) were smaller than those from

the conventional X-mixer (473.8 £ 7.6 um) obtained at the same flow rates.
Figure 2.

The effect of wire length beyond the center of the X-mixer is shown in Fig. 3. The average droplet size
decreased with increasing the wire length up to 24 mm and then remained constant. In the subsequent

experiments, the tip of the wire was positioned at a distance of 24 mm.
Figure 3.

3.2. Effect of the ethanol flow rate

A series of experiments was performed to study the effect of the dispersed phase flow rate because it has
a major influence on the droplet size [2,36,37]. In these experiments, the oil flow rate was kept constant at
50 pL min' and the ethanol flow rate was varied from 2 to 10 pL min™. Characteristic images of the

droplets obtained under different flow conditions are shown in Fig. 4.
Figure 4.

In the presence of the 80 pym wire, the smallest droplets were generated at an ethanol flow rate of 2
uL min"l. A non-monotonous dependence of the droplet size on the ethanol flow rate was found in the
mixer without the wire in contrast to the mixer with the wire, as shown in Tab. 1 and Fig. 4. It should be
mentioned that the droplets obtained at the ethanol flow rate of 10 pym in the presence of the wire are

more uniform in size with a twice lower RSD compared to the droplets formed in the conventional X-mixer.
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Table 1.
3.3. Effect of the wire diameter and surfactant

The influence of the wire diameter on the droplet size has been studied in experiments with the wire
diameters of 40, 80, 125 and 200 pm. A significant effect of the wire diameter on the droplet size was
observed, as shown in Fig. 5a. A thick wire with a diameter of 200 um at the ethanol flow rates of 2.0 and
10 pL min™! resulted in virtually the same droplets sizes as in case of the mixer without any wire. The
droplet size decreases with the decreasing wire diameter from 200 to 80 ym and stays nearly constant

when the wire diameter was further reduced from 80 to 40 um (Fig. 5b).
Figure 5.

Fig. 5a shows that ethanol flows along the wire as semi-separate droplets, which indicates the essential
role of surface phenomena in the wire-guided droplet generation. Instability of the annular flow along the
wire, which resulted in the formation of ethanol layer with a non-uniform thickness, is inherently dependent
on the surface tension between liquid phases. Therefore, the effect of the surfactant addition to the
ethanol phase has been studied. A surfactant with the hydrophilic-lipophilic balance in the range of 3-6
tends to form water-in-oil emulsions, while that in the range of 7-10 tends to form foams or oil-in-water
emulsions [38]. In the present study, glycerol monostearate (GMS) was chosen as a surfactant due to its

optimal balance value of 3.8 to stabilize an ethanol in oil emulsion.

Fig. 6a shows characteristic images of droplets obtained at different surfactant concentrations in the
presence of an 80 pm wire. Note that the shape of the interface between oil and water becomes less
regular as the surface tension decreases. The droplet size decreased from 280 to 230 um with the
increasing surfactant concentration from 1.0 to 4.0 wt%. The droplet size obtained in the presence of 2
wt% GMS was smaller than that in the absence of the surfactant. Fig. 6b shows that the addition of 4 wt%
GMS increased the RSD from 2 to 7%.

Figure 6.

4. Discussion

The droplet formation in T- and X-mixers is well studied in the literature. The main droplet formation
mechanisms are pinching and jetting of the dispersed phase [16—18,39-44]. In the jetting mode, dispersed
phase forms the elongated fluid body (jet), which becomes unstable and splits into separate droplets. In
the pinching mode, droplets form one by one and, because the process is highly dynamic [45], smaller

satellite droplets are often formed making the obtained emulsion less uniform [46].



In traditional x-mixers, the pinching takes place. In our case the Weber number, which describes the
pinching to jetting transition around a value of 1, was below 107 confirming that the droplets were formed
by pinching [21]. The pinching mechanism agrees with very low capillary numbers, below 10 for the
dispersed phase, and a Reynolds number close to 1 for both continuous and dispersed phases [18,42,44].
Moreover, a uniform size of the droplets formed with an RSD below 3% also indicates the absence of
jetting where much lower droplet uniformity is expected. It is worth noting that in the flow around the wire
inertial effects can be neglected everywhere except inside the X-mixer and at the droplet pinching point at

the wire tip. As discussed below, however, flow at both locations has little influence on the droplet size.

Introduction of the guiding wire totally changes the mechanism of the droplet formation. As presented in
Fig. 7a, instead of pinching into droplets at the X-mixer intersection, ethanol flows around the wire. The
uniform layer of ethanol becomes unstable, starts to separate, and form bulges similarly to what happens
in jetting regimes. When the bulges of ethanol reach the end of the wire, they pinch off as droplets. Now,
instead of a 3-dimensional pinching off process at the X-point of the mixer, the droplet formation is defined

by a slow evolution of an annular flow along the wire.
Figure 7.

The behavior of the annular flow, in this case, is described by the Plateau-Rayleigh instability [46] as any
liquid interface tends to minimize its area. In the case of cylindrical bodies of liquid, the instability leads to
formation of waves in the axial direction, necking, and eventual breakup of a liquid bridge into droplets.
More exactly, the capillary pressure created by the interface in necks (which is higher than that in the
bulges) pushes ethanol further from necks into the bulges. Such pushing provides positive feedback and

increases the instability.

The Plateau-Rayleigh instability occurs in liquid bridges when their length exceeds circumference which also
defines the minimum wavelength of the instability [48]. In our case, existence of the wire prevents
complete splitting of the bulges into separate droplets making them traveling downstream until the wire tip.
The increasing instability wavelength explains the growth of the droplet size with the wire diameter and

with the ethanol flow rate observed experimentally in Fig. 5 and Tab. 1.

The bulging of the inner fluid has been modeled by assuming that the bulge period is equal to the interface
circumference (Plateau-Rayleigh limit). Dashed lines in Fig. 5b show the model predictions obtained by
solving the axisymmetric Navier-Stokes conditions as described in the Supporting Information, S2. The
overall trend of increasing droplet size with the wire diameter is explained well by the model, but the
discrepancy with the experiment, however, is large. We explain the discrepancy by the changing ethanol
amount in the bulges along the wire length. Fig. 7b illustrates the phenomena: The thickness of necks

decreases downstream and affects the flow of ethanol through them. This phenomenon can be seen clearly
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when the frame of reference is changed to that moving with the bulge top highlighted with the red arrow
in Fig. 7c. In the new frame of reference, the inflow of ethanol towards the bulge is lower than the outflow.
This decreases the amount of fluid in bulges and hence the droplet size. Hence, as the instability grows
along the wire the volume of fluid contained in the forming bulges (droplets-to-be) reduces, in agreement
with the experiment (Fig. 3). When the necks are reduced to the diameter of the wire, the flow between

bulges ceases hence the droplet size remains constant onwards in agreement with the Fig. 3.

5. Conclusions

The droplet generation has been investigated in the wire-guided X-mixer. This simple yet powerful tool
enables the fine control of the size of droplets formed in liquid-liquid flows and makes the droplet size
distribution narrower. The droplets in the range of 250-450 pym with an RSD below 2 % have been
obtained in a circular tube of 500 um diameter. The droplet size is defined by the capillary-driven Plateau-
Rayleigh instability of the two-layered annular flow in the gap between the guiding wire and the tube walls.
The slow nature of droplet formation, different from that related to breakup in a conventional X-mixer,

provides the possibility for fine control of the droplet size by altering the tip position of the guiding wire.
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Tables with Headings

Table 1. The size of the droplets formed in the X-mixer in with the 80 um (dhie) and without the wire (dhowire) and their relative

standard deviations (RSD). The oil flow rate is 50 pL min™.

Ethanol flow rate i i
)L min-t ( Gire (M) R?(I)Zv;we Gho wire (um) ng;:)wwe
2.0 283.2 £ 5.8 2.0 402.2 £ 6.6 1.6
5.0 328.1 £ 5.7 1.7 4738+ 7.6 1.6
10.0 359.0 = 4.5 1.3 404.6 £ 9.6 2.4

Figure legends

Figure 1. A photograph of the mixing unit used. The centerline white line highlights the location of the wire.

Figure 2. Ethanol droplet size distribution obtained in (a) an X-mixer and (b) the same mixer with an 80 pm wire inserted at the flow
Figure 3. Effect of the 80 um wire tip position on the average droplet size obtained in the X-mixer at the flow rates of 5 uL min for
ethanol and 50 uL min* for oil.

Figure 4. Optical images of the ethanol droplets formed in the X-mixer (a-c) with the 80 pm wire and (d-f) without the wire at the flow
rates of 50 pL min™ for oil and (a, d) 2, (b, €) 5, or (c, f) 10 UL min'* for ethanol.

Figure 5. (a) Images of ethanol droplets formed in the wire-guided X-mixer with wires of different diameters at the flow rates of 5
uL min for ethanol and 50 uL min™ for oil. (b) The droplets size as a function of the wire diameter. The dashed lines show the
droplet sizes formed without the wire; the dotted line corresponds to the Plateau-Rayleigh stability model.

Figure 6. (a) Optical images of ethanol droplets formed in the wire-guided X-mixer at the flow rates of 5 uL min for ethanol and 50
uL min! for oil and (b) the droplet size as a function of the surfactant concentration.

Figure 7. Droplet formation and growth in the presence of the wire. The zoomed-in region uses (b) the wire or (b) the bulge (red dot)
as a frame of reference. More inner fluid is leaving the droplet through the bigger trailing neck than entering through the smaller

leading neck as shown by red vectors of fluid velocity.
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A simple and efficient method has been proposed to control the droplet size in a liquid-liquid emulsion.
Placing a metal wire along the centerline of the X-mixer changes the droplet formation mechanism. The

wire improves droplet uniformity and provides an additional control over the droplet size via the wire
diameter, position of the wire tip.

Better control
Higher droplet uniformity
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Supporting Information

S1. Comparison of physical properties of tetradecane and diesel

Ethanol and tetradecane were selected to model the ethanol-diesel system that is widely used in by
blending renewable ethanol to diesel fuels. Tetradecane has the main parameters relevant to the droplet
formation comparable to that of diesel. Compared to water, ethanol has a much lower surface tension and
provides more difficult emulsification. However, the section that describes the effect of surfactant in the
paper demonstrates that the findings can be generalized to the water-in-oil systems using a small amount

of surfactant.

Table S1. Key properties of liquids studied.

Components Dynamic viscosity )mPa s( Surface tension )mN m(
Tetradecane 2.3 26.0
Diesel 3.0 29.3
Ethanol 1.2 22.0
Water 0.9 72.0

S2. Derivation of axial profiles of fluid velocity

Consider an axisymmetric flow in the annular ring with the axis of symmetry aligned with z -axis. We

assume the axial variation of the flow profile is much less than the radial variation. As a result, we can

0
neglect axial derivatives 6_ and assume radial velocity is zero. Now, the problem is reduced to that for the
Z

axial velocity U dependent on the radius r. The time-independent Navier-Stokes equations for the
axisymmetric flow independent of axial coordinate are shown in Eq. (1):

1d(1dU 1

S| == |==P. (1)
rdr\r dr 7]

Here, u is the fluid dynamic viscosity and P, is the axial pressure gradient. Denoting the flow velocity in

z

ethanol (inner fluid) as U, and the flow velocity in oil (outer fluid) as U, we obtain Egs. (2, 3):

U, = x r’+Alnr+B, (2)
4
P,

U,=—2r°+AInr+B,, (3)
414,
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Where A and B are constants. Denoting the tube radius as R_, wire radius asR., the liquid interface
radius as R, and the flow rates of oil and ethanol as Q, and Q,, the non-slip conditions at the outer tube

and at the wire result in Egs. (4, 5):

0=iRi2+AlnRi+Bi, 4
4
P, 5o

0=—2R’+AInR +B,, )
4,

Continuity of the fluid velocity at the interface provides Eqg. (6):
PZ 2 _ Pz 2
—4R*+AINR+B,=—-—R°+A InR+B,,
Au 4u,
(6)
The condition on the equal the shear stress in the inner and outer parts of the flow at the interface results
in Eq. (7):

:ui A = lqu) ! (7)
Integrating fluid velocities to get flow rates of inner and outer phases, we derive Egs. (8, 9):
P
—2 (R*-R%)+ RInR-R InR )+B (R-R)=Q, 8
12/,!'( |) A\( i |) |( |) QI ()
P
t (R®*-R%)+ R InR —RInR)+B_ (R, —R)=Q_, 9
12/10( 0 ) Aa( 0 (0] ) 0( 0 ) Qo ()

We therefore have 6 equations with the 6 unknowns: R,P,, A,B,, A, B, -
Expressing B, and B, from Egs. (4) and (5) and substituting to Egs. (7), (8), (9), we derive a system of

equations (10):

:uiA::qu\)
iR2+AInR+iR02+A)InRO:LR2+A\)InR+iRi2+A1InRi
4u 4, 4, 4 (10)
P P '
t (R°=R*)+A(RINR-RInR)-| —=-R’+AInR |(R-R)=0Q
12ﬂ|( I) A( 1 I) (4[[,4 1 A I]( I) Ql

PZ PZ —
o (R*~R*)+A (R,InR,~RlIn R)—[4—%R02+A\) In ROJ(RO ~-R)=Q,

After elimination of the A, the system may be simplified to system (11):
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Fogeyfop inR+ L RZ 1A INR == R?+ A IR+ 2R+ 40 A INR
A Aty 4, 4u Hy

1 1 1 R
Pl —R®*+=-R®*-=R%R |+ RIn— = 1Q. , 11
2(12 g R ] LY7A R 14Q; (11)

1 1 1 R
Pl —R*+=-R*-=-RZR |+ RIn— =—
2(12 g0 4 h J Aty R 14,Q,

0

Factorizing the first equation and resolving the last two equations in P, and A, , we derive system (12)
R R

P, (4R = 44R* = R + 1R,? ) = 4A (ﬂ. In=-—#,n Ej

0o 1

P, = (,uoRln n uQ, +,uOR|n on/A , (12)

0 |

1 1 1 1 1 1
—| | —R*+=R3®-=R?R | —R}*+=R®-ZR?R |uQ |/A
A, [(12 g R J%Qo (12 g 7R Ju.Q.J

Here, A= uR| | =R+ 1R -1R7R InS—| Lreslrs_lrer|n R
12 6 ' 4 12 4 R

R, 6

Substituting P, and A, to the first equation, we have the equation for interface radius R in Eq. (13).

(:MQ In— +/UOQ In ](/UORZ _:uiR2 _/uoRiZ T4 R02)+
1 3 1 3 1 2 1 3 1 3 1 2 R R
4 R4S RP-ZRR |+ 40| — R+ =R -=RR || mln— 2 =0
[“"Qf’[lz 6 4 j ﬂ'Q'(12 6 ° 4 J)|ATR TR
(13)

Equation 13 was solved numerically in MATLAB. The diameter of the ethanol droplet (D) formed was

calculated with Eq. (14):
1/3

D=(12R-;z(R2—Rf)) . (14)
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