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Abstract. Electrothermal pumping is a recently trending method to force highly conductive fluids in a wide range of microfluidics
applications with biological processes. Although most polymer fluids (biological and synthetic) are highly conductive exhibiting
viscoelastic rheological properties that are relevant to biomedical applications, their behavior under the effect of electrothermal
force has not yet been studied. To this aim, the PTT model (non-linear rheological constitutive equation) and electrothermal
equations are implemented in the developed OpenFOAM solver. The effect of rheological characteristics of the fluids on the physical
parameters such as velocity, elastic behavior, and vortices strength of electrothermal flow are investigated through the viscoelastic
non-dimensional numbers. According to the results, electrothermal outlet velocity decreases by 726% as the retardation ratio (B
number) increases from 0.2 to 0.9 and increases by 107% as the Weissenberg number raises from 0.001 to 10. Investigating all non-
dimensional numbers simultaneously leads to the conclusion that higher electrothermal velocity is achieved by viscoelastic fluids
with lower viscosity and higher relaxation time. This fact is useful for choosing the proper fluid for a particular application. As a
practical example, 3000 ppm polyethylene oxide solution results in higher velocity in electrothermal flow compared to the 5%
polyvinylpyrrolidone and 2000 ppm xanthan gum solution.
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1. Introduction

This Pumping is one of the essential processes in lab-on-a-chip devices. Electrokinetic micropumps generally require no
external mechanical moving parts but possess a perfect frequency response and the ability to precisely deliver flow at high-pressure
and low flow rates. They are therefore ideal for controlling flow in lab-on-a-chip devices because of these attributes. Typical
electrokinetic pumping methods in microchannels are electroosmotic and electrothermal. Fluids with high conductivity cannot be
pumped by the electroosmotic method while the electrothermal phenomenon can be employed by creating a volumetric force
based on the temperature gradient and the change in fluid properties. Many biomedical applications utilize biological and synthetic
polymer fluids, which are often highly conductive and viscoelastic. Therefore, electrothermal micropumps are recommended for
pumping the fluids in microfluidic biological applications.

Many researchers have focused their studies on electrothermal and electrokinetic phenomena [1-3]. The study of Ramos et al.
[4] in 1998 was among the first articles to examine this phenomenon systematically. They used linear approximations to solve the
disturbance part of the equations for the first time.

According to Green et al. [5], vortices created in the electrothermal phenomenon are numerically and experimentally analyzed
when an external light source is present. In the beginning, a source of light emitted uniform light, by which, the velocity in the
microchannel reached 80 um/s while the applied frequency was equal to one Megahertz. The fluid velocity in the microchannel
reached 15 um/s when the frequency was increased to 5 MHz.

A numerical and experimental study of alternating current electrothermal flow was carried out by Sigurdson et al. [6]. The
results of experimental tests of alternating current electrokinetics have shown that electrothermal forces are more important than
electroosmotic forces for electrolytes with high conductivity (0.66 S/m), which are often used in biological assays. Simulations show
that an RMS voltage of 5 volts creates 2.9 Kelvin thermal differences, which creates a velocity of about 100 pm/s.

An analytical solution for two-dimensional electrothermal flow and horizontal electrodes in KCl solutions was obtained by
Gonzalez et al. [7]. An electrothermal flow model with four electrodes and an external light source was conducted. The results
showed that with increasing light density, the length of the particles' paths in the vortices increases, and the fluid velocity increases
with voltage squared.

Published online: October 22 2023 A‘rf‘



Investigation of Visco-rheological Properties of Polymeric Fluid on Electrothermal Pumping 165

The electrothermal phenomenon was investigated numerically and experimentally by Wu et al. [8]. Since temperature gradient
is the main factor affecting the movement of fluid in an ACET microchannel, it was shown that the pumping capability could be
altered by adding a thermal chip to the microchannel.

Du and Manochehri [9] numerically investigated the channel bed shape effect on electrothermal pumping. The results showed
a U groove under a large electrode can enhance pumping capacity two to three times compared to a flat surface, and a V groove
under a small electrode can enhance pumping capacity by a further two to three times. In another article, the authors investigated
the effects of other parameters, such as height of microchannels and longitudinal distance [10]. According to the results, in
frequencies w,, < w & w < w,, the optimal behavior in the microchannel is completely different.

Yang et al. [11] numerically and experimentally studied the reverse flow in microchannels with orthogonal electrodes. In the
case of micropump applications, the orthogonal electrodes generate high-velocity microcurrents when AC signals actuate them. It
has been reported that three types of fluid velocity fields can be observed in the microchannel by varying the applied signals on
orthogonal electrodes. The electrokinetic processes, capacitive electrode polarization, Faraday polarization, and ACET effects can
all be explained by electrokinetic processes.

The effect of frequency on the flow direction alteration in microchannels was numerically investigated by Lian et al [12]. Three
different conductivities (0.002, 0.02, 0.1, (S/m)) of the fluid were considered. Results indicated that the direction of fluid flow is
reversed at a frequency of 1 kHz and a conductivity of 0.02 S/m.

The numerical and experimental effects of fluid conductivity on ACET were investigated by Sin et al. [13]. A pair of hook-like
electrodes of the same size was used. The numerical and experimental results demonstrated that the numerical approach agrees
well with the experimental conditions for conductivities between 0.01 and 1 S/m but deviates for conductivities above 0.01 S/m.
According to their study, neglecting the buoyancy force when the temperature difference in the channel was 100 degrees, causes a
difference between the numerical and experimental results for high conductivities.

Du et al. [14] investigated how the geometry of the channel (triangular, trapezoidal arrangement) and the arrangement of the
electrodes within the channel could improve electrothermal pumping performance. In their work, four geometries were presented
with a change in triangular and trapezoidal arrangement, and electrodes were embedded in the bottom.

Zhang et al. [15] proposed a coplanar asymmetric electrode arrangement for an ACET micropump in the study. By increasing
the acceptable temperature and voltage, they claimed that the pumping velocity can be increased using this method. As a result of
their numerical simulation, they found that this method increased the velocity of ACET by at least 25%.

According to Hong et al. [16], the classic ACET flow model (Ramos et al. [4]) is a discrete model based on the linear perturbation
method, in which the effects of temperature increase on material properties should not be neglected. Therefore, they proposed a
coupled model for electrical, thermal, and hydrodynamic changes. Zhang et al. [17] modeled an ACET micropump with high
operating pressure and flow rate. Due to the high probability of fluid return in low-pressure micropumps (1-100 Pa), they
compensate the pressure by increasing the number of electrode pairs. By using 3840 electrode pairs, the authors achieve a flow rate
of 10 ul/s and a working pressure of 12 kPa, despite the low pressure of the microchannel. Williams et al. [18] numerically
investigated the effects of the thermal chip on the Joule heat generated by the electrode. The authors demonstrated that the changes
caused by the chip outweigh those caused by Joule heating. Therefore, it is possible to achieve high velocity using a thermal chip by
applying a lower voltage in different electrolytes.

Stubbe et al. [19] compared active and passive electrode structures for electrothermal pumping. Thermochromic beads were
used to measure the temperature. By changing the color of these beads by temperature, a specific area of the channel can be
examined. DC voltage was used to increase the temperature of the electrodes, and AC voltage was used to increase the velocity of
the fluid. Salari et al. [20] investigated the flow characteristics of an ACET with 64 plates. Their study aimed to investigate the effect
of the number of electrode pairs on fluid flow. According to the results, increasing number of electrode pairs for high conductivity
fluids (1-3 S/m) is an effective method for increasing the fluid velocity.

To increase the velocity of the ACET process, Salari et al. [21] proposed a novel concept (using ring electrode pairs in the fluid
channel environment). Compared to other ACET micropumps with the same electrode dimensions, their proposed micropump
provides a relatively high flow rate. In addition, the research investigated the ratio of different channel dimensions, and their
numerical results showed that by choosing the appropriate ratio of the electrode dimensions to the channel dimensions, an
extremely efficient ACET micropump could be achieved.

It has been demonstrated numerically by Williams and Green [22] that placing a thermal chip directly under the microchannel
infrastructure does not increase the flow rate of ACET but only reduces the number of vortices from four to two if the chip is placed
precisely at the distance between the electrodes.

ACET and ACEO flows were numerically investigated by Vafai et al. [23], and Hoang et al. [24] in two symmetric planar electrode
arrangements. They studied the effects of the electrode size and distance, the electrical conductivity of the electrolyte, the thermal
conductivity of the microchannel, and the applied AC voltage and frequency on the ACET flow. ACET flow rate is independent of
applied frequency in the range of the ACEO pump (100 Hz to 100 kHz), and fluid moves in the same direction as the ACEO flow.

By considering generalized viscosity for non-Newtonian fluids, Kionti et al. [25] investigated a two-dimensional numerical study
of non-Newtonian fluids in electrothermal pumping and mixing. The ACET velocity of a non-Newtonian fluid was related to the
applied voltage as uV*™, where u is the fluid velocity, V is the applied voltage, and n is the power-law behavior index. Their results
showed that shear-thinning non-Newtonian fluids have higher velocities than Newtonian fluids.

The effect of different configurations of electrodes in the channel bed was investigated by Shojaei et al. [26] in electrothermal
flow. There was a significant improvement in the outlet velocity of the fluid when the bed with upward trapezoidal, isosceles, and
acute configurations of electrodes was used, as these configurations increase the outlet velocity of the fluid by 34.4% and 33%
compared to the flat bed.

In the presence pressure gradient, Park et al. [27] simulated a viscoelastic non-Newtonian fluid in electroosmotic flow. By
numerical coding the non-Newtonian model of Maxwell in the finite volume method, they demonstrated that viscoelastic fluids
behave significantly different than Newtonian fluids under similar conditions (pressure-driven and external electric field). Huang
et al. [28] investigated non-Newtonian fluids in DCEO flow numerically and experimentally. They claimed that because of the
rheological complexity of non-Newtonian fluids such as DNA and blood, there are fewer publications in this field rather than other
areas. Different percentages of PEO were used as a fluid with complex rheology. Results indicated that the zeta potential of a fluid
with a percentage of PEO is lower than that of a Newtonian fluid. However, changes in the percentage of PEO do not affect the zeta
potential. Ko et al. [29] examined the behavior of non-Newtonian fluids in a contractile microchannel under the influence of DCEO.
They used four non-Newtonian fluids: PEO, PVP, PAA, and XG. A viscoelastic fluid such as PVP or PEO has weakly shear thinning and
strongly elastic characteristics, whereas PAA is a strongly shear-thinning and strongly elastic fluid and XG has strongly shear
thinning and weakly elastic characteristics. Their experiments revealed that PEO and PVP fluids exhibit similar behavior to
Newtonian fluids. A non-linear relationship was discovered between the fluid velocity and the voltage of the XG fluid, with vortices
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created before and after contraction. They also deduced that PAA fluid behaves like a Newtonian fluid before a critical voltage but
collapses after this voltage. Ji et al. [30] numerically investigated the electroosmotic flow of PAA viscoelastic fluid in a contractile
channel. They used the Oldryde-B model in their research.

Electrothermal pumping attracted the attention of many researchers due to its ability to control flow at low velocity, lack of
mechanical moving parts, and pump fluids with high electrical conductivity. Furthermore, biological and electrolyte-based
synthetic polymer solution are categorized as viscoelastic fluids in microfluidics application. Because of their electrical conductivity,
electroosmotic pumping is not possible and electrothermal pumping is recommended for this type of fluids. Due to the presence
of different characteristics in the properties of viscoelastic fluids, different fluid behavior in the electrothermal flow may vary.
Investigating this issue can be appropriate in selecting the proper fluid to achieve the desired goals in microfluidic pumping. To our
knowledge, no previous studies have examined the electrothermal pumping of viscoelastic fluid.

2. Governing Equations

2.1 Navier-Stokes, energy and constitutive equations
The governing equations for the unsteady flow and heat transfer of an incompressible fluid are:

op

aJrV.(pU):O (1)
ﬂ[%] =-VP+V.e? +n,VU+F, ()
pcp[%]:kvzwr%”:wrs ?3)

where P is the pressure field, F,; is electrothermal force, Uis the velocity vector, n, is the solvent viscosity, T is the temperature
field, p is the fluid density, 7, is the polymer viscosity, k is the fluid thermal conductivity, y = VU + vu’, ¢, is the fluid-specific
heat capacity, S is joule heating source term that is calculated as o,E,” and z? illustrates the polymeric stress tensor calculated
by solving the constitutive equation. The Phan-Thien-Tanner (PTT) model, was used to mathematically describe the behavior of a

viscoelastic fluid [31]:
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where ¢*" is defined as #*V = (U. V)z? — (VU)7? —¢? (VU)T. The exponential form was used in this paper, which is more accurate in
predicting z¥.
2.2 Electrical field

An electric and magnetic field can be generated by applying a potential difference between two electrodes. Due to the power
production ratio, the magnetic field does not have a significant impact on microstructures. Therefore, the following equation is used
to calculate the electrical potential:

Vi =0

where ¢, is electrical potential. The electric field E due to the potential difference between two electrodes in the fluid is calculated
as follows according to correlation of Maxwell:

E=-Vop

2.3 Electrothermal force
Electrothermal force acting on a fluid is defined as follows [26]:

1 1 Oe
Fr = p.E —E\EO\Z Ve, +EV[n58—pEO2] ?)

where E, is electrical field, p, is electrical charge density, ¢ is electrical conductivity, the forces include the Columbic force, the

dielectric force, and the electrostatic force. Since the fluid is incompressible, the electrostatic force is eliminated and the above
expression will be simplified as follows [26]:
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By integrating the relationship (8) and (9), the electrothermal force is created as follows:
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There is a complex term in the force calculated from Egq. (10), as the resulting force varies with the phase of the voltage applied
to the electrodes. The non-dimensioned parameters were defined as follows [32]:
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where Reynolds number, elasticity number, retardation ratio, pressure coefficient, Péclet number, Brinkmen number and
Wissenberg number are defined as follows:
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El=Wi/Re

UoUg
Br=
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3. Geometry, Boundary Conditions and Grid Independency

Figure 1 illustrates the geometry under investigation, featuring a fluid inlet on the left and an outlet on the right. The top and
bottom of the channel act as walls, with wide and thin electrodes embedded in the channel bed. The walls and electrodes are
subject to a no-slip condition, while the inlet and outlet sections have zero gradient velocity. The channel measures 750 pm in
length and 100 pm in height, with electrode sizes and distances between electrode pairs of 50, 150, and 50pm, respectively. The
applied voltage is 10Vpp (peak-to-pack voltage). To explore grid independence results, we varied the number of meshes to 56250,
112500, and 225000 and examined changes in the velocity profile near the outlet of the channel. After observing a difference of less
than 1% between the velocity profiles obtained with the maximum mesh number, we chose 112500 as the optimal mesh number
for the results presented in Fig. 2.

4. Solver Algorithm

Simulations are performed in this paper using the open-source code OpenFOAM. The isothermal viscoelasticfluidfoam solver is
improved by adding energy and electrostatic equations. Additionally, the momentum equation is modified to include the
electrothermal force and the joule heating source terms and also viscose dissipation term is added to the energy equation. As one
of the most accurate models, the PTT model was used to describe the viscoelastic behavior of the fluid. The flowchart of numerical
simulation process approach is shown in Fig. 3.
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Fig. 2. Grid independency check.

5. Validation

Two validations are presented in the present study, wherein viscoelastic fluid and electrothermal flow are validated separately.
Validation of the energy equation added to the Isothermal viscoelasticfluidFoam solver was performed by comparing the results
with that of Minaian et al. [33] as shown in the Fig. 4. They investigated the effect of forced convective heat transfer of viscous fluid
flow around a circular cylinder in low Reynolds inertial regime. In their study, they considered the geometric dimensions of the
domain as ratios relative to the diameter of the circular cylinder, where this ratio was set to 20D for the fluid inlet and 35D for the
width, D being the diameter of the cylinder in their work. The plot shows the local temperature parameter in the vertical line X/D=2
(0<Y/D<2) 3=0.6,Pe =10% Br =0, ¢ = 0.1 and ¢ = 0.01. As a result, the absolute error in its maximum value is equal to 0.89%The
velocity for fluid with different electrical conductivities was compared with experimental results (Vafaei et al. [34]) for validation of
electrothermal part, in previous work of our lab [26]. There is a good agreement between the study and the experimental work of
Vafai et al. [34], where the maximum error is 12% and it reduces to 2% ato = 0.178 S/m.
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6. Results and Discussions

Figure 5 illustrates the effect of the dimensionless number 3 on the electrothermal velocity in the channel outlet section. Since
the § number for viscoelastic fluids varies from 0 to less than 1, a range between 0 and 0.9 have been selected with a step of 0.2
from the beginning to the end of the interval. The fluid velocity profile is a parabola illustrating the laminar flow at the microchannel
outlet. Since the 8 number indicates the relationship between the viscosity of the polymer and the viscosity of the solvent, an
increase in this number results in a higher concentration of the polymer in the solution or the presence of a polymer with higher
viscosity dissolved in the solvent. As a result, the fluid velocity decreases with the increase of the 3 number. As indicated in Fig. 6-
a, the amount of velocity for 8 = 0.2 is 8.26 times the value for 8 = 0.9, and the slop of the electrothermal velocity reduction is linear.
Figure 6-Db illustrates the ratio of shear rate at cross-section 1, which is at the midpoint of the gap between the electrode pairs (X =
3.25e-04 m), to the shear rate at cross-section 2 at the microchannel outlet (X = 7e-04 m). Based on the figure, as the beta value
increases, the ratio of shear rate between the electrode region (X1) and the microchannel outlet (X2) becomes greater. This indicates
that due to the increase in the viscosity of the viscoelastic fluid, the transfer of electrothermal force to the fluid decreases by moving
from the electrode region to outside of this region.

Unlike the Newtonian fluid, the stress tensor in a viscoelastic fluid can have a diagonal component, which is the normal stress,
as well as an off-diagonal component, the shear stress, which even occurs in a two-dimensional flow with a shear flow. An
examination of these normal stresses and the normal stress differences can explain many of the surprising phenomena observed
in the flow of complex fluids, particularly viscoelastic fluids [32].
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Figure 7 illustrates the normal stress tensors XX and YY in the longitudinal section Y = 5e-05 m. The normal stress tensors for
the X direction are depicted by solid lines, whereas dashed lines show the normal stress tensors for the Y direction. The tensors
plotted in the similar § values have the same-colored lines. Distance between the two intermediate nodes (a and b) represents the
gap between the pairs of electrodes. In the gap, the impact of the electric field on the fluid flow is much stronger, leading to more
pronounced changes in velocity and fluid flow. These significant velocity variations result in an increase in the normal stress tensors
in this area, creating different pressure and normal stress variations due to the differences in fluid velocities. For this reason, the
magnitude of the normal stress tensors is highest in the region. Thus, the normal stress tensors in the cross-section X = 3.25e-04m,
where the maximum stress tensor occurs, will be investigated thoroughly (Figs. 8, 12, 16 and 20). According to [35], the ratio of
(T — Tyy) to 7, is often considered as a measure of how elastic a fluid is, so the ratio is named as elasticity contours and plots in
the present work.

Figure 8-a shows the normal stress tensor at X = 3.25e-04 m of the channel in the X and Y directions. In normal stress tensors,
the zero point represents a point in the fluid domain where there is no fluid velocity gradient. Using this definition, the middle
node (f) in Figure 8-a represents the point of maximum velocity in the desired section of the fluid domain. Due to the presence of
electrodes in the lower wall, the normal stress in the channel between the lower wall and the middle node (f) is greater than the
normal stress between the middle node (f) and the upper wall. Normal stress increases as 3 number increases. There is a very
small difference between the magnitude of the normal stress tensors in the distance between the middle nodes (f) and the upper
wall of the channel. In Fig. 8-b, the average magnitude of fluid elasticity is shown along the longitudinal axis of the microchannel.
Twenty cross-sections through the microchannel are considered in this figure, with the average elasticity of each cross-section
calculated separately and displayed as symbols.
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The distribution of viscoelastic behavior in the microchannel with 8 numbers of 0.2 and 0.9 is shown in Fig. 8-c. Since the
magnitude of the elasticity is illustrated in Fig. 8-b, the legend number of the contour is limited to 0.1 to better show the viscoelastic
behavior distribution. It can be concluded from Figs. 8-b and 8-c that increasing 3 decreases the elastic behavior of viscoelastic
fluid in electrothermal flow which is actually due to the decrease in the velocity and power of electrothermal pumping as a result
of the increased viscosity ratio of the polymer to the desired solvent. Figure 8-b shows that the maximum viscoelastic behavior
occurs between the electrode gaps, which decreases with the increase in § number.

Figure 9 illustrates the effect of § on the strength of the electrothermal vortices at the 0.2 and 0.6 values of 5. According to the
figure, the strength of vortices decreases by increasing 3.

As shown in Fig. 10, the fluid velocity increases as the Weissenberg number increases. When the Weissenberg number is less
than 0.01 and greater than 1, velocity changes are low, whereas when the Weissenberg number is between [0.01, 1], velocity changes
are significant. If the Weissenberg number is below 0.01 the behavior of fluid will be more like a Newtonian fluid. When the
Wissenberg number becomes larger, the elastic forces resulting from deformation and stresses applied to the fluid become more
significant compared to the viscous forces, which are typically associated with a decrease in flow velocity. These interactions lead

~\/
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to the formation of more complex and stronger vortex structures, which can result in an increase in fluid velocity. Nonetheless, this
progression persists only within the limitations set by the geometric capacity of the microchannel. In other hand, according to
equation (14), since the Weissenberg number appears as the denominator of the fraction of the second term in the left hand and
the first term in the right hand, if the size of the Weissenberg number is large enough or small enough, then the effect of both of
these terms or the difference in their effects will decrease, resulting in a decrease in the slope of the velocity curve at both the
beginning and end of the plot in Fig. 11-a. As the Weissenberg number increases from 0.001 to 10, the electrothermal outlet velocity
increases by 107%. Figure 11-b illustrates that with an increase in the Weissenberg number, the shear rate ratio decreases. Therefore,
the transfer of the electrothermal effect from the electrode region to outside the electrode region increases.
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Fig. 9. The effect of a dimensionless g number on the strength of electrothermal flow vortices.
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Figure 12-a shows the XX and YY tensors for Weissenberg numbers between 0.001 and 10. Increasing the Weissenberg number
increases the effect of viscoelastic force to viscous force so that the normal stress tensors become asymmetric, and the fluid exhibits
viscoelastic behavior throughout its domain. A significant effect of Weissenberg on fluid elastic behavior in electrothermal flows is
illustrated in Figs. 12-b and 12-c. The behavior occurs so that it spreads from the electrode zone to the walls as Weissenberg
increases. In Fig. 12-b, it can be seen that, with increasing Weissenberg number, the magnitude of elasticity in the gap between
electrodes decreases, but in other parts of the microchannel, especially on the electrodes zone, the elasticity increases significantly.

Figure 13 illustrates the strength of electrothermal vortices for two Weissenberg numbers of 0.001 and 10. Weissenberg number
increases as the ratio of elastic force to viscous force increases, thus decreasing viscous force and increasing the elastic force,
leading to an increase in the electrothermal vortices strength of viscoelastic fluids.

An elastic number is a ratio between elastic and inertial force. It has been reported in various works [36, 37], that by increasing
this dimensionless parameter, the heat transfer in the fluid domain increases. This parameter is significant in this paper because
the electrothermal flow is based on heat transfer and temperature gradients created in the fluid. As shown in Figs. 14 and 15-3,
although the elastic number increases the electrothermal velocity in the microchannel, the elastic number effect on outlet velocity
is small.
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Fig. 13. The effect of Wi number on the strength of electrothermal flow vortices.
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With an increase in the elastic number, the influence of fluid inertia forces relative to elastic forces actually decreases. Since
the Reynolds number range in electrothermal flow is typically low, the effect of inertia forces in this type of flow is also limited and
usually manifests itself at higher Reynolds numbers. This factor results in the reduction of the effect of inertia forces on the fluid
flow, and the increase in electrothermal flow velocity is primarily due to the increase in elastic forces.

An increase in maximum velocity by increasing the elastic number is shown in Fig. 15-a. As depicted in the figure, the slope of
the plot decreases at the beginning and end of the interval. Figure 15-b illustrates the variations in shear rate ratio with changes in
elastic number. According to this figure, the variations are most significant for the elastic number range of 0.1 to 1, and with an
increase in the elastic number, the shear rate difference ratio decreases.
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Fig. 17. The effect of a dimensionless El number on the strength of electrothermal flow vortices.

4.55-07 |-
0 " s e
4107 | /; N
z f \
3.56-07 | /4
- f
3E-07 -
0 i
£2.56-07 |
5 — ¢psilon=0.01
2007 - — ekt — epsilon=0.1
I —— epsilon=0.2
. __ ————— cpsilon=0.4
1.5E-07 - epsilon=0.6
1E-07 |-
SE-08
0 1 1 ! I L ] 1 I L 1 1 | 1 1 1 I 1 1 1
0 2E-05 4I:-05 6E-05 8E-05 0.0001
Y(m)
Fig. 18. The effect of the e number on electrothermal outlet velocity.

A\V'A Journal of Applied and Computational Mechanics, Vol. 10, No. 1, (2024), 164-182



178  Nima Hedayati et al., Vol. 10, No. 1, 2024

Figure 16-a shows the normal stress tensors for different elastic numbers. It has been observed that the difference between the
normal stress tensors increases with an increase in elastic number in electrothermal flow. When the elastic number is greater than
1, the place of intersecting normal stress plots gets closer to the channel bottom, and the normal stress tensors are fully
asymmetrical throughout the fluid domain. The place of intersecting Normal stress plots gets closer to the channel bottom when
the elastic number is greater than 1. The normal stress tensors are fully asymmetrical throughout the fluid domain when the elastic
number is more than 1. Figures 16-b and 16-c show that with increasing the elastic number, the viscoelastic behavior of the fluid in
the electrothermal flow enhances. Figure 16-b shows the maximum elastic behavior in the gap between electrodes occurs.

Figure 17 illustrates the effect of the elastic number on the strength of vortices in an electrothermal flow. The elastic number is
the ratio of elastic to inertial force and increasing this number does not directly affect the velocity gradient. As confirmed in Fig. 17,
increasing the elastic number does not significantly affect the strength of the electrothermal vortices.

The PTT model shows a nonlinear behavior for viscoelastic fluids. Using the ¢ number, one can determine the inherent
properties of the fluid, which are inversely proportional to its tensile viscosity [38]. According to Fig. 18, velocity of the fluid decreases
with an increase in this parameter. The rate of velocity decline also decreases with the increasing the ¢ number, Fig. 19-a.
Considering Fig. 19-b, the difference in shear rate ratio increases with an increase in the ¢ number, and the slope of these variations
decreases as the ¢ number increases.

Figure 20-a shows the normal stress tensor variation under the influence of ¢ number. The elongational viscosity of the material
is a measure of its resistance to tensional forces. Since polymer molecule chains are oriented in the flow direction, normal stress
tensors follow the same trend as ¢ changes. As the elastic number increases, normal stress tensors will also increase in magnitude,
and simultaneously, the location of maximum velocity moves closer to the electrodes. Normal stress tensors will increase in
magnitude when ¢ is increased. As the ¢ number increases, the location of maximum velocity becomes closer to the electrodes.
According to Figs. 20-b and 20-c, the effect of ¢ umber on the elastic behavior of viscoelastic fluid in electrothermal flow is
insignificant for the range of 0 to 0.8.
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Fig. 21. The effect of a dimensionless e number on the strength of electrothermal flow vortices.

Figure 21 illustrates the effect of increasing the ¢ number from 0.1 to 0.8 on the strength of the vortices. Since the shear viscosity
primarily determines the shear stress, the variation of the elongation viscosity cannot directly impact the shear stress. However, e
can slightly increase the velocity gradient and the tensor of shear stress, so the effect is not significant on the vortices strength.

Figure 22 shows the effect of viscoelastic dimensionless variables on electrothermal outlet velocity. The effect is accomplished
by dividing each maximum velocity by minimum values considering the effect of different viscoelastic dimensionless numbers.
The green color indicates a positive effect on velocity increase, while the red color indicates a negative effect. Considering the
dimensionless viscoelastic numbers simultaneously inter-effects, Fig. 22 and Eq. (17) indicate sensitivity analyses and show 3 and
Weissenberg numbers significantly affect electrothermal velocity. @ is a hypothetical variable and S(2) determines the maximum
effect of variable @ on electrothermal outlet velocity, expressed in percent. To obtain S(o), the maximum difference between the
outlet velocity created by the variable g, (Umax-Umin), and the minimum outlet velocity created by this variable is divided, and to
express it in percentage, it is multiplied by one hundred.

S(8) = 726% > S(Wi) = 107% ; (higher sensitivity)
S(c) = 8.68%>S(El) = 2.89%; (lower sensitivity)

(17)

Table 1. Rheological properties of some viscoelastic fluid [29].

Solution  Polymer concentration ) (ms) 1, (mPa.s)

PVP 5% 2.2 28
PEO 3000ppm 26 7.9
XG 2000ppm ~0 3680
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Fig. 22. The effect of different dimensionless viscoelastic variables on electrothermal velocity.

So, viscoelastic fluids with lower viscosity (lower polymer mass fraction when selection is limited to one fluid), and higher
relaxation time lead to higher velocity in the electrothermal flow. This fact can be used for choosing the proper type of fluid for a
particular purpose; for example, if several viscoelastic fluids can be used for a specific application, the fluid with lower polymer
viscosity and longer relaxation time can create a higher velocity in electrothermal flow. According to Table 1, between 5%
polyvinylpyrrolidone (PVP) and 3000 ppm polyethylene oxide (PEO) fluids, which are strongly viscoelastic and weakly shear-thinning
fluids, and 2000ppm Xuntan gum (XG), which is strongly shear-thinning and weakly viscoelastic, PEO fluid results a higher velocity
in electrothermal flow. Another point that can be mentioned is that the velocity can increases by reducing the mass fraction that
is important whenever there are limitations in choose of multitype solutions in practical applications.

7. Conclusion

Biological and synthetic polymer solutions with high electrical conductivity are frequently employed in biological applications
within the microfluidics field. They are suitable for electrothermal pumping; however, they usually possess viscoelastic properties.
Therefore, the main focus of this paper is to investigate the impact of viscoelasticity on electrothermal pumping. To investigate this
subject, the effects of the substantial viscoelastic fluid dimensionless numbers, retardation ratio (3), elastic number (El), model
parameter (¢), and Weissenberg number (Wi) on the fluid velocity, normal stress tensors, Elasticity behavior, and electrothermal
vortices strength were investigated in this study. The results showed that increasing (3) number decreases the electrothermal fluid
velocity and elasticity behavior at a constant potential difference. 8 number reduces electrothermal velocity beyond 700%,
associated with a decrease in the strength of the vortices in electrothermal flow. Increasing the Weissenberg number increases
velocity and elasticity behavior of viscoelastic fluid in electrothermal flow. The change in velocity with increasing Weissenberg
number is non-linear and slightly over 100%. By increasing the Weissenberg number, the region with high elastic behavior of the
fluid is extended from the electrode zone to the walls so that the elastic behavior of the fluid is also highly influenced in the range
of Wi = 0.001 and 10. As the elastic number increases in the electrothermal flow (in the range of 0.1 to 10), the fluid velocity and
elasticity behavior increase. The fluid normal stress tensors, and as a result, the trend of the first normal stress difference
completely changes at the elastic number of 10. When the ¢ number is increased, the velocity of the viscoelastic fluid decreases.
The slope of changes in the velocity curve is high at low ¢ numbers, and decreases with ¢. Because of its negligible effect on shear
viscosity, the e number has little effect on Elasticity and vortices strength. According to the simultaneous investigation of different
dimensionless variables of viscoelastic fluids, it is evident that viscoelastic fluids with lower viscosity (lower mass fraction of
polymer when selection is limited just to one fluid), and higher relaxation time, lead to a higher velocity in the electrothermal flow.
So, the type of fluid for a particular purpose can be determined by this fact. As an example, the electrothermal outlet velocity of
3000 ppm PEO solution is higher than 5% PVP and 2000 ppm XG solution.
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Nomenclature

Br Brinkman number Em Electrical Permittivity (C/V.m)
C, Fluid specific heat capacity (J/kg.°C) O Electrical conductivity (S/m)
H Channel height Pe Peclet number

El Elastic number Py Electric charge density (C/m?)
E, Electrical field (V) p Fluid density (kg/m?)

f PTT model function ¢ Slip parameter

Fer Electrothermal force (N/m?) 8 Retardation ratio

k Thermal conductivity (W/K.m) A Relaxation time (s)

Pr Prantel number e Model parameter

P Pressure (Pa) Index

Pe Peclet number \4 Wall

Re Reynolds number m Medium

t Time (s) . Total

T Temperature (K) s Solvent

U Fluid velocity (m/s) ) Polymer
Wi Weissenberg number in Inlet

Greek symbols Superscripts

Y Deformation rate tensor * Non-dimensionalized

T Stress tensor (Pa) ) Polymer

¥ Electrical potential (V) s Solvent

1] Hypothetical variable

n Viscosity (N.s/m?
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