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Abstract

The goal of this research was to provide an experimental analysis of flow patterns
inside a double y-junction microchannel. Various flow patterns were observed,
ranging from droplet formation to no leakage parallel flow (NLPF).

Viscous forces are the dominant factor in determining flow patterns in the
IMT chip, if the interface stabilizes itself near the width w* = %w, for Reynolds
numbers in the order of 10° < Re < 10" and for capillary numbers in the order
of 107* < Ca < 1073, The stability of parallel flow is impacted negatively by
the surface tension force and the inertial forces present in the system.

The viscous forces are dependant on the velocity ratios and the viscosity
ratios of the liquid phases. For high relative viscous forces, droplet flow patterns
will be observed, while for relative viscous forces equaling unity, different parallel
flow patterns are observed.

NLPF was established with the IMT chip. However, due to instability of the
flow, caused by the surface tension and the inertial forces, but possibly also by
the perturbation of the pumps, the NLPF only stabilized for short periods.

In the case of the Micronit chip, it was observed that the wettability of the
channel was a major destabilizing factor for the flow patterns observed. NLPF
was not found in this chip, due to inevitable parallel aqueous leakage into the
organic phase outlet. By selectively coating the chip with a hydrophobic layer,
parallel flow was stabilized. This resulted in a large, stable NLPF relative
viscous forces range. A higher total viscous force at the outlet of the channel
seems preferable for stability of parallel flow. This renders small variable changes
negligible.
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1 Introduction

The use of micro-scale devices in fluid dynamics has shown great potential in
this decade. It has found applications in several chemical processes, includ-
ing nitration[1], emulsification [2], and extraction[3]. Micro-scale lab-on-a-chip
devices offers unique advantages, such as a high specific inter-facial area, im-
proving mass and heat transfer[4][5], and extremely laminar conditions, due to
the low flow rates and small chip dimensions.

The Reactor Physics and Nuclear Materials department of the Reactor In-
stitute Delft is currently looking into a possible application of micro-scale fluidic
systems. It tries to extract a radioactive isotope, Molybdenum-99, from an aque-
ous phase which also contains other radioactive elements. Currently, a decay
product of molybdenum-99 is used in the medical field. Specifically, technetium-
99m, the decay product, is used as the main radioactive tracer in radioactive
imaging]6].

The extraction is attempted through a liquid-liquid two phase flow, inside a
double y-junction micro-channel. Typically, y-junction micro-channels are used
in micro-scale extraction devices, as rapid stabilization of the interface can be
achieved this way[7]. It has been shown that two-phased parallel flow is possible
inside a micro-channel [8]. This process was integrated into the Molybdenum-99
extraction so that pure mass transfer could be achieved, without any emulsi-
fication after flow separation in the channel. It was vital that a non-polluted
solute of Molybdenum-99 was acquired. The use of a micro-scale device also
allowed for optimal diffusion of the Molybdenum-99, due to the extremely low
flow rates.

Before extraction experiments can be initiated, flow patterns must be ana-
lyzed. This study’s goal is provide an experimental analysis of the governing fac-
tors in the formation of flow patterns inside a double y-junction micro-channel,
such as absolute and relative flow rates and surface tension and to achieve non-
leakage parallel flow, through flow pattern analysis.



2 Theory

2.1 Navier-Stokes equations

The Navier-Stokes equations describe the motion of Newtonian fluids. They
relate to Newton’s second law of physics. Where Newton’s second law describes
the motion of a mass M, the Navier-Stokes equations describe a volume S with
density p, thus also working with force densities. Here, the equations are given
for a single fluid[10].

Where > j f; are the all the force densities acting on the system. Since the
velocity v as well as its position r are both dependant on time, taking the total
time derivative of v(r(t),t) results in

ov(r(t),t) _ ov(r(t),t) N or(t) v(r(t),t)
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Where the 0; represents the spacial derivative for three dimensions, which
produces a nabla operator term v/

(2.2)
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This is the most basic form of the Navier-Stokes equation. From here on out
v(r(t),t) will be written as just v for clarity. The sum of force densities on the
right side of equation (2.3) can be examined further. It includes all the force
densities acting on the system. The pressure-gradient force density and the
viscous force density must be taken into account. The pressure-gradient force
density depicts the pressure exerted by the volume S on its surroundings, while
the viscous force density outlines the frictional forces with the surroundings the
volume S is subject to. For an in-compressible liquid these are given by

fp=—Vp (2.4a)
fvisc =M v2 v (24b)

The minus sine in equation (2.4a) is factored there, because now the equation
represents force densities acting on the system. Then, ) j f; will result in
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with ), fes: the summation of any external force densities possibly acting
on the system.



2.2 Deriving flow behaviour inside a channel through Navier-
Stokes

Flow dynamics through a channel are one of the few processes that can be
solved analytically. This is because the channel gives rise to several boundary
conditions, simplifying the Navier-Stokes equations. For a horizontal pipe, grav-
itational forces will be cancelled out due to the hydro-static pressure inside the
pipe. In this experiment, no other external forces will be applied to the system.
Thus, the sum of external forces in equation (2.5) can be neglected.

One major assumption for fluid dynamics inside a channel is the no slip
boundary condition. It states that on a molecular level, the molecules of the
fluid that are next to the boundary will have no velocity relative to the boundary.

v(r)=0,for 1€ (2.6)
Where 65}, is the location of the boundary.

Microfluidics is a regime where velocities are typically small. This results
in inertial forces that are small compared to the viscous forces. Inertial forces
are forces due to the momentum of the fluid, and the main source of turbulence
inside a channel. Thus, microfluidics occupy a range of extremely laminar flow.
The Reynolds number is a number that gives the ratio of inertial forces to viscous
forces inside a boundary layer, and is used as a measure for the turbulence in a
channel. It is given by

_ Dpp<v>
I

with Dy the hydraulic diameter of the microchannel and < v > the average
velocity inside the channel. If the inertial forces are small compared to the
viscous forces, this means that Re << 1. Flow rates are in the range of ul/min,
and channel diameters typically range from 1—100um[9]. This causes non-linear
velocity terms to vanish in the Navier-Stokes equations, resulting in

Re (2.7)
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This is known as the Stokes-equation. This can be examined further for flow
inside a channel.

If one chooses the x-axis is parallel to the channel the y-axis and z-axis
parallel to the cross section of the channel, the flow velocity inside the channel
doesn’t change in the x-direction, and since the flow is extremely laminar, no
flow velocity will be in the y-direction or z-direction. Thus the velocity does not
change over time, leaving

pviv=yp (2.9)

From these assumptions, one can also conclude that the velocity field only
has a component in the x-direction, but that this component is independent of



translation in the x-direction. This also means that the pressure changes only
occur in the x-direction. The no slip boundary condition defines a dependency
in the y-direction and z-direction, leaving

p(r) = p(z) (2.10a)
v(r) = va(y, 2)@ (2.10b)

Assuming that the pressure drops linearly, starting with a pressure py and
having a total pressure drop of Ap, one finds

p(@) = L)+ po .11)

with L the length of the channel.
With the no slip boundary condition (2.6), the resulting derivation of equa-
tion (2.9) is solvable for any symmetrical cross section S.
Ap
plL’
v.(y,z) =0, for y,z€d5 (2.12b)

(85 + 03 (y,2) = for y,z€dS (2.12a)

equation (2.12a) shows that the pressure drop in a channel is linearly de-
pendant on the viscosity of the liquid phase. The pressure drop over a length
x will decrease as a liquid phase has a higher viscosity. This is an important
characteristic in pressure driven flow, and plays an important part in two phased
flow.



2.3 Capillary effects

When Re << 1, inertial forces are neglible compared to the viscous forces inside
the channel. However, the viscous forces are not the only force acting on the
system. Another important factor to examine in microfluidics is the surface
tension of two immiscible organic- and aqueous phases and the boundaries. It’s
a phenomenon that strives to minimize the surface area of a particular fluid’s
surface that is in contact with another fluid, or a gas or solid.

Inside a liquid, there are cohesive forces between molecules. If a molecule is
fully surrounded by the same molecules, the forces are symmetrical, leading to an
equilibrium of forces. However, at the boundary, this equilibrium cannot persist.
The molecules at the very boundary still have cohesive forces of neighbouring
molecules, but also have a different cohesive force with the molecules in the
different medium. This results in a net force pulling the molecule away from
the boundary. This is shown schematically in figure (1).

Figure 1: Schematic representation of surface tension forces acting on a
molecule. The boundary between the interfaces is shown as the black line. The
dark gray mass above the boundary is either a solid or a liquid, the lighter gray
depicts a liquid. The arrows represent cohesive forces between the molecules
and their neighbouring molecules.

The molecule at the interface creates an internal pressure, with its surplus
free energy [10]. If the surface of the interface is minimal, there is a minimal
amount of molecules will have free energy generating pressure for the liquid,
thus the system is at its most stable with a minimal area. This is one reason
circular droplets are formed in two phased flow with two immiscible liquids. A
sphere has the lowest surface to volume ratio, thus is the most stable form for
the droplet. One important dimensionless number used in microfluidics is the
Capillary number. It gives the ratio between the viscous force and the surface
tension force

Ca = ﬂ (213)
v
In a microchannel, surface tension effects become more prevalent, due to the
small channel dimensions [18] [8].



2.4 Surface tension and Young-Laplace pressure

The above paragraph discusses the interaction at the boundary between two
immiscible liquid phases, or between a liquid phase and a solid. When looking at
two immiscible liquid phases the surface tension has an important consequence.
It generates a curved interface between the phases, as a product of the Young-
Laplace pressure. In the case of a free surface, the Young-Laplace pressure is
given by [13]
1 1
Ap =15+ ) (2.14)
where v is the surface tension, and R; and R, are the radii of the curved
boundary. However, inside a bounded area, like for instance a microchannel
with two phase parallel flow, there is only one radius present, resulting in

v
Ap = -+ 2.15
P=7 (2.15)

This radius will have a contact angle with the boundary of a microchannel.
This contact angle is a direct indication of the surface tensions between the two
liquids and the boundary

Vsly — Vsly
Viylo
This is called the Young equation [12]. The contact angle between a solid

and an aqueous phase is a measure of the hydrophobicity of the surface. If they

have a contact angle 6 > m, the solid is hydrophobic, or has a low wettability.
A schematic representation of the contact angle is shown in figure (2). The
figure is a cross-section of a rectangular microchannel with two liquids flowing

through it.
- / \
P

cosf = (2.16)

Figure 2: A schematic representation of the Laplace pressure and the contact
angle in a rectangular microchannel with two liquids flowing through it[14].



In the figure, a distinction is made between the organic phase and the aque-
ous phase, denoted by A and O respectively. d is the depth of the channel,
and w is the half width. It also shows the location and direction of the Laplace
pressure APy, and the viscous pressure APr. The viscous pressure is a pressure
difference between two phases with different viscosities and velocities, a product
of shear stress. These pressures balance each other out, in the case of a stable
interface [14].

Surface tension forces play a major role in microfluidics. One way to mini-
mize the effect of forces perpendicular to the flow of the phases, is the application
of surface modifications to a microchannel[17][19]. Microchannel walls have been
coated with a hydrophobic coating to provide more stable parallel flow, since
the interface itself is restricted in its movement in the direction perpendicular
to the flow[14]. A hydrophobic surface layer prevents the aqueous phase from
attaching. When a portion of the channel is coated where the organic phase
resides, the aqueous phase will be limited in its motion towards that part of the
channel. This prevents interface collapse due to wetting of the channel.

2.5 Two-phase flow

Several processes have been introduced that describe interactions between two
phases inside a channel. However, flow inside a channel has only been discussed
for one phase so far. In this section the steady state parallel flow of two im-
miscible liquid phases inside a microchannel will be discussed. Two phase flow
resembles one phase flow through a channel, however, it has to take into ac-
count some extra variables and processes. The Laplace pressure and the viscous
pressure discussed above are two of these. They give the boundary conditions
of where the interface between two phases will manifest itself inside the channel.
In figure (3), two phased parallel flow is shown. The interface resides at width
z=h*.

h ..
h* E — R
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Figure 3: a schematic representation of a two-phase flow microchannel for two
liquid phases with respective viscosities 77 and 7y. In this case, 1y > 11 [10]

In this figure, multiple processes are summarized. For one, it shows the
pressure drop of both liquids inside the channel. Here the overall pressure drop
is constant for both liquid phases. Liquid phase 2 will have a lower velocity at



the same pressure drop, because it has a higher viscosity, as shown in equation
(2.12a). This results in a shear stress at the interface between the two phases,
which generates the viscous pressure that was discussed in subsection 2.4. Both
liquid phase 1 and 2 must experience the same shear stress at the interface,
and both are still subject to the no slip boundary condition equation (2.6) at
the interface, but also at the boundary. This results in the following boundary
conditions for continuous parallel two-phase flow

v, z(h) =0 (2.17a)
v1,2(0) =0 (2.17b)
v, (k) = ve, z(h¥) (2.17¢)
o1,x(h*) = o9, x(h™) (2.17d)

The interface location h* is deemed important in generating no leakage par-
allel flow. The assumption is made that if the interface is formed at width
h* = %h, both phases will split off at width A* = %h at the outlet of the chan-
nel. This would result in pure phase separation, without leakage from either
phase towards the other phase outlet. This is assumed on the basis of the sta-
bility of the highly laminar flow inside a microchannel. For clarity, h* and h are
from here on out referred to as width w* and w.

In order to have parallel flow established at w* = %w, at the halfwidth of
the channel, the ratio between flow rates needs to be proportional to the ratio
of the viscosities of the used phases

Q1 _ (H1y-076
Q2 H2
This formula was found experimentally by Pohar et al.[16], in a microchannel
with a y-junction inlet but a single outlet channel. It is not directly applicable
to the y-junction inlet, y-junction outlet channel, but it does give a framework
1

of establishing parallel flow with an interface width of w* = Jw.

(2.18)
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2.6 Flow patterns

Based on the transition limits of the Reynolds number and the capillary number,
three regimes can be distinguished. One regime where surface tension forces
will be dominant over the viscous forces and inertial forces in the system, one
regime where inertial forces are the dominant forces in the system, as is the
case with turbulent flow, and one transition regime. In this transition regime,
several flow patterns can be described. The behaviour of two-phase flow and
the corresponding flow patterns have been a field of interest for various research
groups [14] [15] [18].

These patterns are shown in figure (4). For this research, double y-junction
chips were examined. in favor of T-junction chips, because the y-shaped inlet
is beneficial to the stability of parallel flow [22].

N\ s/
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Figure 4: This figure depicts several possible flow patterns inside a microchannel.
(a) no-leakage parallel flow. (b) parallel flow with aqueous leakage into organic
outlet. (c) parallel flow with organic leakage into aqueous outlet. (d) organic
droplet flow inside aqueous phase with cut-off at inlet. (e) aqueous droplet flow
inside organic phase with cut-off at inlet.

The vectors in the figure outline the direction of the flow, as well as their
relative velocity. There is a dotted line present indicating the interface of the
channel. The gray liquid represents the organic phase, while the white liquid
represents the aqueous phase. For each flow pattern, it is assumed that the
viscosity of the organic phase is lower than the viscosity of the the aqueous
phase.

The first flow pattern, figure (4a), is the no-leakage parallel flow. Here, The
interface height equals w* = %w The Reynolds numbers are in the same order
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of magnitude, their ratio given by equation (2.18) and there is no substantial
wetting present. The viscous force will be dominant over the surface tension
force, otherwise droplet flow would occur. Figure (4b) and (4c) show leakages
at the outlet of the channel. Here, it is assumed that w* = %w still holds.
Thus, the leakages could be caused by a deviation in viscous stresses due to
high viscosity discrepancies, or by surface tensions of either liquid phase with
the boundary. Figure (4d) and (4e) show non parallel flow patterns. They
depict droplet flow inside a channel. With droplet flow, it is expected that the
interface will not establish at w* = 2w, or not establish at all. Figure (4d) and
(4e) show the extreme case, where either flow is cut off due to extreme flow
rate ratios and droplet flow initiates at the inlet of either channel. If the liquid
phase that was cut off is the liquid that wets the channel, slug flow will form.
Otherwise, mono-dispersed droplets will flow through the center of the channel,
without any contact with the channel boundaries[18].

One last flow pattern that can be observed is annular flow [18]. annular flow
forms when a surface has a high wettability with either phase, and the phases
have Reynolds numbers that would allow parallel flow. In the figure below,
the aqueous phase will form a layer between the hydrophilic boundary of the
channel and the organic phase, and the organic phase will form parallel flow
around the middle of the channel, because of its hydrophobicity.

Figure 5: This figure is a schematic representation of annular flow within a
microchannel.

Since Zhao et al. [18] did not use a double y-channel, the outlet of the flow
can not be drawn with certainty. In the most stable case, the organic phase will
enter both the organic outlet and the aqueous outlet, causing both outlets to
experience leakage.

12



3 Experimental Method

3.1 Experimental Set-up

This subsection will give an overview of the experimental set-up used, to provide
context for the following subsections, discussing the variable changes, figure (6)
shows the set-up of this research schematically.

Figure 6: This schematic figure depicts the experimental setup of this research.
The pumps are denoted by A, the chip is denoted by B, and the outlets are
denoted by C.

Two syringe pumps, denoted by A in figure (6), were used to pump the
liquids phases into the microchannel, denoted by B. The outlet is connected to
two glass vials, denoted by C. The tubing connecting the pump, the chip and
the outlet was made out of teflon and had an inner diameter of 0.5mm. It was
produced by IDEX. The tube length from the pumps to the chip was 10cm.
The tube length from the chip to the outlets was 30cm.

The chip was examined through a microscope. It made use of lighting where
the chip was situated, to provide a more clear view of the microchannels.

The bottom pump of figure (6) was used for organic phases, while the top
pump was used for aqueous phases. This resulted in a view through the micro-
scope that was equivalent to figure (4), with organic phase in the bottom part
of the channel and aqueous phase in the top part of the channel.

For the analysis of parallel flow, the set-up was altered in three different
ways. Three organic phases were injected through two different microchannel
chips which were examined at changing flow rates of the aqueous and the organic
phases through the channel. Temperature, height of the inlet and outlet and
tube length were variables that were kept constant. In the following subsections
each of the three set-up changes will be discussed, together with their respective
variable changes.
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3.2 Chips

Two different microchannel chips were used. Both chips were double y-junction
chips, with two inlet-channels and two outlet-channels. One chip was manufac-
tured by the Institute of Microchemical Technology (IMT). The chip in ques-
tion was the ICC-DY15G. The other chip was manufactured by MICRONIT
Microtechnologies, the MICRONIT Microreactor H300.015.2. These chips will
be referred to as the IMT chip and the Micronit chip respectively. Changing
the chips was primarily done for the effect of the shape and dimensions of the
channel on parallel flow. This has an effect on the pressure through the tubing,
but also on the flow velocity, thus impacting the Reynolds number and Capillary
number. The dimensions of the chips are given in table 1.

Table 1: This table depicts the dimensions of each chip used.

’ Chip Depth (in pm) Width (in pm) Channel length (in mm) |
IMT chip 40 100 120
Micronit chip 150 300 14.8

Note the difference in reactor channel length of the channel. This is the
length of the channel where the two phases interact, between the y-junctions.
The length of the channel is an important factor in pressure driven flow, and
should be kept constant in able to recreate a comparable analysis on other
variables for both chips. A length difference of 105.2mm is equal to a 20%
percent increase in channel length. Thus, this is a variable that should be taken
into account when analyzing differences between the chips.

The chips did not have the same cross section. While the Micronit chip has
a shape that resembles a wide parabola. the IMT chip has a unique shape. Its
channels are separated by a wedge. The IMT company calls it a guide structure.
It promotes parallel flow stabilization [23]. The guide structure in the channel
decreases the depth of the channel at the location of the interface, which allows
a larger contact angle range, thus increasing the stability of the interface [14].

When switching the chip, a change in surface tension between the organic
and aqueous phase with the solid boundary can occur. Because the chips are
manufactured by a different company, their surface tension will not be exactly
equal, even if they are manufactured from the same material. The wettability
of a channel changes with the roughness of the channel [24]. This could play
a role in the behaviour of the phases inside the chip. Both chips are made of
borosilicate glass, which is a hydrophilic glass with a contact angle with water
of 32° [20].

14



3.3 Pump

The pumps used were AL-1000 pumps manufactured by Aladdin. 5mm syringes
were installed into the pumps. The syringes were manufactured by B-D, and
had an inside diameter of 11.99mm, which had to be taken into account when
setting up the pumps. The pumps were used to control the flow rate within the
channel. They are shown in table 2.

Table 2: This table depicts the minimum and maximum flow rates of each pump
used.

Name pump Grmin (0 pl/min)  Gmax (in pl/min)
Pump IMT 10 50
Pump Micronit 0.079 5760

Here, ¢pin and ¢p,q, represent the minimum and maximal flow rates the
pump could generate. The first pump was used with the IMT chip, while the
second pump was used with the Micronit chip. The limit on the IMT chip
pump was not due to the maximal limits set by the company, but because of
the limits that were set up on the specific pump electronically. This limited
IMT measurements. The limit on the Micronit was a function of the syringe
volume and inner diameter, and given in the Aladdin instruction manual.

3.4 Organic phases

Three different organic phases were used. All three were produced by SIGMA-
ALDRICH. The organic phases were chosen mostly on the basis of viscosity
differences. Viscosity differences between two phases in two phase flow will
give rise to pressure differences at the interface, as shown in (2.12a). Equation
(2.18) also predicts a ratio of flow rates for a set viscosity difference in order to
establish an interface at w* = %w Table (3) depicts the viscosity of each of the
three chosen organic phases, as well as their densities and interfacial tensions.

Table 3: This table depicts the significant chemical properties of each organic
phase.

| Organic phase Viscosity (in mPas) Purity 7,4 (in mJ/m?) |

Decane 0.92 > 95 % 52.33 [26]
Heptane 0.386 99 % 51.24 |26]
Toluene 0.59 99.4 % 37.1 [27]

All properties were taken at room temperature 20°C. Decane was chosen
due to its similar viscosity to water. Heptane is dissimilar in viscosity to water,
thus it was chosen to see the effects of high viscosity differences between the two
phases. Toluene could be used to explain surface tension effects in the channel.
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3.5 Silanization

One option to modify the surface layer of the boundary of a microchannel in
order to stabilize parallel flow inside a microchannel is silanization with an
organosilane. Silanization attaches an organosilane to the surface. the reactive
end of the organosilane bonds to the surface while the tail end becomes the
dominant surface chemical. If a tail end is chosen with highly hydrophobic
chemical properties, surface tension effects can be altered inside the channel.

Octadecyltrichlorosilane (OTS) was chosen as the silanization reagent. OTS
has three reactive chloride groups and a long 18-carbon tail. The chloride atoms
react with trace amounts of water and are replaced with hydroxyl groups to form
silanol groups with elimination of hydrochloric acid. These silanol groups engage
in condensation reactions with the silanol groups present on the surface of the
glass, as well as with silanol groups of other OTS molecules, forming covalent
silanol bonds. This way a self-assembled monolayer can be formed on the glass
surface [21]. This is shown schematically in figure (7).

Organosilane

or],

) ) |
cﬁzﬁk\CI [?HJH [?HJH [?HJH

Cl ) _— S~ 5 -
+Hydroxylated Surface | |
(@]

Si
OH OH OH | OH O OoH O

+Trace Water
H,O

Chemically Modified Surface

R

Figure 7: With silanization, an organosilane attaches to the surface. The tail
end of the organosilane becomes the dominant surface chemical species|21].

The coating process was guided by a method introduced by Rob Wenmaek-
ers, which he developed for his Master’s Thesis. It is outlined in table (4). It is
based on various examples in literature, Glass et al. [21] and Hirama et al. [25]
and on the possibilities within the lab.
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Table 4: This table shows the procedure required to effectively coat a microchan-
nel with a hydrophobic layer through silanization.

Step procedure material duration
1. Rinse milliQ water 2 min.
2. Hydroxylate surface 1M HC1 5 min.
3. Dry Filtered air 5 min.
4. Rinse toluene 2 min.
5. Silanization 1% OTS in toluene | 30 min.
6. Rinse ethanol 5 min.
7. Rinse milliQ water 5 min.

All the steps were carried out at 50ul/min with both syringes, except for
step 5. Since only part of the channel had to be coated, The OTS solution had
a lower flow rate, compared to the toluene coming out of the other channel.
This ensured that the OTS solution would not travel past halfway through
the channel. The flow rates chosen were 30ul/min for the OTS solution, and
90ul/min for the pure toluene. the latter was chosen to minimize diffusion of
OTS to the other side of the channel.
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4 Results and Discussion

4.1 IMT chip
4.1.1 IMT flow pattern plot analysis

A general insight in parallel flow inside a microchannel was the starting point of
this project. This was done with flow pattern plots, examining various flow rate
ratios. Below, in figure (8), the flow pattern plot of the organic phase decane
and the aqueous phase is shown for the IMT chip. For this range, 10ul/min —
50ul/min, it showed all the possible two-phase flow options surrounding parallel
flow except annular flow. These are given again in the legend of the figure.
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Figure 8: A plot of various flow ratio’s between decane and water. parallel flow,
aqueous leakage denotes the flow pattern discussed in figure (4b), while parallel
flow, organic leakage denotes the flow pattern discussed in figure (4c).

Decane has a viscosity closest to water, relative to the other organic phases
used, so their relative flow rate is closest to 1 for a centered interface, as described
by Pohar et al. in equation (2.18) [16]. This proposed ratio is represented by
the line through the flow pattern plot. When the relative flow rate was near the
centered interface equilibrium, leakage to either side appeared to minimalize.
High relative flow rates resulted in a cut-off at either phase, resulting in droplet
flow. Thus, the different two-phase flow possibilities were behaving as described
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by the theory.

While the two-phase flow behaved similar to the theory’s predictions, it was
apparent that aqueous leakage seemed to appear more frequently than organic
leakage. For instance, where no leakage parallel flow was expected, slight aque-
ous leakage occurred. While doing measurements, the organic channel seemed
to be wetted by the aqueous phase, allowing for a lower threshold for aqueous
leakage into the organic phase to occur. This was also prevalent when leakage
occurred in general. Organic leakage into the aqueous outlet manifested itself
as droplet flow, while aqueous leakage into the organic outlet flowed parallel to
the organic phase. The wetting of the organic outlet can be seen in the figure
(9), which is a photo taken of the process. Small aqueous bubbles arose in the
organic phase. This phenomenon increased with aqueous flow rate, which is in
line with the non-leakage parallel flow disappearing with higher flow rates.

Figure 9: A photo showing the wetting of the organic channel by the aqueous
phase, making aqueous leakage into the organic outlet more plausible. It was
taken at a flow rate of 30ul/min for both the organic and the aqueous phase.
The organic phase depicted is decane.

Parallel flow without any leakage did occur in the case of decane, but only in
the lower flow rate ranges. Here, the wetting was less prevalent, which allowed
the parallel flow to stabilize longer. Indefinite stabilization of no leakage parallel
flow did not occur. Perturbation in the pumps and inertial forces could be the
explanation of the instability of the parallel leakage. Table (5) shows that the
minimum Reynolds number was slightly above 1, and the maximum Reynolds
numbers observed in this experiment were well above 1 for the IMT chip. This
means inertial forces were not negligible.

Table 5: This table depicts the range of Reynolds numbers and capillary num-
bers observed inside the IMT glass chip.

| phases | Renin | Remax | Camin X 1073 | Camas X 1073 |

Water 3.7 19 - -
Decane 3.0 15 0.73 3.7
Toluene 5.5 27 0.66 3.3
Heptane 6.4 32 0.31 1.6
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It can be concluded that the Stokes flow derivation cannot hold in this case,
since it required Re << 1. This could mean that the equilibrium between the
Laplace-pressure and the viscous forces is impacted, because the inertial forces
would cause instability. This could give rise to interface collapse, thus allowing
the wetting of the channel. Slight annular flow would occur, guaranteeing aque-
ous leakage into the organic phase outlet. In table (5), the range of capillary
numbers for the IMT chip is also shown. In this range, capillary effects are
not negligible, since droplet flow was detected. However, figure (8) showed that
changing the flow ratios still had a dominant impact on the flow patterns.

The results did not contradict for all three organic phases. The flow pat-
tern plot figures for heptane and toluene are in the Appendix. Increasing the
aqueous flow rate above the proposed ratio gave rise to organic leakage into the
aqueous outlet, and decreasing it resulted in aqueous leakage. This process can
be examined further when looking at relative flow rates more closely. Ry is de-
fined as the ratio between the organic phase and the aqueous phase Qorg/Qaqgs
and is expressed in figure (10).
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Figure 10: A plot of the average flow rate through a channel compared to the
relative flow rates, depicting the flow patterns present. This plot compares
toluene to the aqueous phase.

Various conclusions can be deduced from this plot. The transition between
organic leakage and aqueous leakage, flow patterns shown in figure (4c) and
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figure (4b) in subsection (4), occurs at a flow rate ratio required for a centered
interface. This is another indication that an interface at w* = %w is highly
important for no leakage parallel flow, or NLPF, inside a double y-channel.

Furthermore, the flow pattern present in the microchannel is dependant on
the relative flow rate. This can be deduced due to the fact that the flow pattern
changes steadily as toluene’s flow rate is increased compared to the aqueous
phase. The flow rate ratio in itself does not represent any force acting on the
channel. The forces responsible for this behaviour are the viscous forces at the
interface. Equation (2.12a) shows that in one phase flow, the pressure drop over
the length of the channel Ap(z) is linearly dependent on the viscosity u and
the velocity of the liquid phase v(x). Subsection (2.4) and (2.5) introduced the
difference in this pressure between the two liquid phases as viscous forces. If the
relative pressure at the outlet is large enough, and the interface roughly resides
at w* = %w, the interface will be dislocated from the outlet of the channel and
leakage will occur. The relative pressure at the outlet is the ratio between the
pressure of the organic phase at the outlet versus the pressure of the aqueous
phase at the outlet and is only dependant on the viscosity ratios and the velocity
ratios, since microchannel dimensions cancel out in the case of w* = %w This
relative pressure will be denoted as R,.

When analyzing the flow patterns further, the results from all three organic
phases could be compared. Figure (11) shows a comparison between all three
organic phases.
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Figure 11: A figure showing the distribution of flow patterns for the average
flow rate versus the relative pressure R, they were observed at.

A clear correlation between the relative pressure and the flow pattern is
observed. Figure (11) also shows where equation (2.18) originated. Where
previously the transition from organic leakage to aqueous leakage occurred at
that relative flow fraction, figure (11) shows that this transition now occurs at
a relative pressure of 1. In other words, if the two phases are driven by an equal
pressure, NLPF will be most likely.

4.1.2 IMT NLPF

This does raise one question. In the flow pattern plots, no-leakage parallel
flow was only found sparsely. The flow pattern plots did help to narrow down
the regions inhabited by flow patterns. In the the region of pressure equilib-
rium, NLPF was found for each organic phase in the same region of flow rates,
10pl/min — 50ul/min. It is important to note that while brief NLPF was ob-
served, the interface did not stabilize long. Again, this is accounted to the
pertubation of the pump, and the slight inertial forces impacting the flowrates.
The values of this short term NLPF are shown in figure (12), which is a version
of figure (11), zoomed in to the pressure equilibrium.
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Figure 12: This figure shows the location of short term NLPF within the flow
pattern analysis. Here, x depicts organic leakage, /A depicts short term NLPF
and o depicts aqueous leakage.

As seen on the scale, short term NLPF found was in the region of 0.9 —
1.1R,, between the transition from organic leakage to aqueous leakage. The
total Reynolds number does not seem to impact the short term stabilization
of NLPF. Outside of this region, it was impossible for all three organic phases
to establish NLPF, because the pressure difference would push the interface off
w* = %w at the outlet, resulting in leakage. Through this, together with the
correlation between relative pressure and flow patterns determined shown in
figure (11), it can be concluded that viscous forces are the dominant factor in
determining flow patterns in this regime, if the interface stabilizes itself roughly
at width w* = %w However, the surface tension force and the inertial forces
still impact the stability of the interface and flow patterns in this regime.
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4.2 Micronit chip
4.2.1 Micronit flow pattern plot analysis

With the IMT chip, most processes that interact with the ability of a two-
phase flow to stabilize into parallel flow were examined and discussed. The
goal of further research with the Micronit chip is twofold. On the one hand,
the observations with the Micronit chip could be used to solidify the already
standing arguments presented with the IMT chip. On the other hand, it could
be used to explain processes the IMT-chip data was insufficient for, or prove
theorems that arose while looking at the IMT-chip. Examining extremities in
two-phase flow is an example of the former, the effect of the wettability of the
channel and persistent aqueous leakage into the organic phase outlet, which will
be discussed later, are examples of the latter.

When evaluating the Micronit chip, a different pump could be used, which
allowed for higher flow rates. This also meant that higher flow rate ratios could
be examined. This was done with another flow pattern plot, this time ranging
from 10ul/min to 90ul/min. Higher than 90ul/min was not desirable, because
of the implications a higher Reynolds number would bring. Because of the
dimensions of the Micronit chip, higher flow rates could be used without going
into even higher Reynolds regimes. Its results are shown in figure (13).

v stall
O aqueous droplet flow in organic phase
% parallel flow, organic leakage
10 O parallel flow, aqueous leakage
o ¢ organic droplet flow in aqueous phase
° p
g 81 o °.0 e i
E o o © ® g
= o Ol e
3 © o g
° % ) o ® . @ o
S 6r % o P@ x o 7
[0} o [e] -®
14 <& o o @" x ® o
() .
o ¢ o o o . @ ® o -
I o .0 ®
2 4t ¢ o o: . o
s 4 o o : @ x o
o e «
* o
o o o o o
o o .
) o ®
oL ¢} o: ® i
v : v
v.
0 i
10° 10"

relative pressure decane R b

Figure 13: A plot depicting the flow patterns distribution for a relative pressure
R, between decane and water for the Micronit chip.
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Again, the transition between organic leakage and aqueous leakage occurs
at R, =1, even though NLPF is absent.

With the Micronit chip, a new phenomenon is observed. Where the IMT
chip did not show simultaneous aqueous and organic leakage, the Micronit chip
almost always had some form of aqueous leakage into the organic outlet. This
made NLPF impossible in the Micronit chip. As seen in figure (13), only at high
pressure differences did aqueous leakage not occur. Even then, the flow pattern
quickly transitioned into aqueous droplet flow. The process of double leakage is
shown in figure (14). It is a photo taken through the microscope at an organic
flow rate of 80ul/min and an aqueous flow rate of 60ul/min, altered slightly so
both leakages could be visible.

2 gz

Figure 14: A photo of the Micronit chip, where both organic and aqueous leakage
are present simultaneously. The decane outlet is situated in the bottom side,
while the aqueous phase exits the top outlet.

One explanation for this could be the roughness of the Micronit channel
increasing its wettability. The Micronit chip was of lesser quality than the
IMT chip. This could be seen clearly when looking at the smoothness of the
boundaries of the chips through the microscope, and it can be seen by comparing
figure (9) and figure (14). The photo also shows us that organic phase leakage
was in the form of droplet flow, while aqueous phase leaked parallely to the
channel. This can be explained by the wettability of the chip. Borosilicate glass
is hydrophilic in nature, thus the aqueous phase will manifest itself easier on
the boundary than the organic phase, which is more likely to produce as little
contact as possible with the boundary.
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4.2.2 IMT and Micronit comparison

The IMT chip and the Micronit chip were hard to compare. The channel di-
mensions are dissimilar, but the flow rates are in the same order of magnitude.
This results in a pressure present at the IMT chip outlet in the order of p = 10°.
This was at a factor 10? higher than at the Micronit chip outlet, which only had
a pressure at the outlet in the order of 103, since their cross section areas differ
approximately by a factor 10, see table (1) in subsection (3.2). The pressure at
the outlet was calculated using equation (2.12a) and approximating both chan-
nels as a rectangular channel. Despite the pressure differences, both systems
show the same behaviour approximately. One difference that is apparent is the
stall in the Micronit chip, which is not observed in the IMT chip. Thus, the
stall in the Micronit chip could be a product of the low pressure inside the mi-
crochannel. A major increase in total pressure at the outlet does not change the
flow pattern behaviour directly. The total pressure at the outlet could affect the
stability of the interface. Due to the lower pressure observed at the outlet in
the Micronit chip, the interface was able to move more freely with perturbation,
increasing the instability of the channel.
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4.3 OTS coating

The lesser quality of the Micronit chip could have impacted the wettability of
the channel boundaries. This was counteracted by coating the chip with an
organosilane with a hydrophobic tail end, as discussed in subsection (3.5). This
proved to be highly successful. In figure (13), aqueous and organic droplet flow
and stalling could be examined. The relative pressure plot of the OTS-coated
Micronit chip, figure (15), shows a comparative exceptionally stable parallel
flow.
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Figure 15: A plot depicting the flow patterns distribution for a relative pressure
R, between decane and water for the OTS coated Micronit chip.

Even at extreme pressure drop ratios R,, parallel flow persists in the OTS
coated Micronit chip, from here on referred to as OTS chip. NLPF situates itself
around the pressure equilibrium. It can be concluded that the coating of a chip
with a hydrophobic layer can be very beneficial to NLPF. Unlike the IMT chip,
this parallel flow was stable for longer than a few seconds. As a comparison, all
the OTS chip and Micronit chip values are given in one figure, figure (16). This
figure shows two lines, each representing one chip. This representation makes
comparing the chips more concise.

Figure (16) divides the pressure ratios of the regular Micronit chip and
the OTS chip into flow pattern pieces. This is represented by the black lines.
The Micronit flow pattern line shows four different flow patterns, of which two
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Figure 16: A plot of various flow ratio’s between decane and water for an OTS
coated Micronit chip and a regular Micronit chip. The relative flow ratios of
the OTS chip are cross referenced with their original Micronit chip values. The
top line represents the OTS chip, the bottom line represents the Micronit chip.
The denotations for the flow patterns are similar to previous figures: ¢ depicts
organic droplet flow, o depicts parallel flow with aqueous leakage, /A depicts
NLPF, x depicts parallel flwo with organic leakage, and depicts aqueous droplet
flow.

droplet flow patterns. The OTS flow pattern line shows three, all parallel flow
patterns. the coating eliminated any droplet flow in the Micronit chip. Stalling
also was not present anymore. Finally, it enhanced the range in which NLPF
could be found, which is between 0.7 < R, < 1.3.

However, after several days of measurements, the coating seemed to degrade.
This was evident due to small air or aqueous phase pockets forming on the
coated side of the channel. Since it is only a single layer modification of the
channel, rapid degrading of the coating could be possible. This would mean
this particular coating would be ineligible for the coating of microchannel in
a radioactive process, since radiation will be able to break down the chemical
bonds of the coating [28§].
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5 Conclusion

Viscous forces are the dominant factor in determining flow patterns in the IMT
chip, if the interface stabilizes itself near the width w* = %w, for Reynolds
numbers in the order of 10° < Re < 10! and for capillary numbers in the order
of 107* < Ca < 1073. However, the surface tension force and the inertial
forces still impact the stability of the parallel flow in this regime negatively,
since droplet flow formation was observed, and the interface was observed to be
unstable.

The viscous forces are dependant on the velocity ratios and the viscosity
ratios of the liquid phases. For high relative pressure, droplet flow patterns will
be observed, while for relative pressure equaling unity, different parallel flow
patterns are observed.

NLPF was established with the IMT chip. However, due to instability of the
flow, caused by the surface tension and the inertial forces, but possibly also by
the perturbation of the pumps, the NLPF only stabilized for short periods.

In the case of the Micronit chip, it was observed that the wettability of
the channel was a major destabilizing factor for the flow patterns observed.
NLPF was not found in this chip, due to inevitable parallel aqueous leakage. By
selectively coating the chip with a hydrophobic layer, parallel flow was stabilized.
This resulted in large, stable NLPF range. However, this particular coating will
not be suitable for use in the extraction of radioactive materials, due to the
possibility of rapid degrading when brought in contact with radiation.

A higher total viscous force at the outlet of the channel seems preferable for
stability of parallel flow. This renders small variable changes negligible. Stall
was observed in the Micronit channel, which could have been counteracted by
higher viscous forces present.
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6 Recommendation

In this paper, pressure differences at the outlet were deemed to be the dominant
factor in determining flow patterns, due to viscous forces differences. However,
pressure at the outlets was only changed by changing the flow rates of the
pumps. Changing the pressure at the outlet due to varying height of the outlet
tubing, length of the outlet tubing and outlet diameter could provide further
insights for understanding parallel flow inside a microchannel.

The major factors that had negative influence on the parallel flow, were sta-
bility effects. Surface tension force, inertial forces and pump perturbation all
caused instability in the interface. These effects are inherently coupled to two
phase flow or experimental set-up. However, some effects have been proven to
be successful in stabilizing the interface. Coating the chip selectively with a
hydrophobic coating and installing a wave guide were measures to stabilize sur-
face tension effects. An further examination of two phase interface stabilization
could prove useful. This examination could examine coating effects further, by
changing coating methods, coating surfaces and coating layers. A research could
also specifically look at the effect of changing the cross-section of the tubing,
including regular cross section changes, but also introducing the effects of wave
guides.

30



7 Appendix
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Figure 17: two flowchart plots, showing various ratio’s between organic phases
and water, together with a line that predicts where the interface should be in
the middle of the channel for each respective organic phase.
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