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ABSTRACT

The trade-off between mixing efficiency, energy consumption, and low maintenance costs presents a compelling rea-
son to further explore energy-free and environmentally friendly hydraulic mixing. This research focused on designing
a low-complexity static mixer with fixed components that achieves high efficiency while minimizing pressure drop
and kinetic energy usage. The innovative mixer developed in this study adopted Tesla’s micromixer structure, featur-
ing a diameter of 170 mm and a height of 600 mm, making it an appropriate size for water treatment applications. To
validate the effectiveness of this size Tesla-style mixer, computational fluid dynamics (CFD) were utilized to model
the mixing currents created by vortices. The results indicated a promising mixing efficiency between coagulants
and contaminants. Additionally, the study examined two optimized designs for the innovative mixer: one with sharp
edges for the internal channels and another with rounded edges. To ensure accuracy in the analysis, the Realizable
K-& model was selected, known for its effectiveness in simulating high-intensity disturbances and complex flow con-
ditions similar to those in this study. The sharp-edged design showed superior performance. Encouraging additional
adjustments by increasing the number of mixing stages for the same size of the mixer. These enhancements improved
mixing efficiency, as indicated by the pressure drop parameters and mixing VOF ratios for water and coagulants.

Keywords: mixing efficiency, energy consumption, static mixer, Tesla’s micromixer structure, coagulants;
mixing stages.

INTRODUCTION

Water and wastewater treatment have at-
tracted high attention due to the vital roles of
water in different aspects [1, 2]. Different treat-
ment processes have been investigated, with a
focus on novel solutions such as using nanopar-
ticles due to their high surface area [3], reactivi-
ty [4], adsorption capacity [5], and other unique
advantages [6—8]. The mixing process is a vital
step in water treatment systems, as it requires
the rapid diffusion of coagulants in raw water

to interact with various pollutants, forming co-
agulant flocks with the densities that allow the
deposition of these contaminants [9—11]. The
importance of using stationary mixers in mul-
tiple industries has increased over the past few
years, including the water treatment sector [12,
13]. These mixers do not have moving parts, re-
sulting in lower maintenance, operating costs,
and space requirements. Stationary mixers can
work with different liquids and gases, from low
viscosity to highly viscous non-Newtonian liq-
uids [14, 15].
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A stationary mixer is designed to overcome
several frequent or disparate obstacles within a
pipe or channel to excite the mixing of flowing
fluid streams.

Ramin Rahmani et.al examined the perfor-
mance of the helical stationary mixer has been
analyzed under turbulent flow conditions us-
ing numerical simulations. The model employs
the three-dimensional Reynolds—Navier—Stokes
equations with the Sballart-Almaras turbulence
model and a second-order accurate finite-volume
method. Simulations of the six-element mixer as-
sess mixing results and stationary mixer perfor-
mance with various predictive tools [16, 17].

Banerjee, A. et al. analyzed turbulent flow
in 90° mixing elbows, rather than on helical
static mixers using the k-epsilon model. They
examined the Reynolds numbers and mixing ef-
ficiency through the fluid behavior on the bend-
ing curvature [18].

The performance of the static mixer is prac-
tically evaluated by measuring the mixing effi-
ciency and pressure drop. For this purpose, the
pressure drop is defined as the Z-ratio of pressure
drop (the pressure drop in the mixer to the pres-
sure drop that occurs in a normal pipe) [19]. On
the basis of physical principles, the optimal static
mixer is the one that achieves a high degree of
mixing while minimizing pressure drop. This is
achieved by converting the momentum of the
liquids into mechanical energy for static mixing,
which can result in lesser pressure drop [20, 21].

Although mixing elements in static mixers are
intended to mix liquids, they can somehow hinder
flow streams [22]. The complexities of combin-
ing elements in stationary mixers can increase the
pressure drop and thus reduce mixing efficiency.
To improve mixing efficiency, the methods to
minimize flow obstruction while maintaining a
constant flow momentum and a low difference
between the pressure at the inlet and outlet of the
mixer need to be found [23].

The main objective of this research was to
conduct a numerical analysis to create a static
mixer with fewer numbers and simpler geomet-
ric shapes for fixed internal mixing elements that
achieve optimal mixing of streams of contami-
nated coagulants and water with high mixing ef-
ficiency while maintaining an acceptable level of
flow pressure inside the mixer [24]. This can lead
to significant energy savings.

To improve mixing efficiency, innovative so-
lutions should focus on reducing the number of
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mixing elements that usually slow down the flow
while maintaining the appropriate pressure drop
to increase mixing efficiency and maintain cohe-
sive momentum in the mixing [25]. One way to
maintain flow momentum is by increasing the ki-
netic energy required to self-drive the flow, which
can be achieved by modifying the internal geom-
etry of the mixing device without relying on the
concept of obstruction of flow [26]. To achieve a
sufficient momentum for the continuous flow of
liquids towards the mixing paths and counteract
the pressure drop that usually occurs in stationary
mixers, it is possible to imitate the well-known
flow behavior in Tesla valves [27].

Nikola Tesla created the Tesla valve in 1920
[28]. A Tesla valve is a type of fluid guide valve
that controls the flow of liquids or gases in a par-
ticular system. Its basic design consists of a series
of channels or small chambers to drive the flow in
one direction. The valve structure consists of a con-
nected main channel and a series of interconnected
curved sub-channels opened to the main channel
with repeated symmetrical distances that allow the
liquid to flow in one direction, see Figure 1.

A liquid or gas can pass through the main
channel with very little opposition (high flow di-
rection) [29]. If a liquid or gas flows in the op-
posite direction (low flow direction), the flow
branches towards the main channel and the curved
sub-channels, and then vortex reverse flows form
at all the areas where those curved sub-channels
meet the main channel. This increases the amount
of energy and momentum required to push the
liquid or gas in this direction [30].

Hong et al. [31] developed a micromixer that
exploits the “Coanda effect” that produces cross-
wise branching with modified Tesla structures.
Part of the flow is directed from a separate inlet
around a curved channel to create the mixing
streams that oppose the flow in the main chan-
nel. Naturally, the flow wants to move to the side
channels, which then rotate and push back into
the main channel, causing eddies in the area of its
confluence with the main channel. These vortices
increase the energy needed to push the flow lines
towards the low flow of the Tesla valve, compen-
sating for the natural drop of pressure that occurs
inside the mixer.

Wang et al. created a liquid-liquid extractor
using a feedback liquid oscillator. The design was
formed based on the Coanda effect, as the de-
signed oscillator was linked to two feedback chan-
nels to ensure thorough mixing of the aqueous and
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Figure 1. Tesla valve conduit [28]

organic phases. During visual observation, it was
noticed that the aqueous phase was dispersed in
small droplets due to liquid oscillation and vortex
formation caused by the confluence of flows from
the end of the two channels with the flow in the
main space of the oscillator [32].

This paper presents an innovative design of a
relatively large-volume stationary mixer that uses
minimal structural engineering complexity for
testing. The mixer was designed to overcome the
issue of common pressure drop in stationary mix-
ers. The design integrated the principles of Tesla
valve flow and the Coanda effect. The flow of two
different liquids was passed through branched
passages, and when they met in the main passage,
they created vortices that increased the flow mo-
mentum towards the mixing streams. This hybrid
design promises to be effective in achieving ef-
ficient fluid mixing [33].

METHODOLOGY

The innovative design of the static mixer

The diagram in Figure 2 shows the innova-
tive stationary mixer design, which resembles the
structure of a Tesla valve in terms of the branch-
ing of the flow streams after the liquids enter into
two branches. One of them continues towards
the main channel, and the other deflects towards
the peripheral space that loops at its end to meet
the main channel again at a repeated system. The
invented cylindrical static mixer in this research
was planned to have a large size with a diameter
of 170 mm and a height of 600 mm. The mixer
was designed to be relatively large to meet the
requirements of continuous flow in water treat-
ment plants. The dimensions of the cross sections
and the longitudinal section of the repeated six-
channel stages remained constant throughout the
mixer. Water flowed through the main channel of
the mixer while aluminium hydroxide chloride,

which was used as a coagulant, flowed into the
peripheral channels. Both fluids entered the mix-
er at 20 °C.

To enhance the mixing performance of the
employed Tesla structure mixer, the impact of
two different flow pass shapes was investigated:
one passing through sharp edges and the other
through rounded edges. The design features and
detail dimensions are shown in (Figure 3A-B)
and (Figure 4). Raw water and coagulants enter
the mixer from the lower openings in a flow from
the bottom to the top against gravity, where the
water enters directly into the main channel at a
flow speed of 0.1 m/s. In comparison, the coagu-
lated fluid enters through the peripheral channels
at a flow speed of 0.3 m/s to follow the curved
path and then meets at the end of this path with
raw water in the main channels.

Flow solver

The computational fluid dynamics code An-
sys Fluent Workbench® 2023 R2 version: 3D
simulation, double resolution, pressure-based,
mixture, realizable k-epsilon, transient was used
to perform the simulations. The code predicts flu-
id mixing streams by solving partial differential
equations numerically, which designate the con-
servation of mass and momentum. For turbulent
flows, the code solved the conservation equations
to obtain the average time information. The time-
mean equations demonstrate the transmission of
mass and momentum by turbulence.

The turbulence simulation in this study was
adopted, considering the standard turbulence K-
epsilon and standard wall functions with the dis-
persive option. The dispersive turbulence model
is the appropriate model when using the granular
model (ANSYS, 2023).

The grid independence test examined differ-
ent mesh element sizes of 0.1 mm, 0.2 mm, 0.3
mm, and 0.5 mm using the FLUENT solver. The
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Figure 2. The innovative stationary elements’ mixer design
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Figure 3. The two suggested designs: A) passing through sharp edges, B) passing through rounded edges

results, compared in terms of outlet pressure and
velocity (see Figure 5), identified 0.3 mm as the
most reliable mesh size for further analysis based
on the equilibrium points close to a steady state.
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For fluid phases, the simulation process was
considered. Air as a primary phase, water, and alu-
minum hydroxide chloride as secondary phases,
while the mixer walls were considered aluminum
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Figure 4. Details and dimensions of channels, Radius of curvature for: (A) sharp edges mixer,
B) rounded edges mixer
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Figure 5. The grid independence test: (A) depending on outlet pressure, (B) depending on outlet velocity

Table 1. The specific properties of material phases under study

Property Units Method Value
Water-liquid
Density kg/m? Constant 998.2
Viscosity kg/m.s Constant 0.001003
Molecular weight kg/mol Constant 18.0152
Aluminum hydroxide chloride
Density kg/m? Constant 1250
Viscosity kg/m.s Constant 0.05
Molecular weight kg/mol Constant 0.18
Air
Density kg/m? Constant 1.225
Viscosity kg/m.s Constant 1.7894e-05
Molecular weight kg/mol Constant 28.966
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for the proposed solid simulation. Table 1 shows
the properties of the material.

DESIGN MODELING AND
NUMERICAL APPROACH

Navier-Stokes equation is used for a bet-
ter understanding of the mixing flow in the sta-
tionary mixer. This equation is essential in fluid
mechanics and expresses the principles of mass,
momentum, and energy conservation. It is com-
monly used to describe the behavior of Newto-
nian viscous fluids and can be written as follows
to express the conservation of momentum:

1%
@ V)i = —7p+uv2a 1)

V.i=0 )

where: U is the velocity vector, p is the bulk den-
sity, p is pressure, and v is the kinematic
viscosity. Simulation of mixing continu-
ity was embodied by solving the diffusion
equation: m, is the mass diffusivity, and
m,is the mass fraction of fluid.

Ansys® Fluent 2023 R2 was used to solve the
governing Equations 1, 2, and 3 based on the fi-
nite volume method. The velocity distribution at
both inlets was assumed to be uniform, and the
outflow condition was applied as an outlet. The

no-slip boundary condition was specified for all
inner walls were considered as a no-slip boundary.

RESULTS

Due to the symmetry of the cylindrical ge-
ometry of both mixers, an identical longitudinal
plan was selected to perform the computerized
fluid dynamics (CFD) of fluid behavior within
the mixer channels to save time and memory in
the computer. CFD analysis of mixing streams for
both designs proved good mixing ratios along the
mixers elevated, but it seems that the sharp-edged
mixer maintained a more balanced mixing ratio
for the two liquids, which meant a larger surface
area for interaction between raw water and coag-
ulants [34]. In contrast, the mixer with channels
with round edges allowed the coagulant masses
to flow smoothly into the main channel, occupy-
ing it almost completely at some levels. This re-
duced the chances of contact between raw water
and coagulants. Figures 5 and 6 depict the volume
of fraction (VOF) of both liquids inside both the
rounded edges channel mixer and the sharp edges
channel mixer sequentially and at different heights
within the main channels of the mixers as an in-
dicator of mixing ratios. During CFD analysis,
different flow velocity ratios were tested for fluid
inlet mixing. Both mixers showed the best mixing
ratios at a water inlet flow velocity of 0.1 m/s and
an inlet flow velocity of coagulant fluid of 0.3 m/s.

E Aluminum hydroxide chloride VOF for Case Round Edges Mixer 0.3-0.1 m/s

flow velocities at Line 1

[0 Water VOF for Case Round Edges Mixer 0.3-0.1 m/s flow velocities
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Figure 6. VOF ratios of raw water and coagulant fluid in the round edges static mixer
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Figure 7. VOF ratios of raw water and coagulant fluid in the sharp edges static mixer

Careful observation of Figures 6 and 7 shows
that the mixing ratios in the sharp edge mixer were
better, as they fluctuated around 50% at most of
the selected levels over the height of the mixer,
while the mixing ratio was far from the ideal 50%
in the round edges mixer.

The turbulent kinetic energy contour of the
sharp edge mixer (Figure 8) shows a higher fluid

Ansys

2023R2
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kinetic disturbance in the main channel than that
shown in the same space in the mixer with round-
ed edges, indicating greater fluid mixing activity.

Figure 9A illustrates the volume of fraction
(VOF) contour confirming the preference of mix-
ing activity in the mixer with sharp edges. The
presence of a balanced ratio of coagulants to the
ratio of raw water flowing in the main channel,
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Figure 8. The turbulent kinetic energy contour for: A) sharp edge mixer, B) a rounded-edge mixer
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Figure 9. The VOF contour for A) sharp edge mixer, B) a rounded-edge mixer

in conjunction with the effect of stimulating ki-
netic energy, is represented by sufficient factors
to maintain the mixing process. As it was men-
tioned previously, it was also observed in Figure
9B — specifically at the middle of the height of
the mixer with rounded edges and above — that
coagulants either occupy all the space in the main
channel or are almost completely absent, which
greatly reduces the chances of contact between
the surfaces of the two liquids.

Design optimization

According to the analysis of the two designs,
the authors proposed developing the design of the
mixer with sharp edges since it has better mix-
ing performance. Thus, the plan was to increase
the number of mixing channels while maintain-
ing the same capacity and external measurements
of the mixer. This meant that the vertical trajec-
tory measurement for each stage would be re-
duced. The anticipation was that the development
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would increase the turbulent kinetic energy areas
and mix vortices at the zones where the terminal
channels converge with the main channel. The
CFD analysis was performed for the modified de-
sign with identical boundary conditions, period,
and time steps as the initial design.

The modified mixer showed an excellent bal-
ance in the mixing ratios between raw water and
coagulation liquid. In most of the levels within the
main channel of the mixer, the developed mixer
achieved a mixing ratio of approximately (0.4—
0.6) for the coagulation fluid and raw water, re-
spectively. Figure 10 shows the VOF of the liquids
in the mixing channels of the developed mixer.

Figure 11 compares the volume of fractions
in the main channel of the mixer with sharp edg-
es before development and the same mixer after
development. Reducing the size of the coagulant
fluid portion in the modified mixer provides more
surface area to contact the surface of the raw wa-
ter, especially when the ratio is close to a ratio of
one-to-one, i.e., the value (50%) on the VOF axis
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Figure 10. (VOF) Ratios of raw water and coagulant fluid for the modified sharp edges static mixer
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Figure 11. A comparison of the volume of fractions (VOF) in the main channel between the modified
sharp edges mixer and the basic sharp edges mixer

in Figure 10, which is the ideal ratio to achieve
high coagulation ratios.

Figure 12 shows the positions of the horizon-
tal planes that were examined to display the mix-
ing ratios. Each plane separates into two consecu-
tive stages, and it is where the main mixing vorti-
ces occur. These levels were numbered from 1 to
8, representing the number of mixing stages for
the modified mixer, which has two stages more
than the basic study mixer. Level 9 represents the
final pickup zone for the mixer.

Figure 13 shows the contour planes of the
fraction volumes VOFs for the raw water and co-
agulant liquid mixture, expressing the mixing ra-
tio. The planes are arranged in the same sequence
as shown in Figure 10, where the mixing perfor-
mance has progressed successively according to
the mixing stages from the bottom of the mixer
to its top.

The top zone of the mixer is where the mix-
ture is collected. This zone has the largest volume
and surface area in the mixer and is represented
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Figure 12. Positions of the VOF inspection levels for mixing fluids into the sharp edges modified mixer

by plane No. 9 in Figure 14. The contour at the
top plane showed a very distinctive mixing ratio
as an indicator of the high mixing efficiency of
the innovative mixture.

Although the kinetic energy contour of the
mixing streams within the main channel for the
developed mixer indicated a lower kinetic energy
(Figure 15). This did not affect the mixing per-
formance; it seems that the stream flow dynamics
that were closer to the laminar flow behavior have
allowed sufficient time for the coagulants to inter-
fere with the raw water bulk.

One of the main parameters in selecting a
static mixer is the pressure drop value and mix-
ing efficiency. Working to reduce pressure drop
improves the mixing efficiency and vice versa. As
the higher difference between the inlet and outlet
pressure increases, the obstruction of flow in the
narrow passages of the static mixer occurs, there-
by delaying the mixing effectiveness.

Practically, increasing the mixing stages in
the developed mixer did not make an important
impact on the pressure drop compared to the basic
mixer (see Figure 16), since the increase of mixer
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stages was not sufficient to cause a clear effect
on the pressure drop. However, the pressure drop
did not exceed approximately 6 kPa in both mix-
ers, as this drop is considered acceptable for good
mixing performance.

Although the pressure drop was close in the
two mixers, the modified design consistently
gives slightly lower pressure drop for the same
mixer height.

To quantify the percentage improvement, the
following formula can be used:

% Improvement =
_ (APBasic - APModified)
APBasic

X 100% @)

Thus, according to the previous improvement
formula, the mixing performance of the improved
sharp edge mixer was compared to the basic de-
sign of the sharp edge mixer through the use of
the pressure difference depreciation index, where
the percentage of improvement was obtained
equal to 16%.

The modified mixer with eight stages utilized
the Tesla mixer flow principle, resulting in an
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Figure 16. Pressure drop comparison between the basic and the modified sharp-edged mixer

optimal mixing ratio. Its innovative engineering de-
sign was simple, which contributed to its success
through maintaining a distinct flow momentum
while reducing pressure drops at its lowest levels.

CONCLUSIONS

This research aimed to create an innovative,
large-sized, low-complexity static mixer with
fixed mixing elements that maintain minimal
pressure drop while conserving kinetic energy
in the mixing tracks. The new design adopted
the concept of the Tesla micromixer structure
modified for the mixing task in water treatment
applications. Two new static mixer designs were
tested using CFD analysis. The first design had
flow channels with sharp edges, while the second
design had the same channels but with rounded
edges. The analysis of the mixers was carried out
under the same operational boundary conditions
and for the same period.

The CFD analysis revealed that the mixer
with sharp channel edges had improved mixing
performance in terms of better mixing ratios,
less pressure drop, higher flow momentum, and
intense kinetic energy. Optimal mixing perfor-
mance was achieved in the sharp-edged channels
mixer by further modification through increasing
the number of mixing stages while maintaining
the same size of the mixer. This improvement

was accomplished for two main reasons: First,
the mixer design was altered to enhance the in-
teraction between coagulants from the peripheral
channels and the raw material in the main chan-
nel, thereby increasing the number of mixing vor-
tices in those areas. Second, these vortex zones
themselves contributed to maintaining the veloc-
ity and momentum of the flow towards the flow of
the mixing streams under the condition of a pres-
sure drop by an acceptable percentage.
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