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Abstract: Changes of hydrodynamic parameters in microchannel branches affect the
suspended biological samples in blood. To prevent denaturation and hemolysis, we have
numerically investigated the effect of divergence angle on shear rate and velocity at branch
entrance (discharge rate), under electroosmotic flow. In such flow, hydrodynamic properties
are also affected by zeta potential at the microchannel walls. We have also studied the
effect of change of zeta potential (&) proportion at main channel wall (§1) to that of branch
channel (£2), on the discharge rate to find its maximum for different divergence angles. In
the divergence angle of 60° and while zeta potential at the branch wall is equal to its value
at main channel wall, the tendency of particles to pass through the branch is the highest
among all examined degrees. At the zeta potential proportion of ( £1/£2 =0.5), the change
of divergence angle has almost no effect on the maximum velocity in the branch. In
addition, with increase of divergence angle from 60° to 150°, the shear rate at the branch
will become 2.1 times higher.
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1 INTRODUCTION

Electrokinetic flows are a suitable alternative for pressure
driven flows in sample transport and fluids transfer in
microfluidic systems [1]-[4]. Due to the simple
manufacturing process and absence of moving parts, using
electrokinetic flows in small channels and microchannels is
extremely useful [5],[6]. One of the electrokinetic
phenomena which has recently been considerably
investigated is electroosmosis [7]. Electroosmotic flows are
widely used to transport liquids and separate samples in
many biological applications and chemical analytic systems
[8]. One of the important implications of electroosmotic
flows is in lab on a chip (LOC) devices [9]. Electroosmotic
flow in LOC have found many implications in biochemistry,
biology and medicine such as drug delivery [10], synthesis
and production of various organs [11], cellular analysis [12]
and etc.

Many researchers have studied electroosmotic flow for
channels with different geometries and conditions [13]-
[16]. In all these devices the existence of networks of
microchannels is essential, and in most of them, a liquid or
biological sample must be driven in a microfluidic network
with the following characteristics: delivery on demand,
within the required time span, without any pressure
disturbances, and without portability problems [17]-[19]. In
any microfluidic network, there are microchannels in which
various branches with different geometries must be used to
merge, manipulate or separate liquids and different biologic
samples. Most of this geometries are T-shaped or Y-shaped
[20]-[22], and the geometrical properties of the junctions
have important hydrodynamic impacts on the fluid flow and
the carried particles [23].

There are several reports on the effect of branches’
geometry on the fluid flow. Ebrahimi et al. (2014) had a
comprehensive study on heat transfer and flow entrainment
in T-shaped microchannels under combined pressure-
electroosmotic driven flows. Enhanced mixing was
achieved due to non-uniform zeta potentials, which pushes
the induced vortices into the middle of the channel [20]. In
another study, Mansur et al. investigated the efficiency of
entrainment in micro mixtures with one and double-sided
T-shaped microchannels without any physical/geometrical
inclusion [24]. The double-T-mixer was much more
efficient compared with the original configuration. The
researchers also considered the mixing efficiency with and
without static mixing elements (SME), and it was revealed
that the increase of mixing efficiency is a function of eddies
and lateral velocity components upon flow of mixture
through these elements. The latter trend prevails in almost
all related studies, nevertheless, the junction angle and its
various hydrodynamic impacts are not much dealt-with, and
the majority of research papers are focusing on 90° angle,
T-shaped branches [13]-[23]. The impact of divergence
angle change on the hydrodynamic properties of
electroosmotic flow such as shear rate [25], flow discharge
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rate and maximum speed at different cross-sections of the
microchannel is significantly important, yet to be
comprehensively studied. The value of shear rate has a
direct impact on the shear stress imposed on the suspended
particles in biologic samples [26].

Excessive shear stress may lead to the cell/protein
denaturation and for example for red blood cells causes
hemolysis in the blood sample [27], [28]. Moreover, the
discharge rate, expressed as the tendency of suspended
particle to pass through the branch, is related to the
divergence angle [29]. In this paper, the effect of divergence
angle change on the shear rate at the branch and also the
tendency of particles to pass through the branch is
investigated. Our results show that increase of divergence
angle might lead to attenuated stress levels, and possibly
denaturation of the transported proteins, immediate to the
junctions. Moreover, by proper adjustment of the surface
potential of intersecting microchannel, the impact of the
junction angle on the flow velocity in the sectioned channel
can be cancelled out.

2 MATHEMATICAL MODEL

Electroosmosis is a phenomenon inherently related to the
interaction between fluid and its solid boundaries [30],[31].
In the electroosmotic flow the fluid is driven due to the
electric field. After the fluid comes in contact with
microchannel walls, the counter ions in the fluid migrate
toward the charged walls and an electric charge gradient
prevails near the walls. This ion distribution is described by
Boltzmann equation (ni=n,, exp[zey/(ky, T)]) [32], where n;
stands for ionic number density of ith ion, n,, denotes ionic
number density of bulk flow, z is the absolute value of the
ionic valence, e is the fundamental charge of an electron, kb
represents Boltzmann constant,  is electrical field
potential, and T denotes the absolute temperature in Kelvin.
Due to the ionic distribution along the microchannel wall,
an electrical layer is formed, in which, charge gradient exist
near the wall and ion distribution is uniform in the rest of
bulk flow, called electric double layer (EDL), described by
the Poisson equation ((6°y)/(8y? )=pe/(ego )) [33]. Where pe
is local net charge density per unit volume, € and g, are the
electrical permittivity constants in the medium and in the
vacuum, respectively.

For mathematical modelling of electroosmotic flow, fluid
flow and electric field equations must be solved
simultaneously, described by Navier-Stokes equations [34]
and the Poisson-Boltzmann equations, respectively. In this
paper, a rectangular microchannel is considered, the main
flow direction is considered in the X direction, while the
channel length is L, its height is H, and channel width is W
(Fig. 1-a).

In analysis of electroosmotic flow in microchannels
generally a fully developed laminar flow along the
microchannel can be reasonably considered, because of the
low Reynolds number (RE<1) encountered. Moreover, since
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the microchannel width is considerably greater than its
height (W>>H), changes in velocity and ion density at
channel width can be ignored and the problem can be solved
2D.

a)

15 um Main Channel

2 220 um -

Fig.1  a) Schematic of the rectangular microchannel
considered, b) Dimension of branches, divergence angle and
applied zeta potential on microchannel walls (Not in scale)

2.1. Electric Field and lon Distribution

EDL field manifest its impact on the velocity field through
an electric body force in the Navier-Stokes equation. As a
result, to determine the flow field, EDL field must be firstly
solved to obtain ionic density distribution in the EDL,
described by the Boltzman distribution [33]:

Pe = —2n4ze sinh (g) (D
b

To solve 2-dimensional EDL field in a rectangular
microchannel Poisson, equation (Eq. 2) is used [33].

P _ pe )
9y2  eg, @
In this equation, p,, is ion density in EDL. By substitution of
the Boltzmann equation (Eqg. 1) into the Poisson equation,
the governing Poisson-Boltzmann equation will be obtained
[33]:

0% _2nte o (ﬂ) 3)

ay? eg, k,T

Upon solving the Poisson-Boltzmann equation (Eg. 3), the
ionic distribution in the microchannel is determined, which
will be later used to determine the ion density profile and
finally the velocity profile.

2.2. Fluid flow in rectangular microchannel

The Navier-Stokes equations for a fully developed, steady
state, and incompressible flow with constant viscosity, and
under atmospheric pressure, for a dilute solution is as
follows[34]:

0%u
u<6_yz> = Fy (4)

where F, denotes the body forces, and equals the product of
to the electric field (E,) and local ion density (p.) [33]:

Fy = peEx ©)

Incorporating Eq. (1) and Eqg. (4) in the Eqg. (5), the
governing velocity field equation will be obtained [33]:

0" =2 i h(Zqu)]E 6
1 ayz) = Ny ze sin k1) | B (6)

3 NUMERICAL MODEL

For numerical simulations, a rectangular microchannel and
its branch is considered with the schematic illustration
shown in Fig. 1-b. An electric potential is applied between
the inlet and outlet of the main channel and the walls
experience ¢1 and &2 potentials as the boundary conditions
(Fig. 1-b). &; is the amount of surface charge accumulated
on the microchannel wall.

Differential equations which were explained in the
mathematical model section are solved by finite element
software Comsol Multiphysics using a 2-dimensional
triangular element. To insure independence from the mesh
size, sensitivity analysis was performed with "3%"
difference threshold. Numerical model is validated and
compared with the results published by Bianchi et.al [35],
where it is appropriate.

4 RESULTS

To investigate the effect of divergence angle change on the
shear rate, the numerical model in 4 branch angles of "60°,
90°, 120° and 150°" was implemented. To facilitate
studying the impact of divergence angle change on the flow
characteristics, a half-zone (&) is defined at the entrance of
branch according to Fig. 2 Due to the divergence angle
change, many changes in hydrodynamic properties of the
flow can be observed in this zone. Here, the length of
entrance half-zone is "5 pm".

Entrance half-zone

Fig.2  Schematic of entrance half-zone
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Shear rate plays an important role in accessing the health
state of cells/proteins upon passing physical obstacles in
micro/nano-channel networks. Shear rate is computed by
our FEM model at the non-dimensional entrance half-zone
for the 4 divergence angles "60, 90, 120 and 150°" and
tabulated in Fig. 3 The distance (x) from the branch toward
its center is non-dimensionalized by the "5um" entrance
half zone (x* = xé~1). The shear rate (s7!) is also non-
dimensionalized by the critical shear rate of the Red Blood
Cells (s71,. = 764 x 103 s~1)[27], above which the cell

s~ 1

will be denatured (s™1" = ).
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Fig. 3 The non-dimensional shear rate along the entrance half
zone of the channel branch for 4 divergence angles "60, 90, 120
and 150°". Increase of branch angle above "90°" results in a
sudden increase in the shear rate
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Fig. 4 The non-dimensional Velocity (v) through the non-
dimensional entrance half zone (x") for the 4 divergence angles
"60, 90, 120 and 150°" (Change in angle of divergence have no

considerable effect on velocity magnitude.)
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Figure 3 illustrates that increase of divergence angle above
"90°" leads to a significant increase in shear rate. Upon
increase of divergence angle from "60°" to "150°", the
maximum shear rate shall increase 2.1 times higher than the
previous amount. Critical shear rate would denature the red
blood cell (RBC) in bloods sample, while entering the
branch. One might speculate that change of divergence
angle impacts the shear rate due to a sudden change in the
velocity magnitude immediately to the entrance half zone.
However, Fig. 4 shows that change of divergence angle
does not have a considerable impact on the velocity (v")
magnitude (velocity is non-dimensionalized by the 0.004
mm/s v'=v/0.004). Nevertheless, steep change of velocity
direction, and accordingly, deflection of the streamlines
would bring about maximum shear imposed on the fluid and
suspended particles carried along. This result has a
significant importance in prediction of branches and
manipulation lines in lab-on-a-chip devices where
knowledge of shear rates experience by proteins is required
before the fabrication stage.

In addition to the entrance half-zone, shear rate changes

significantly at channel walls immediately to the branch.

Fig. 5 below depicts the change of shear rate (s™1" = SS:)

cr

with respect to the non-dimensionalized immediate-Junction
Length (L*). The distance (L) from the Channel walls
toward immediate to the branch is non-dimensionalized by
the "0.5um" (@) Immediate-Junction Length (L* = La™?1).
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Fig. 5 The Non-dimensional shear rate along the non-dimensional
immediate-junction length. The shear rate is non-dimensionalized
by the critical shear rate of the red blood cell: s7%, = 764 x
103s~! and the distance (L) from Channel walls toward
immediate to the branch is non-dimensionalized by the 0.5 um (&)
Immediate-Junction Length (L* = La~1). Wall shear rate remains
almost the same along the channel wall expect for branch angles
above "90 degrees" were the maximum wall shear rate increases
for one order of magnitude for increase of angle from "90 to 150".
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Figure 5 shows that upon increase of branch angle over
"90°", there is a sharp increase in the wall shear rate
immediate to the branch. This observation is especially
important considering the fact that due to intrinsic charge of
the proteins, they often tend to stick to the microchannel
walls and if the microchannel network has not been
carefully designed, any steep divergence angle would
definitely result in protein denaturation. For example, the
wall shear rate near the branch entrance will increase for
around one order of magnitude from 0.3 at 60° to 1.6 at
150°.

To investigate the effect of zeta potential on the tendency of
suspended particles to enter the branch, a microchannel with

a width of "20um", at 3 branch angles of "30°, 45° and
60°", and with three ;—1 proportions of 0.5, 1 and 2 is
2

simulated. The velocity profile across the channel width (at
the branch), and also, the maximum velocity is recorded.
Fig.6 shows the velocity profile at the branch exit cross-

section for 3 conditions of G 0.5, G 1 and G 2 and
&2 &2 $2

3 branch angles of "30°, 45° and 60°".

(m/s)

0.0002 0.0001 ° 00002 0001 o
(m) (m)

a) ':“1//;: =2 b)
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c) 6_1/;: =05

Fig. 6 The velocity profile in outlet section of branch for 3
divergence angles "30, 45 and 60°". In almost any wall electric
potential distribution, increase of branch angle results in increase
of branch velocity; however, when &, = 2§, the velocity at the
branch is independent from the branch angle

Figure 6 reveals that when branch has more surface charge
density than the main channel, the branch angle has
negligible effect on the velocity magnitude of the branch.
However for any other configuration, increase of branch
angle would increase the velocity in the branch, a counter
intuitive observation. Presumably, the reason behind this
observation is the fact that the fluid driving force is the
surface charge density whether on branch or main
microchannel walls. As a result, the head lost which

becomes prevalent with increase of branch angle, in
pressure driven flows, is absent here.
Particles’ tendency to enter the branch can be correlated to

the increase of maximum velocity at the branch. This
speculation is reasonable for dilute solutions, where the
solute does not affect the flow pattern, since the suspended
particles closely follow the flow pattern. Fig. 7 below,
shows that for any electrical potential on the walls except

for the 2—1 = 0.5, increase of branch angle results increase of
2

maximum velocity and as a result, increase of particles
tendency to enter the branch.
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§ 05 - *——e * §1/62=2
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f
= 0 7 )

25 45 65

Branch Angle (degree)

Fig. 7 Increase of branch angle results in increase of maximum
velocity in the branch. The branch Maximum velocity is plotted
for three zeta potential ratios and for three branch angles.

Figure 7 also shows that for ?—1 = 1, case of uniform charge
2

density distribution over microchannel walls and branch,
increase of divergence angle results in increase of maximum
velocity in the branch. Therefore, in this case, the particles
tendency to pass through the branch increases upon increase
of branch angle.

5 CONCLUSION

Through numerical simulations we have demonstrated that
increase of branch angle to more than 90°, results in a
significant increase in the shear rate immediate to the
branching zone and the microchannel walls. In more details,
upon increase of branch angle from "60° to 90°", the shear
rate increases for 210%. This observation is practically
important, since due to numerous applications of
electroosmotic flows in transport and control of biologic
samples, existence of multiple branches is inevitable and
improper design of these microfluidic networks would result
in denaturation of different cells and proteins. Moreover, we
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have shown that the tendency of particles to enter branches
generally increases with increase of branch angles.
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