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Abstract: A large number of microfluidic applications are based on effective mixing. In the application
of water purification, the contaminated water needs to be effectively mixed with a solution that is
loaded with nanoparticles. In this work, the Tesla valve was used as a micromixer device in order to
evaluate the effect of this type of geometry on the mixing process of two streams. For this reason,
several series of simulations were performed in order to achieve an effective mixing of iron oxide
nanoparticles and contaminated water in a duct. In the present work, a stream loaded with Fe3O4

nanoparticles and a stream with contaminated water were numerically studied for various inlet
velocity ratios and initial concentrations between the two streams. The Navier–Stokes equations
were solved for the water flow and the discrete motion of particles was evaluated by the Lagrangian
method. Results indicate that the Tesla valve can be used as a micromixer since mixing efficiency
reached up to 63% for Vp/Vc = 20 under various inlet nanoparticles rates for the geometry of the
valve that was used in this study.
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1. Introduction

Mixing and separation of nanoparticles is of great interest in the scientific community
due to the variety of applications that may be useful. This arises from the diminutive
scale of the flow channels in microfluidic systems, which increases the surface-to-volume
ratio [1]. The aim of microfluidic devices is to achieve rapid mixing with high mixing
efficiency by enhancing the diffusion effect between the different species flows [2]. Passive
micromixing systems are defined based on their geometry and any natural flow features
that arise [3]. These microfluidic devices do not use any external actuator to drive the fluids
or guide the particles in the fluid [4]. In micromixers, the flow rates and the regime of the
fluids are significantly low and laminar, respectively. Thus, this indicates that the fluid
flows in parallel layers with no disruption between the layers and the mixing of the fluids
is mainly dependent on diffusion with a very low mixing efficiency [5].

Computational fluid dynamics (CFD) and micromixers may offer a solution to contam-
inated water from heavy metal ions [6–8]. The majority of experimental water purification
methods involve magnetic nanoparticles due to their physicochemical properties [9]. Due
to their spatial confinement, large surface area–volume ratio, and small size [10,11], bare
or modified Fe3O4 nanoparticles are most commonly used. Among other iron phases,
maghemite and magnetite stand out due to strong magnetic moments and some structural
features [12]. Several parameters from experimental data, such as monodispersity [13,14]
and particle diameter [12,15], are embedded in the simulations for a more realistic approach.
In addition, nanofluids’ physical characteristics vary with the alteration in nanoparticles
in terms of type, size, shape, base liquid, and volume fraction [16,17]. The combination of
micromixers and computational fluid dynamics, and the progress of nanotechnology, may
define a solution for heavy metal adsorption in water solutions [18].
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Micromixing devices often utilize complex architectures to achieve high mixing per-
formance [19]. A 1920 patent by Tesla, named ‘valvular conduit’, has recently attracted
scientific interest in the field of fluidics, and can lead to applications in fluidic mixing [20].
In order to investigate the purification of water through simulations, Tesla’s valve used as
a micromixer device has been promoted as a possible solution. Unbalanced collision-based
micromixers, such as the Tesla micromixer, are usually dependent on the asymmetric struc-
ture of the channel or the different flow rate of the fluids [5]. A huge variety of Tesla’s valve
geometries already exists. Related works that use the Tesla valve as a micromixer achieve a
mixing efficiency of up to 96.47% [21]. Generally, the factors affecting the mixing efficiency
are the Reynolds number (Re) and geometric parameters when designing and evaluating
micromixers [22]. Re varies from 0.05 to 100 [22,23] for Tesla micromixers, whereas the
geometric parameters are more chaotic in terms of dimension and contact angle (θ◦). The
dimensions of one Tesla valve vary from [24] µm to [21] mm, and the contact angle varies
from 30◦ [21] to 55◦ [23]. In addition, the determinant is the number of Tesla micromixers,
at a given mixing efficiency, which are usually used in series. The total length is related to
the number and the dimension of the Tesla units being used. Using twenty units [25] the
total length reaches up to 6 mm, whereas using three units [23] the length reaches up to
16.04 mm. As the number of Tesla micromixers increases, mixing efficiency is significantly
increased; however, the mixing efficiency is stabilized after several additions of micromix-
ers. It should be noted that the Tesla valve can been used in normal or/and inverse flows
as a micromixer. Table 1 shows the characteristics of related works and the present study.

Table 1. Characteristics and mixing efficiency of different Tesla-type micromixers.

Number of Tesla
Micromixers Direction of Flow Contact Angle θ◦

Reynolds Number
(Re) Mixing Efficiency Ref.

20 0.1 0.78 [24]
10 100 0.950 [26]
20 100 0.97 [25]
6 40 0.702 [22]
3 Inverse 30 1 0.953 [23]
8 Inverse 30 52.5 0.9647 [21]
2 Normal 30 0.62 0.63 present study

In the present study, a passive micromixer was simulated where the heavy metal-
contaminated water stream and the freshwater stream loaded with nanoparticles were
inserted in a microfluidic duct. Heavy metal can be captured by nanoparticles through
chemical reactions under various initial conditions [10]. Numerical simulations were
performed in order to evaluate the initial inlet rate of Fe3O4 nanoparticles and the inflow
effect on the particle distribution in the mixing process.

The discrete element method was used for first time in order to simulate the nanopar-
ticles’ trajectories inside the Tesla valve. The location of each nanoparticle and the distribu-
tion of the nanoparticles, which are coated with the appropriate substances in order to bind
the heavy metals, is crucial for the optimization of the mixing process. Therefore, using
the present method, more robust conclusions can be extracted for the mixing procedure
than by using only diffusion models. In this context, specific actions can be taken for the
optimization of the mixing process.

The methodology for water flow and particle motion simulation is described in Sec-
tion 2. The results of the mixing performance are discussed in Section 3. The results of the
simulations are presented in Section 4, and conclusions are summarized in Section 5.

2. Materials and Methods

The present numerical model was validated against the experimental results from
the reference [27]. In this previous study [27], Fe3O4 particles were both experimentally
investigated and numerically simulated for the evaluation of the particles’ velocity in
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microchannels. The numerical model can successfully predict the mean velocity of the
particles inside the microchannels, as depicted in Table 2. In addition, the results of the
present numerical model present great qualitative and quantitative agreement compared to
the experimental results and other numerical models, as depicted in Table 2.

Table 2. Comparison of the present results against experimental and simulation results from Ref. [27].

Case Mean Velocity (µm/s) Std Velocity (µm/s)

Experiment, Ref. [27] 7.5 1
Numerical, Ref. [27] 9 2

Present study 8.3 1.4

Investigation was carried out of nanofluid flow through a microchannel subjected to
various effects [11]. The slow water flow in the micromixer duct was expected to be laminar
and steady-state. The selection among the different Tesla mixing units was made with the
criterion that the specific geometry has been studied less compared to those in Table 1.

The inlet and the outlet of the micromixer was a squared cross-section with height
and width of W = H = 10−4 m. The angle of θ = 30◦ and the length ratio of L1/L2 = 2
were selected from an existing Tesla structure [21]. In addition, properties of Fe3O4 were
numerically embedded in the simulations. The values of these properties found from the
literature correspond to a density equal to 5180 kg/m3 [28], Poisson’s ratio equal to 0.31,
and Young’s modulus of 200 × 109 Pa [29]. Determination of the selection of nanoparticle
diameters was based on Chang and Chen [30]. Successful removal of heavy metal ions
was achieved within 1 min for monodisperse Fe3O4 magnetic nanoparticles having a mean
diameter size of 13.5 nm. In addition, an even lower time (30 s) of adsorption equilibrium
was achieved [31], which is encouraging for the mixing length of the microfluidic devices.
The two water streams enter the micromixer from different inlets, are mixed, and the leave
the domain from the common outlet, as shown in Figure 1.
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Figure 1. Micromixer geometry and nanoparticles, contaminated water inlets, and outlet
flow directions.

The incompressible Navier–Stokes equations are solved in the Eulerian frame, for the
pressure p and velocity u, together with a model for the discrete motion of particles in a
Lagrangian frame. Governing equations of the fluid phase are given by [6]:

∇·u = 0 (1)

∂u
∂t

+ u·∇u = −∇p + v∇2u (2)
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where t is time and v the kinematic viscosity of the water. Details of the numerical models,
force, and moment terms used in the equations may be found in Refs. [8,32]. The motion
equations of each single particle in the discrete frame are based on the Newton law and
may be presented as follows:

mi
∂ui

∂t
= Fnc,i + Ftc,i + Fdrag,i + Fgrav,i (3)

Ii
∂ωi

∂t
= Mdrag,i + Mcon,i (4)

where the index i stands for the ith particle with diameter di; ui andωi are its transversal
and rotational velocities, respectively, and mi is its mass. The mass moment of inertia matrix
is Ii and the terms ∂ui/∂t and ∂ωi/∂t correspond to the linear and angular accelerations,
respectively. Fnc,i and Ftc,i are the normal and tangential contact forces, respectively. Fdrag,i
represents the hydrodynamic drag force and Fgrav,i is the total force due to buoyancy. Mdrag,i
and Mcon,i are the drag and contact moments, respectively.

The Reynolds number (Re) is defined as Re = ρVD
µ = VD

v , where ρ = 103 kg/m3 is
density of the fluid, µ indicates the fluid dynamic viscosity coefficient, and v = 10−6 m2/s
is the kinematic viscosity of the fluid. D is the characteristic linear dimension, which is
equal to the hydraulic diameter (Dh), for square inlet ducts Dh = 4∗A

O , where A (m2) is the
cross-section area of the duct and O (m) is the wetted perimeter. In this case, Dh was found
to be equal to W = H = 10−4 m. Finally, V is the maximum velocity developed inside the
duct. Re was found to be 0.62, 0.63, and 0.1 for Vp/Vc = 20, Vp/Vc = 10, and Vp/Vc = 1,
respectively, in the present work.

The OpenFoam platform is used for the calculation of the flow field and the uncoupled
equations of particle motion [33,34]. The simulation process reads as follow: initially, the
fluid flow is found using the incompressible Navier–Stokes equations and the pressure
correction method. Upon finding the flow field, pressure, and velocity, the motion of
particles is evaluated by the Lagrangian method. The equations are evolved in time by
Euler’s time marching method. An unstructured computational grid composed of 96,881
(tetrahedra) cells was used here, as shown in Figure 2, which is adequate for the low
Reynolds number of the flow. However, the selectivity of the mesh based on the importance
of geometric and operating parameters was assessed to obtain a significant number of
computational predictions in a reasonable time without compromising the validity of the
results [19].
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In the current project, the mixing efficiency was evaluated. The mixing efficiency (n) is
calculated as follows [35]:

n = 1−

√
σ2

C
σ2

max
= 1−

√
1

N−1 ∑N
i=1
(
Ci −C

)2

C
(
1−C

) (5)
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where σ2
max is the square of the maximum possible variance and σ2

C is defined by N,
which is the number of sampling points (N = 16 for present work) and N − 1 is given by
applying Bessel’s correction; ci is the point concentration; and C is the optimal concentration.
Moreover, two inlet concentrations are defined as C = 0 and C = 1. Mixing efficiency (n)
ranges between 0 and 1, which represent no mixing and fully mixed, respectively. In this
way, mixing efficiency can be characterized on the basis of numerical simulations of the
tracer concentration field [35].

The mixing cost (mc) is defined as the ratio of the mixing efficiency to the pressure
drop in the microchannel and is given by [19,36]:

Mc =
∆P
n

(6)

where ∆P is the pressure drop and n is the mixing efficiency (%). The units of the mixing
cost are Pa/%, and this measures the pressure needed in the device to obtain efficiency of
just 1% and make the fluids flow at the specific Re [36].

3. Results

The simulations performed focused on different velocity ratios of the contaminated
water (Vc) and the nanoparticle solution (Vp) streams, and nanoparticle diameters, for the
investigation of mixing performance. Simulation parameters and the boundary conditions
are tabulated in Table 3.

Table 3. Parameters during the simulations.

Simulation Parameters

inlet and outlet dimensions (m) Height (H) = Width (W) = 10−4

diameter of Fe3O4 nanoparticles (nm) 13.5, 27
inlet rate of Fe3O4 nanoparticles 500/s, 1000/s, 3000/s

Boundary conditions
(Vc) contaminated water (m/s) 0.0005, 0.00005, 0.000025 zero gradient

(Vp) nanoparticles (m/s) 0.0005 zero gradient
outlet zero gradient 0
walls 0 zero gradient

Simulations were divided into two main parts, which were the evaluation of the
velocity and pressure field, and the particle distribution into the micromixer. Initially,
from the variance in the fluids, a cross-section of the microchannel parallel to the flow
direction [37] was evaluated for Vp/Vc = 20, Vp/Vc = 10, and Vp/Vc = 1. Under higher
velocity ratios, the velocity field decreases inside the duct, which arises from the comparison
of the selected velocity ratios. This decrease is not proportional to the increase in the velocity
ratio. The rate of nanoparticles remained constant for the entire simulations. Part of the
present results are visualized in Figure 3. From simulation results shown in Figure 3a–c,
the inlet rate was equal to 1000 Fe3O4 nanoparticles per second in the upper half inlet
of the micromixer. Hence, the only difference between 3a, 3b, and 3c is the inlet velocity
ratio. Under Vp/Vc = 20 (3a) and Vp/Vc = 10 (3b), the distribution is satisfied, as observed
from the beginning of the micromixer. In the first loop (upper part of the micromixer), the
distribution of the nanoparticles is uniform, whereas in the second loop (lower part of the
micromixer), the distribution is not satisfied. Near the common outlet, a very satisfying
distribution is observed. It should be noted that, in the present simulations, only two Tesla
valves were used in series compared to previous works, as shown in Table 1. However,
under Vp/Vc = 1 (3c), no mixing was observed inside the whole length of the micromixer.
Moreover, the results were almost identical when the inlet rates of Fe3O4 nanoparticles
(diameter = 13.5 nm) were either 1000/s or 3000/s for both velocity ratios.
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1000 nanoparticles per second under (a) Vp/Vc = 20, (b) Vp/Vc = 10, and (c) Vp/Vc = 1.

Under Vp/Vc = 1, no mixing was observed from the visualization of the simulations
for all inlet rates. Thus, only results from Vp/Vc = 10 and Vp/Vc = 20 were quantified.
Figure 4 shows the mixing efficiency for various inlet rates. The efficiency was calculated
using Equation (5) and the number of sample points (N) was selected to be equal to 16.
These “sample points” were actually volumes that occurred due to division of the height
(H) and the width (W) into four equal sections of 25 µm. Moreover, the length of each N
was equal to 100 µm. It should be noted that the volume of N should not affect the mixing
efficiency since the nanoparticles are in a steady condition in the micromixer. In order to
evaluate this hypothesis, the efficiency was calculated for two different volumes of N and
the mixing performance showed no significant change.

It was found that the inlet rates of nanoparticles have a significant role in mixing
efficiency. Under the same inlet ratios, the increase in inlet rates coincides with the increase
in efficiency. Moreover, the difference in mixing efficiency between 500 and 3000 particles
per second was about 20% for Vp/Vc = 10, while the increase in the inlet ratio differ-
ence dropped to 9%. The mixing efficiency of this specific micromixer was over 63% for
Re = 0.62.



Processes 2022, 10, 1648 7 of 12

Processes 2022, 10, x FOR PEER REVIEW 7 of 12 
 

 

It was found that the inlet rates of nanoparticles have a significant role in mixing 
efficiency. Under the same inlet ratios, the increase in inlet rates coincides with the in-
crease in efficiency. Moreover, the difference in mixing efficiency between 500 and 3000 
particles per second was about 20% for Vp/Vc = 10, while the increase in the inlet ratio 
difference dropped to 9%. The mixing efficiency of this specific micromixer was over 63% 
for Re = 0.62.  

The mixing cost for Vp/Vc = 20 and Re = 0.62 calculated from Equation (6) using the 
micromixer achieved a better mixing performance. Under an inlet rate equal to 500 nano-
particles per second, ΔP was found to be 0.840 Pa while mixing performance was 56.31%; 
thus, the mixing cost was 1.49 Pa/%. By comparison, when the inlet rate was increased to 
1000 nanoparticles per second, ΔP was found to be 0.834 Pa while the mixing performance 
was 61.22%. Thus, the mixing cost was calculated to be 1.36 Pa/%. Finally, under the inlet 
rate equal to 3000 nanoparticles per second, ΔP was found to be 0.843 while the mixing 
performance was 63.43%; hence, the mixing cost was 1.33 Pa/%. 

 
Figure 4. Mixing efficiency for Vp/Vc = 10 and Vp/Vc = 20 under inlet rates equal to 500, 1000, and 
3000 nanoparticles per second. 

The streamlines of the duct are presented in Figure 5 under all the selected velocity 
ratios. In Figure 5a, the streamlines are visualized for a velocity ratio equal to Vp/Vc = 20, 
where streamlines are curved before the first loop due to the high velocity difference be-
tween the two inlets. Hence, the mixing is strongly dependent on the velocity ratio and 
no recirculation occurs near the duct entrance. As the velocity ratio is decreased to Vp/Vc 
= 10 (Figure 5b), the above phenomenon is less intense. Moreover, when the velocity of 
both streams is equal (Figure 5c), the phenomenon does not appear, and thus no mixing 
is achieved, as also shown in Figure 3c.  

(a) 

 

Figure 4. Mixing efficiency for Vp/Vc = 10 and Vp/Vc = 20 under inlet rates equal to 500, 1000, and
3000 nanoparticles per second.

The mixing cost for Vp/Vc = 20 and Re = 0.62 calculated from Equation (6) using
the micromixer achieved a better mixing performance. Under an inlet rate equal to
500 nanoparticles per second, ∆P was found to be 0.840 Pa while mixing performance
was 56.31%; thus, the mixing cost was 1.49 Pa/%. By comparison, when the inlet rate was
increased to 1000 nanoparticles per second, ∆P was found to be 0.834 Pa while the mixing
performance was 61.22%. Thus, the mixing cost was calculated to be 1.36 Pa/%. Finally,
under the inlet rate equal to 3000 nanoparticles per second, ∆P was found to be 0.843 while
the mixing performance was 63.43%; hence, the mixing cost was 1.33 Pa/%.

The streamlines of the duct are presented in Figure 5 under all the selected ve-
locity ratios. In Figure 5a, the streamlines are visualized for a velocity ratio equal to
Vp/Vc = 20, where streamlines are curved before the first loop due to the high velocity
difference between the two inlets. Hence, the mixing is strongly dependent on the velocity
ratio and no recirculation occurs near the duct entrance. As the velocity ratio is decreased
to Vp/Vc = 10 (Figure 5b), the above phenomenon is less intense. Moreover, when the
velocity of both streams is equal (Figure 5c), the phenomenon does not appear, and thus no
mixing is achieved, as also shown in Figure 3c.
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In addition, the streamlines under Vp/Vc = 20 for a new geometry where the inlet is
the longest (200 µm) compared to the initial geometry was investigated. This expansion
took place in order to examine if the phenomenon that arose in Figure 5 depends on the
inlet length of the micromixer. The visualization (Figure 6) of the streamlines shows that
phenomenon is independent of the inlet length, although the minor differences are in the
range of statistical error. Hence, the mixing performance is strongly related to the inlet
velocity ratios of the expanded micromixer.

Further simulations with a diameter increase in nanoparticles were performed for
nanoparticles having a diameter set to 27 nm, which is double that of the above simulations.
The difference in mixing efficiency between different diameters of nanoparticles for various
inlet conditions is presented in Figure 7. The mixing difference is imperceptible, as shown
below. For lower inlet rates, the difference is slightly lower. Moreover, for higher inlet
velocity ratios, the difference is minimized.
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4. Discussion

Micromixer devices are involved in applications for water purification of heavy metals
ranging from determination of heavy metal traces [38] to enhancing reactions [39]. Here, the
basic principle is to achieve high mixing performance to enable application of the adsorption
mechanism. Observations from the existing results show that, as Vp/Vc increases, mixing
is achieved independently of the rates of Fe3O4 nanoparticles. Secondly, mixing is not
achieved for all the cases with Vp/Vc = 1, under all the selected rates of Fe3O4 nanoparticles
and diameters. Additionally, the inlet velocity ratio seems to be crucial for the mixing
inside micromixers, either for the simplest geometries [32] with or [6] without an external
magnetic field, or for more complicated geometries such as in the present work. The rate of
Fe3O4 nanoparticles is the second factor that was investigated in the present work. Under
both velocity ratios for all inlet rates, the outcomes from visualization and quantification
lead us to conclusion that inlet rates affect the mixing efficiency of the micromixer.

Comparing the outcomes of the present work with previous studies (Table 1) of Tesla
valve geometry, interesting similarities in the results were found. Initially, the difference
between the mixing efficiency of Weng et al. [21] and the present work, which share basic
parameters, such as the angle of θ = 30◦ and the length ratio of L1/L2 = 2, is due to the
number of Tesla valves in series (8). Comparing the mixing performance after the second
Tesla valve, Weng et al. [21] found a mixing performance equal to 51.93%, which is lower
than the current results. Thus, scaling down does not affect the successful micromixer
geometry, and the results are also close enough to those of Weng et al. [21].

Moreover, researchers have explored several alterations to Tesla geometry. The geome-
try of Hossain et al. [22] employs a T-junction inlet with six serial valves and results in a
mixing efficiency of 70.02%. Unfortunately, we could not directly compare our results with
these because Hossain et al. [22] do not provide information about the mixing efficiency
after the second Tesla valve. The mixing efficiency of the present work (63%) is close to
that of Hossain et al. [22]. Another variation in the geometry uses a Y-junction inlet with
20 serial valves, as presented by Bhagat et al. [24]. This geometry achieved a mixing effi-
ciency of 78% and has many similarities with the previous geometry. As in the previous
case, the comparison could not be made directly but the difference in the mixing efficiency
is obvious, and is probably due to the number of Tesla valves. Another micromixer was
introduced by Wang et al. [23] that achieved a mixing efficiency up to 95.3% for three
Tesla units. Efficiency for one valve (68.9%) is comparable with that in the present work,
whereas using two valves exceeds our performance, achieving efficiency of 88.2%. Another
high performance micromixer (97%) using a T-junction inlet and 10 unit pairs of valves



Processes 2022, 10, 1648 10 of 12

was introduced by Yang et al. [25]. Finally, the common characteristic between the above
micromixers is that they are based on the micromixer of Hong et al. [26], which achieved a
mixing efficiency of 95% for a T-shape inlet.

As is made clear by comparing the above mixing efficiencies, it is quite difficult to
directly compare the diffusion and discrete models. This difficulty is due to several factors,
such as different geometries and initial conditions. However, the work presented by
Weng et al. [21] shares the same geometry (with only minor differences). Thus, we may
be able to compare the models. The discrete model has better mixing efficiency than the
diffusion model in the specific comparison. Although no clear conclusion can be drawn
from a single comparison, we can nevertheless accept it as an indication.

5. Conclusions

In the present work, the Tesla valve geometry is used as a micromixer. In order to
achieve high mixing efficiency performance of Fe3O4 nanoparticles inside the micromixer,
several factors were investigated. Emphasis was placed on inlet velocity ratios and inlet
rates of nanoparticles, and forward flow was selected for the simulations. Outcomes
from the visualization of the simulations demonstrate that, when the velocity was equal to
Vp/Vc = 20, nanoparticles were spread uniformly inside the micromixer (with the exception
of the lower loop). The mixing efficiency achieved for Re = 0.62 and two Tesla units was
63%. Moreover, nanoparticles occupied a large percentage of the height and the width of
the micromixer near the common exit. In addition, the quantification of results exhibited
a significant role of inlet rates in determining mixing efficiency for lower velocity ratios.
Additionally, the crucial factor for mixing efficiency was the velocity ratio, which acquired
a decisive role as it increased. The increase in the nanoparticle’s diameter from 13.5 to
27 nm had an insignificant impact on mixing performance, although more simulations
need to be performed for different diameters. Further investigation of mixing performance
is needed either for reverse flow or the addition of Tesla valves in series, according to the
bibliography. Since the results are encouraging by comparison to the mixing performance
of related works, this simplified model will be upgraded. An external magnetic field for
investigation of a micromixing enhancement and adsorption model will be embedded in
the model.
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