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Numerical Investigation of the Mixing Mechanism
of Passive Micromixer with Tesla Structure
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Abstract- Passive micromixers using Tesla structures are commonly used in microfluidic systems for efficient fluid mixing.
To understand the mixing mechanism of such micromixers, numerical investigations can be performed using computational
fluid dynamics (CFD) simulations. In this study, we aimed to improve the mixing mechanism in microfluidic applications
using the Tesla valve, which is a static valve that allows the flow of liquids in only one direction. The study analyzed the effect
of fluid inlet velocity and surface roughness on the mixing performance of a numerical model. The model was used to test a
mixture of water and blood at four flow velocities: 0.15, 0.35, 0.5, and 1.0 m/s. Additionally, the study evaluates the effect of
surface roughness on mixing performance by assigning a uniform roughness value of 12 um to all surfaces in the model. The
results showed that fluid mixing primarily occurred in the curved portions of the model, while fluid streams remained separate
in the straight segments. There was no backflow, indicating successful fluid transmission without the need for additional valves
or switches. The study also includes three cross-sections designated as cross-sections #1, #2, and #3, each at a vertical distance
of 0.55 mm, 1.00 mm, and 1.75 mm from the inlet, respectively, to visualize the impact of surface roughness on mixing
quantitatively. Overall, the study demonstrated that two Tesla structures can efficiently mix different fluid types, and the Tesla
valve is scalable, durable, and easy to fabricate in various materials for microfluidic applications.
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1. Introduction

Micromixers with Tesla valves are microfluidic devices
that use passive valve technology to mix fluids. The Tesla
valve is a complex structure consisting of a series of
connected chambers with specific geometries that compel
fluid to loop back on itself, creating high mixing efficiency.
The Coanda effect, which causes fluid to adhere to the
surface of the valve, enhances the mixing process,
particularly in cases of turbulent flow. Micromixers are
microfluidic devices designed to mix multiple fluid streams

on a small scale, offering advantages such as high mixing
efficiency, fast mixing times, and low fluid consumption.
They are widely used in various applications, including
chemical synthesis, biochemistry, lab-on-achip systems,
medical diagnostics, and point-of-care testing (POCT)
devices. [1]. Understanding the fundamentals of fluid flow
characteristics in micromixers is vital in determining the
structure of the lab on disk systems [2,3]. Fluid mixing in
these systems is crucial when different fluids need to be
mixed due to fluid density and viscosity differences. While
the desired application of these systems can be a washer or a
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buffer, working with a system with the least number of
moving bodies, such as isolation or regulation valves, is
favorable. Therefore, passive micromixers [4] promise to do
the job generally without requiring any external effect and
making the fluids get mixed with a minimum number of
parts using their geometrical shapes solely. Passive mixing in
a microchannel has the advantage of higher reliability
because there are no moving parts while not requiring
additional power and control [5].

Passive micromixers are also known to help fluids mix
rapidly while being easily integrable and improving the
mixing efficiency at high flow rate values [6]. In 1920, Tesla
filed a patent for his "valvular conduit." It resembles a pipe
in essence, but one with a complex internal structure that
compels fluid to loop back on itself at different points along
its length. When water enters the loops' mouths, it becomes
agitated, slows down, and stops flowing. However, when
water is run oppositely, it bypasses the loops and flows freely
[7]. For example, the Tesla valve seems to be a promising
model as it is a structure that makes the working mechanism
of micromixers more efficient with its simple structure.
Besides, the fluid staying attached to the surface, known as
the Coanda effect provided by the valve, is effective in
highspeed and low-speed mixing, which can benefit the
turbulent flow case [8]. Passive micromixers that have the
Tesla structures in them are understood to influence the flow
with the Coanda effect. There have been considerable
amounts of research about passive micromixers with Tesla
valves. The main interest is the high mixing efficiency of this
type of micromixer. Another essential characteristic of the
flow with a Tesla valve system is to have a one-way flow
with the least amount of backflow [9]. This characteristic can
be quite favourable for a project requiring sensitive motion,
such as working with a blood sample for diagnostic
purposes.

In the present study, a passive micromixer with two
Tesla structures with two different types of fluid and various
flow velocity values is numerically investigated to reveal
mixing phenomena. The present work focuses on the effect
of Tesla structures on the fluids' flows passing through the
micromixer. A variety of parameters related to disk is
considered to compare the different inlet velocity effects,
pressure drops, volume fraction, and streamlines. Lastly,
surface roughness occurring inherently during the
manufacturing of a micromixer is also evaluated in the study
to determine its effect on mixing blood and water fluid
streams.

2. Materials-Methods

Understanding the fluid dynamics and mixing in these
types of systems can lead to developing a portable system
using nanoparticle technologies for on-site diagnosis of
infectious agents that can be transmitted through blood
(LAB-A-LAMP) project. At the same time, within the scope
of the present work, it is aimed to provide information about
the behaviour and progress of the flow under the influence of
Euler forces without a lab-on-a-disk prototype produced.
Passive micromixers can be used in different morphologies.
The use of Tesla structures is common, as well as different
geometries [10] inspired by Tesla structures. “’Figure 1’

shows a typical Tesla structure and possible upstream fluid
directions. Two different fluids coming from two different
channels are allowed to mix and follow the downstream
channel until they mix and leave the structure from the
channel on the right as shown in “’Fig.1”’.

Fig. 1. A passive micromixer [11].

The simulations are carried out as steady and transient for
different scenarios in the present study. The steady
simulations are chosen to be executed with constant
revolutions per minute (RPM) to obtain the numerical results
for specific parameters, which will be discussed later.
Transient simulations are run to investigate the effect of
RPM values on the results where the RPM value is being
altered with a ramp-up function.

Reynolds number (Re), used to identify whether a flow is
laminar or turbulent, is defined based on fluid velocity,
channel width, and fluid's kinematic viscosity. Water
properties are obtained from the ANSYS material library,
while properties for blood are defined as given in “’Table 17°.
As blood shows a Non-Newtonian fluid behaviour, variation
of fluid viscosity changing with shear stress, blood viscosity
is defined using the Bird-Carreau non-Newtonian model.

Table 1. Analysis reference conditions [12].

Analysis Reference Conditions
Density 1060 kg/m?
High Shear 0.003 Pa.s
Viscosity 45
Low Shear 0.056 Pas
Viscosity
Time Constant 3.313 -
Power Law Index 0.356 -

8

The model's geometry is created as a passive micromixer
with two-tesla structures using the Design Modeler module
of ANSYS 19.2, as shown in “’Fig.2a’’ [5]. The approach is
to divide the model's inlet face in two to let two different
fluids enter the system separately. The mixing of two
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different fluids can occur purely because of the geometrical
shape of the passive mixer without any need for external
effect with this model [13]. As seen in “Fig.2b”’, it is
assumed that blood and water come from 2 different
reservoirs when determining the boundary conditions.
Therefore, the surface of the inlet part is split into two equal
parts, and water flows from one part while blood flows from
the other. As the outlet condition, gauge pressure is equalized
to atmospheric pressure. The output surface has been
extended so that the flow in the control volume is not
affected by the output boundary condition. Lastly, the wall of
the surfaces is defined as a smooth and rough wall in the
present study to investigate the effect of roughness on mixing
performance.
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Fig. 2. The geometry of the passive micromixer (a);
Boundary conditions for control volume (b).

The geometry's mesh is constructed to maintain a high-
quality mesh throughout the entire computational domain.
After performing mesh convergence tests, the total number
of elements is decided to be over 800 000. Besides, the mesh
quality is monitored, and parameters related to mesh quality
are provided in “’Table 2’’. “’Figure 3’ shows the mesh
structure of the computational domain, while an enlarged
view of one meshed Tesla structure is given in “’Fig.4”’.
Furthermore, the computational model is virtually cut into
two pieces to illustrate the mesh structure inside the
numerical model, as shown in “’Fig.5".

Table 2. Mesh parameters used in constructing the mesh.

Mesh Parameter Value
Element Size 0.015 mm
Max Skewness 0.903
Inflation Option Uniform
Inflation Maximum Layers 20
Inflation Growth Rate 1.2
Total Number of Elements 883746

Fig. 3. Mesh of the whole model.

Fig. 5. Cross-section view of the mesh on the model.

58



INTERNATIONAL JOURNAL of ENGINEERING SCIENCE AND APPLICATION

E. Agel etal., Vol.7, No.3, September 2023

Mesh convergence tests allowed us to determine the
number of elements required to obtain results independent of
the mesh size. Therefore, volume fraction variation is
calculated at three different crosssections in the numerical
model and monitored during mesh convergence tests, as
shown in “’Fig.6”’.

¢

Fig. 6. Volume fraction variation, along with a number of
elements used in the convergence tests.

While mesh convergence tests reveal the minimum
number of elements needed to obtain accurate results, time-
convergence tests provide the largest time step size required
to capture important flow parameters such as volume
fraction. Time convergence tests results, shown in “’Table
3”’, indicate that using 0.1 s as time step size would be
sufficient to obtain volume fraction with reasonable
accuracy. Therefore, a 0.1 s time step size is chosen for
transient simulations, and the total time duration is
determined to be 10 seconds, yielding 100 runs for each
unsteady fluid flow simulation.

Table 3. The difference in the volume fractions at different
time step sizes.

Volume Fractions at Cross Sections
0.35 [m/s] Time Step Size [5] Difference (%)
0.1 0.01
Cs1 0.4995 0.4987 0.2 %
Cs2 0.4194 0.421 0.4 %
CS3 0.3401 0.3461 1.8%

3. Results and Discussion

When a passive micromixer inscribed to the disk
structure starts to rotate along the disc's center, fluid velocity
at the micromixer inlet, the disc's rotational speed, and the
Reynolds number vary proportionally as they are all related.
Furthermore, the fluid velocity changes in correspondence
with the rotation rate of the disc as the centrifugal force exert
an effect on the fluid within the inscribed channel. “’Figure
7’ below shows how inlet velocity in the numerical model
and Reynolds number vary at different disk speeds expressed
as revolutions per minute (RPM). While gray and orange-
filled circles present blood and water, blue-filled rectangle
shows a fluid mixture. As the disk speed increases, a mixture
of blood.

and water inlet velocities enhance, yielding an increase in the
Reynolds number calculated based on water and blood.
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Fig. 7. Inlet velocity and Reynolds number variation
with disk speed in RPM.

The present study investigates the effect of flow
velocity and surface roughness on mixing efficiency at
the computational domain exit by carrying out steady-
state simulations. Specifically, a mixture of water and
blood at four different flow velocities, 0.15 m/s, 0.35
m/s, 0.5 m/s, and 1.0 m/s, is examined to determine the
influence of the fluid inlet velocity on the mixing
performance at the exit of the numerical model. Surface
roughness, generally responsible for turning the flow
regime from laminar to turbulent, is also studied by
defining a uniform roughness of 12 um to all surfaces so
that mixing enhancement due to surface roughness can
be evaluated. Therefore, Figure 8 below shows fluid
flow characteristics results of 0.15 m/s, 0.35 m/s, 0.5
m/s, and 1.0 m/s velocity inlet of passive micromixer
numerical models. Besides, simulations are performed in
channels with and without roughness, computational
models and results are presented in “’Fig.8”’.

The first three columns of “’Fig.8”’ illustrate pressure,
water, and blood velocity contour plots for 0.15, 0.35,
0.50, and 1.0 m/s fluid inlet velocities with and without
surface roughness on the inscribed channels,
respectively. The pressure drop at low fluid velocities
can be nearly twice that of high fluid velocities for
surfaces with roughness defined. Both fluids must
exceed the pressure created by the nature of the mixer at
high rpm due to the Tesla structure [14]. After
encountering the Tesla structure, fluids cannot preserve
its structure in the laminar region and begin to mix in the
first Tesla structure. Blood and water also try to
maintain their form at the laminar flow regions (Re <
2300). It is noticed that low-pressure regions are formed
in the sharp-turning regions.

The last three columns of ’Fig.8”’ illustrate volume
fraction, streamline, and volume fraction in cross
sections contour plots for 0.15, 0.35, 0.50, and 1.0 m/s
fluid inlet velocities with and without surface roughness
on the inscribed channels, respectively. As can be seen
in the streamline region, fluid regions in the inscribed
channel can be identified. Besides, regions where water
and blood fluid regions split, and mix can be observed in
“Fig.8”’. Mainly, fluid mixing occurs in the turning
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regions while fluids flow separately in the straight part
of the numerical model. Finally, streamline plots
indicate a non-existent backflow; therefore, transmitting
the fluid mixture is almost completed successfully
without additional valves, switches, or any external force
to manipulate the flow. This shows a promising simple
but effective solution of Tesla structure to the fluidic
channels. As a result, relying on the morphology of the
fluid domain consisting of two Tesla structures can yield
the mixing of different fluids.

As seen in “’Fig.9’’, velocities occur in the W-
direction for the flow that normally tries to go in the U-
direction since the formed recirculation region (shown in
the top right picture of Fig.9) push the flow in the Tesla
structure. Because of the velocity gradient, the vorticity
forms in the X direction of the fluid shifted to the third
dimension, so the mixing quickly occurs in the selected
control volume. It is noted that when the fluid mixture
approaches the Tesla structure, the blood region
dominates a large part of the volume fraction, as
illustrated in “’Fig.8’’. This could be due to the surface
tension of blood since blood is more viscous than water.
Besides, the blood acts as an imaginary wall of water in
the same region, reducing the flow area seen by the
water in the blood interface part, causing the speed of
the water to increase slightly [15].
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“’Fig.8’. pressure (the first column), water velocity (the
second column), blood velocity (the third column)
contour plots; volume fraction (the fourth column),
streamline (the fifth column), and volume fraction (the
sixth column) contour plots at different cross sections.
Flow velocities of 0.15, 0.35, 0.5, and 1.0 m/s with
smooth and rough walls are given from the second to the
last row.

Fig. 9. The crossflow representation of the flow (smooth
wall).

Although the numerical model discussed above has
smooth surfaces implying no surface roughness, it is not
feasible to manufacture a surface without a surface
roughness due to limitations in today's manufacturing
technologies. The surface roughness on the smooth wall
on the Moody chart, used for surface roughness
calculations in Fluid Mechanics, was obtained. The flow
in the control volume would be highly exposed to wall
effects during mixing because of the surface roughness.
While the results for the first section were similar to the
findings shown in “’Fig.11”’, there is a big difference in
the results after the fluids entered the Tesla structure.
The velocity profiles shown in “’Fig.10”’ vary according
to the profile in “’Fig.9”” [15]. After the first Tesla
structure, mixing occurs differently. For efficient
mixing, the volume fraction's value is expected to be 0.5.
As a smooth wall, the average value of the volume
fractions is likely to be 0.5 compared to the rough walls.
The rough walls cause the flow in the disc to slow down
around the walls with higher friction caused by more
outstanding grip due to greater roughness height. In this
case, where the viscous effects increase, the mixture in
the structure is adversely affected.
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Volume Fraction

Fig.10. The crossflow representation of the flow (rough
wall).

Three different crosssections, crosssections # 1, 2, and
3, with a vertical distance from the inlet of 0.55, 1.00,
and 1.75 mm, were created in the numerical model to
visualize the effect of surface roughness on mixing
quantitatively. Here, volume fraction values of the blood
and water mixture for crosssections # 1, 2, and 3 for
different inlet wvelocities are shown in “Fig.11”.
Precisely, the volume of fluid for both smooth and rough
wall cases was calculated at those sections to evaluate
the mixing behaviour of blood and water, as shown in
“Fig.11”’. It is noted that the surface roughness effect
appears to be small at the entrance region, as illustrated
in “’Fig.11”’, while the surface roughness greatly affects
volume fraction further down the channel, as shown in
crosssections 2 and 3 of “’Fig.11”’.

0 02 04 06 08
Inlet Velocity

—e— Crossection 1 (Smooth Walls) —@— C ion 2 (Smooth Walls)

Crossection 1 (Rough Walls) —@— Crossection 2 (Rough Walls) —@—Crossection 3 (Rough Walls)

Figure 11. Volume fractions for crosssections # 1, 2, and
3 for different inlet velocities.

As the numerical disc model accelerates from 0 RPM
and reaches the desired RPM value, the variation of inlet
velocity from the beginning is assumed to be linear, as
shown in “’Fig.12”’. More specifically, to see the effect
of the RPM change on the disc, the inlet velocity
increases with the RPM value varying from 1500 RPM
to 4000 RPM (Figure 7) [10]. Therefore, velocity is
defined as a linear ramp function, the input made in
Ansys CFX-Pre with a command generating the desired

ramp function, as shown in “’Fig.12”’. As mentioned in
the time convergence section, the mesh results, not much
affected by the time step, are shown in “’Fig.13”’ for the
time step size of 0.1s.

The variation in volume fraction for crosssections # 1,
2, and 3 are also monitored with provided inlet velocity
function. There is no significant change in the area-
averaged volume fraction results for the first cross-
section. However, the volume fraction values in
crosssections # 2 and 3 approach 0.5, indicating a perfect
mix. As a result, increasing the RPM value seems to
increase the efficiency of the mixture for both cross
sections #1 and 2.
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Fig. 12. Inlet velocity function.
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Fig. 13. Variation of volume fractions of crosssections # 1, 2,
and 3 at different times.

4. Future work

In the lab-on-a-disc stages, it is seen that blood samples
are washed and decomposed at different stages. During this
washing or separation, homogeneous mixing of the washing
liquid and the sampled blood or other liquid will increase the
interaction. High mixing efficiency can be achieved quickly
by combining experimental methods with the results
obtained with CFD methods, yielding the samples' results to
be obtained earlier [16] [17].

The present study shows that using Tesla structures in the
design of microfluidic devices can effectively mix fluids
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since fluid streams can benefit from Coriolis effects induced
by the disc's angular velocities. In addition, with the Coanda
effect included in the Tesla structure, at least one of the
desired liquids in the mixture is separated at an early stage.
Depending on the application, a fluid stream can move
together with the other fluid stream separated with the help
of geometry merges immediately after the Tesla structure,
causing liquids to mix easier. At the same time, these
currents induced by the Coriolis effect are further disturbed
within geometry. As a result, Tesla structures give promising
findings in mixing fluids, and with the addition of different
structures, the system's mixing efficiency can be even better
[18].

5. Conclusion

Microfluidic devices are miniature systems for handling
and manipulating small volumes of fluid, usually in the
microliter or nanoliter range. They are used in a wide range
of applications, including biochemistry, chemical synthesis,
drug discovery, blood sample measurements, and lab-on-a-
chip systems. Microfluidic devices offer advantages such as
improved reaction kinetics, reduced fluid waste, increased
sensitivity, efficient mixing mechanisms, and the ability to
handle small samples.

Using Tesla's structure in a numerical micromixer model
enabled us to understand how blood and water fluid streams
mix. Water and blood velocities and pressure along the
micromixer were identified, while volume fraction values at
three different cross sections were evaluated to determine the
effect of inlet velocity and surface roughness on fluid
mixing. The turbulent flow was achieved in the lab on a disc
[19] mechanism, including the Tesla structures [20] [21].
Blood and water flow contour is investigated by inserting the
interfaces into the Tesla structures; more frequent liquid
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