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ABSTRACT: Studying the dynamic behavior of droplets is very important in electrowetting phenomena.
Due to the widespread application of non-Newtonian fluids, in the present study, the dynamics of
non-Newtonian Carreau droplets have been investigated. The effects of the viscosity, the size and the
applied voltage on the oscillations and the change in the height of the droplets have been inspected. The
simulations have been conducted using the finite element method and in order to validate the method, the
results have been compared with the available experimental and numerical results. The results indicate
that by increasing the viscosity the amplitude of the oscillations increases but the frequency remains
constant. These are similar to those of the Newtonian fluids with this difference that in Newtonian fluids
the amplitude is larger but the frequency is smaller. Also, for Carreau fluids when the power index is
smaller than one the results are similar to the Newtonian fluids but when the power index is larger than
one the droplet reaches its final height faster and without any fluctuation. Increasing the height in the
non-Newtonian fluid leads to an increase in the amplitude of the oscillations and decreases the amount
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1. INTRODUCTION

The electrowetting phenomenon operates on the basis of
the electric capillary property that first was introduced by the
French scientist Gabriel Lippmann. Accordingly, the wetting
behavior of liquid droplets can be changed by applying the
electric potential field. The droplet is placed on a hydrophobic
surface. As a result of the applied voltage, the equilibrium
surface tension changes [1]. In recent years there have
been many studies that can be divided into numerical and
experimental sections.

In the field of numerical research, an analytical model for
calculating and analyzing the average droplet temperature
in the electrowetting phenomenon was proposed by Oprins
et al. [2]. In 2015, Izadpanahi et al. [3] investigated the
movement of water droplets inside a microchannel under the
electrowetting phenomenon. The simulation of electrowetting
phenomena was carried out using OpenFOAM software
applying the interfoam solver.

Experimental and laboratory studies are as follows. Hong
et al. [4] in 2013 investigated the effect of droplet size and
its viscosity on the dynamic droplet deformation including
response time, maximum velocity and transmission pattern
because of the direct current voltage in both the experimental
and numerical methods . Experimental and laboratory
studies of Ref. [5] showed that the frequency and amplitude
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of fluid droplet fluctuations under the electrowetting
phenomenon depend on parameters related to the material
such as density, viscosity and mass of the material. As has been
already explained, the electrowetting phenomena have made
great progress in scientific and industrial issues, particularly
in the field of heat transfer and fluid drop motion. Therefore,
the behavior of the fluid drop during its movement is very
important due to the change of the contact angle of the fluid
drop with the surface. In recent studies, the need for this study
has been quite evident as many investigations have been done
on the dynamics and motion of the drop. In general, fluids
can be divided into Newtonian and non-Newtonian groups.
Previous works have been focused on Newtonian fluids.
Therefore, due to the expansiveness of non-Newtonian fluids
and the increasing applications of this fluid in scientific and
non-scientific fields, this study will investigate the dynamic
behavior of a non-Newtonian fluid drops. The Carreau model
is used to model non-Newtonian fluids. Since it is not intended
to investigate a particular type of non-Newtonian fluid, the
non-Newtonian properties of the blood will be considered as
the basis and only the Carreau power index will be changed.

2. METHODOLOGY

In this section, applying the Finite Element Method
(FEM) method will be studied to investigate the changes of
electrowetting properties. The level set solver is used to solve
the problem numerically. The geometry is two-dimensional
with axial symmetry. According to the shape of the droplet,
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Fig. 1. (a) Results of the present work; and (b) The results
of Ref. [5].

only a quarter of a circle with an initial angle of 90 degrees and
aradius r is considered. After applying the voltage, the contact
angle of the drop begins to change.

The software solution interface is a level set method that
can specify the interface between two fluids, so the Navier-
Stokes equations are solved incorporating the Young-Lipman
equation. The drop is initially at the height , that stops after
changing the contact angle and reaching the final height & .

All the solutions are carried out at 20 °C. Blood is used
here as a non-Newtonian fluid, but its main purpose is to
investigate the dynamic behavior of a non-Newtonian fluid
based on the variation of the parameter n (Carreau power
index). Therefore, assuming that the properties of the non-
Newtonian fluid remain constant on the basis of its blood
properties, only the parameter n (Carreau power index) is
changed.

3. RESULT AND DISCUSSION

In this study, the structured and non-structured grids
were used. To investigate the independence of the mesh,
the results for different grid sizes are examined, namely, for
0.05, 0.1, 0.15 and 0.2 mm. One of the parameters discussed
in this paper is the variation of the initial height of the
fluid drop which can be referred to as the amplitude of the
difference between the first wave and the second wave as the
basis for the independence of the mesh, which is different for
different values. This value is slightly different for different
meshes that can be ignored.

For verification, the results of Ref. [5], which has been
conducted experimentally and numerically for Newtonian
fluids, will be used. In this study, the dynamic changes
of water drop at 20°C were performed numerically and
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Fig. 2. The fluctuation diagram of the height and final height

of the non-Newtonian fluid drop (blood) as a function of

the initial radius of the drop for the final contact angle of

60 degrees.
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Fig. 3. A comparison between the fluctuations of the
height and final height of the non-Newtonian fluid drop by
varying the coefficient n in the Carreau model for values of
n smaller than one and with a contact angle of 60 degrees.

experimentally in the laboratory and the changes in drop
height were recorded by a camera. In Fig. 1, we compare
their numerical solution results which are checked by the
experimental outcomes, with the results of the present work.
The water drop is initially at a temperature of 20°C and a
radius of 1.25 mm, which eventually reaches the final angle
of 50°. The final drop height stabilizes after fluctuations of
0.7 mm. As can be seen, in both forms the final drop height
is approximately the same, with very little error.

Increasing the fluid volume and, consequently, changing
the drop height increases the amplitude of the oscillations.
It can be seen from Fig. 2 that as the initial height of the
non-Newtonian fluid drop increases, the amplitude of the
oscillations increases but the damping vibrational frequency
decreases. Another important parameter in droplet
vibrations is the time that the final drop height is fixed. As
can be seen in Fig. 2, the lower the drop height, is the lower
this time.

Blood is a type of non-Newtonian fluid. As stated, this
fluid has a viscosity proportional to the parameter n in
the Carreau model. The changes in this parameter yield a
nonlinear change in the viscosity. For blood, this value is 0.3.
Here, to evaluate the dynamic behavior of non-Newtonian
fluid droplets under the electrowetting phenomenon
for different values of n, the effect of this coefficient is
investigated for values of less and larger than one. Fig. 3
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Fig. 4. A comparison between the fluctuations of the
height and final height of the non-Newtonian fluid drop
by varying the coefficient n in the Carreau model for
values of n greater than one and with a contact angle of
60 degrees.

shows the behavior of this fluid for values of n less than one
and Fig. 4 for values of n greater than one. It can be seen from
Fig. 3 that as the value of n increases to one, the value of the
maximum vibrational amplitude decreases. But the frequency
of vibrations does not change appreciably. As shown in Fig.
4, it is concluded that by increasing this coeflicient, the
oscillation amplitude is constant but when the fluid reaches
its final height, that is, in values greater than one for n, the
fluid reaches its final height without oscillation.

If n> 1, the Carreau model can have a positive value;
thus, by increasing the shear stress rate (y), the viscosity of
the fluid increases as the shear stress rate depends on the
increase in the rate of the fluid velocity at the surface between
the fluid and solid, (Ou /0y @y =0). Therefore, there is
a direct proportion between the fluid viscosity and the fluid
velocity, but for the case n <1, the viscosity value is inversely
proportional to the shear stress rate (Eq. (1)) so the viscosity
decreases with increasing the velocity.

M= My 1 (1)

1-n

Ho = Hyy |:1 4 (l}/)z i|T

4. CONCLUSION

The convergence time in Newtonian fluids is much
shorter than non-Newtonian fluids. This also means less
oscillation in the non-Newtonian fluid.

The behavior of non-Newtonian fluids is completely
dependent on the coeflicient n in the Carreau equation.
At values greater than one for this coefficient, the fluid
converges very quickly without any oscillation, which also
depends on the value of n.

For values less than a factor of #, the non-Newtonian
fluid oscillations behave similar to the Newtonian fluid, but
the convergence time and the number of oscillations until
the fluid reaches equilibrium is less in the non-Newtonian
fluid.

Increasing the viscosity of each type of fluid results
in a decrease in the amplitude of the fluid oscillations
individually, but the vibrational frequency of each of them
remains constant.

It is shown that for non-Newtonian fluid at #> 1 the fluid
velocity and its viscosity are directly related. However, for
n <1 the fluid velocity and its viscosity change indirectly.
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Table 1. Fluid properties of water, blood, mercury and air at 20°C [5, 13, 20].
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Fig. 3. An overview of the a) unstructured and b) structured mesh.

e sl e Sl 5SS i il (s 2 St
5 Sou e sleaaringl (o sdoe (o) n Sslie >
S 318l Sl 05 4yl 15| s Al ) 55 (5 S
O EWLI S| oS O jgan] 4 g 0, pb lgs oo atals laie 4
a5 5l o e 5l Pl sbow lsreas oo (g 9 z90 Gl
2 sk 10 glads 4y (sloylad (DT Sl (sl Lrial 5 055 0
IV 0 pllia ST 4 e Sl 7S 5 935 s 455,510
Sade d> e 2 50 5wl wled cols s e e /Y 5 2/VO
IS5l oled j @Y S ol samlice BB Y Jaaz o asals
e 1 3 e 0515 ol s a8 Gl o o
el 0als oals olidlasl pl o o s ol oeYl Lo
&l oyhd glas )l Olss lade a5 54 co odlive FUSE )0
8 Sl i sl ST e slaploll gl ol
5 e plas sl Jo qulSs il a8l et B
ol ool

Y€

oo 3 IHliw! -f
o) s 0,8 eolial Glgice e g9 90 Fioie &lp
s O g9 90 allie cplys pleslu o (e Y il lejl
adllojle Gie glp a5 0gb oo cdaline Y USS jo 05 g0
Calies Coanl Lo I Jlow b ojkad uled mhaw LI o
&7 ke Uil eizmed 9 5y ool eoliiul i olul o,kad
Sy & (feo u_»‘ D oo oolaiwl o,dn8 G\l Loz g 0,kad (gl
el 5l SO el snaline LB -V USS 0 o2y ke
Sl b l58le 5 4 wll oo ol o Giw sl JouslS 15810 5
o i SB35 lp 45w bl 1) closlos e (S o
o 3o el o cwl oals iy 0ykas GBIl o e sl
3 e £ eaS Cenl pl s Jol> a5 (glases e 90 Jo> ases
o8l sl cnlpls 08 ged sloml (Sl (6 pS a5 s by
55U 5 aelsl jo ol sales solaiwl flojle o (e 5l J> Ce

A 28l g S 2 e Sl



FYA B YIR @loio Ve e Jlo o) oy oyl DY 093 «SuilSio wbies & yii

LA 31 Joiael (318 (3L Cag e iz Slal (gl o 0 a8 ol yf dol douss Ui .Y Jgui>

Table 2. Comparison of the vibrational amplitude of water droplets for different mesh dimensions to demonstrate mesh

independency.
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Fig. 4. Water droplet dynamics with a radius of 0.5 mm for mesh independency in different elements.
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Table 3. Present study results and results that reported in the literature review.
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Fig. 5. The results of the numerical solution stated in Ref. [5] and the present study on the mercury drop for the final con-
tact angle of 133 degree.
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Fig. 6. Results of the present work for a water drop with a radius of 1.25 mm and a final contact angle of 50 degrees; and (b)
the results of Ref. [18] numerically and verified by laboratory results at the same reference for a water drop with a radius of
1.25 mm and the final contact angle of 50 degrees.
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Fig. 7. The final drop height for (a) laboratory research in Ref. [18] and (b) the dropper for water drop to an initial radius
of 0.85 mm and a final angle of 65 degrees.

2 okd Sl pmyp (DA @200 a2ye ren 0

os)LC u‘y‘sa L?w‘ ) A Ja.uo 9 w Oey9 AL.wsd.J oliuu‘.n)]
J> ¢ GQ&ULA)T GL'" wLw‘ » 0 ULS" ‘_ngu_’?r.wW »
sl VAl g0 58 0505 gy 1) g ol 58 39250 s00e
sleo o aS lsa b wlod jo o le +/AD glads 4 ol 0,8
4 adg VP oslds Jlael 5l g el aid 37 )18 01,5 ool ax 0 Ve
&0 )0 O9>ge ;S_;.),':Sﬂdo Sleds| u.ul.,.ul » u.i;.).';SJ\kso CJa...u
sals a8 PO 2l sl & plase) KL abal, Sl eslizul L
)‘.\M 9 o).b..é 41.]9‘ &Lﬂ.w O wLu )‘ oolaruwl L> \s Jiw BY IR Vewp
plyoyhd ol glal il ouls Zl gl uSe 5l aS Sy
ot O goae Jo a0 Y S o el e e ¢ /Y
AW a0 o oo /PN Sls glar )l 4y oS sl snmlins LB

s> 28 5l oad plmil o 45 a8 se i S (e Sl L

Yry

glads g ol 5 il az 0 Ve slos Lol jo Ol o )had .00l (s
A o e IV a5 libags b | o 0,8 1l gl
@l e SS90 8 50 w0ab e oalin oS jshiles ) o0
oS ks oz slls a5 04l o s lade S 4y Lo 485 o,ka8
5 LYo Wlgi e 99 s oanlie a5 SUlugi GlF IS0

@ oeped Wiloe o)l (55, (B3 pas (2,8 sl Js il
S5 b anglie ;o ploy joomey0 (oo ) Sols 5l eslinul Jdo
Jo Sl o5 a5 Sloj 5wl oo mir &yt Sllog ol -7
s o |y 5 ke Sl 5 03 530 S il 2SS
o3 35 #iylejl @l yo Slblug iy cul WHY U5 0

D9 s



FEA L YIA @l VF e Jlo o) ofg oyl OF 093 cSuilSin _uwbies &yl

o P o led oled asgly (ol 0 a8 adgl gl ptd

(9T (535955 Jloms 0518 (uil5 3 5 iols Sl s F Jgae

Table 4. Amplitude and frequency of Newtonian fluid droplet (water) in final contact angle of 60 ° by changing radius

droplet.
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Fig. 8. Comparison of height and final fluctuation graph of Newtonian fluid drop (water) with change of initial radius of

drop with 60 °
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Fig. 9. Comparison of the graph of the fluctuations of the height and final height of the Newtonian fluid droplet (water)
with the change in the applied final voltage (constant drop radius but the final contact angle is different
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Fig. 10. Comparison of height and ultimate fluctuation graph of Newtonian fluid drop with changes in dynamic viscosity
with 60 ° final contact angle.
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Table 5. Amplitude and frequency of Newtonian fluid droplet (water) in final contact angle of 60 ° by changing dynamic

viscosity.
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Table 6. Amplitude and frequency of non-Newtonian fluid droplet (blood) in final contact angle of 60 ° by changing radius

droplet.
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Fig. 11. Comparison of the graph of the fluctuations of altitude and final height of non-Newtonian fluid (blood) drop with
changing initial radius of drop with final contact angle of 60 degrees.

»

i

074

S

0.6

Helght(mm)
&

=
=
|

e o e vapp=80v_ ||
i : H : H : : vapp=100v
N i i | i | N vapp=140v
u¥ : : : : : : s vapp=160v
08 | | \ | | \ ‘
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Time(sec)

oolos 41515 Lol gl o5 £1e) asl (53lad 55 5 e b (595) (53535 0 Sl 055 ol U85 5 £ 1 Bl o905 g lie Y JSC
Fig. 12. Comparison of the graph of the fluctuations of altitude and final height of non-Newtonian fluid droplet (blood)
with change in applied final voltage (constant drop radius but final contact angle).
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Fig. 13. Comparison of the graph of the fluctuations of the height and final height of the non-Newtonian fluid droplet by
varying the coefficient n in the Carreau model for values of less than one and with a final contact angle of 60 degrees.
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Fig. 14. Comparison of the graph of the fluctuations of the height and final height of the non-Newtonian fluid droplet by
changing the coefficient n in the Carreau model for values greater than one and with a final contact angle of 60 degrees.
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Table 8. Vibration amplitude and frequency of non-Newtonian fluid droplet by viscosity change for n values greater than
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Fig. 15. Investigation of velocity, shear stress rate and dynamic viscosity for two modes a) n>1 and b) n<1 for non-newto-
nian fluid.
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Fig. 16. Contour and plot (a) shear stress on the surface and (b) pressure on the surface forn=1
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Fig 18. Contour and plot (a) shear stress on the surface and (b) pressure on the surface forn < 1.
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Table 9. Shear stress and maximum drop pressure before
the first oscillation (start of the first increasing in height)
for the different states of the value n.
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