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1. Introduction

When coagulating water impurities, a rapid and even dis-
tribution of reagents in its volume is necessary. This ensures
maximum contact of impurity particles with intermediate
products of the coagulant hydrolysis. The formed hydrolysis
products exist for a short time. Such short period of time is
due to the fact that the processes of hydrolysis, polymeriza-
tion and adsorption occur within 1 s [1, 2].

Perkinetic coagulation ends when the particles reach size
of 1...10 pm, which practically coincides with the period of
rapid distribution of the coagulant in the water treated in
mixers. Inefficient mixing leads to an over-consumption of
coagulant and a low agglomeration rate of water impurities
at a given dose of reagent. Therefore, it is necessary to create
an optimum operating mode of the mixers in which the co-

agulant would come into contact with a maximum number of
particles of water impurities before hydrolysis and polymer-
ization reactions terminate.

To uniformly and quickly mix reagents with water, one
should introduce them in the zones of the greatest turbu-
lence of the flow at several points of its cross section. To mix
the reagent with water, it is necessary to provide reagent
distributors (reagent injection devices) and mixers. These
devices ensure a rapid and uniform distribution in the feed
channel or pipeline. A subsequent intensive mixing of the
reactants with the treated water takes place in the mixers.
Reagent distributors are recommended to be made in a form
of perforated tubular systems or inserts in the pipeline,
which serve as local resistance.

Mixing of reagents with the treated water is carried
out in mixing devices (Venturi nozzles, diaphragms), pipe




mixers or in special mixing structures. The mentioned de-
vices must satisfy requirement of fast and complete mixing of
reagents with the entire mass of water (i. e., water residence
time is 1...3 min.) [1].

One of the most effective solutions ensuring mixing waste-
water with reagents was realized in static mixers. This is due to
anumber of technical and economic advantages of static mixers
in comparison with the conventional capacitive mixing devices.

Application of modern technologies and computer mod-
eling makes it possible to develop new and improve existing
designs of static mixers. Such approach will ensure theoret-
ical preconditions for explaining the processes taking place
in hydrodynamic flows. Visualization ability of the obtained
models of fluid flows makes it possible to confirm results of
field experiments.

2. Literature review and problem statement

Available sources contain a rather large number of differ-
ent solutions on this subject. One of the most common types
of mixers is a static mixer in two variants:

— static mixers without mixing diaphragms;

— static mixers with mixing diaphragms.

Authors of work [3] assert that the decrease in the ef-
ficiency of wastewater treatment in the dairy industry is
associated with a number of reasons:

— introduction of expired dairy products (concentrated
waste water) directly into the wastewater treatment line;

— anaerobic reactions in the system because of existence
of underground reservoirs;

— absence of preliminary cleaning and aeration elements;

— use of low-quality coagulants and flocculants, etc.

However, one of the most important causes of reduction
in efficiency of purification of this wastewater is the lack of a
qualitative mixing of effluents with reagents.

Materials of work [4] show advisability of sewage treat-
ment at dairy industry enterprises by biological methods, in
particular, in anaerobic bioreactors. In doing this, preliminary
physical-chemical purification is carried out with the help of
a flotator. The flotation scum collected from this flotator is a
source for producing an energy carrier. Therefore, intensive and
proper mixing of effluents and reagents in the flotator promotes
more full cycle of production of an energy carrier (biogas).

The paper [5] presents the results of studies in flotation
scum after physical-chemical purification of wastewater
from three dairy enterprises. According to the conducted
experiments, the amount and quality of the formed sediment
(flotation scum) depend on the initial quality of wastewater,
the reagent dose and completeness of mixing the flow with
the reagent.

The experiments presented in [6] confirmed that with
the use of a static flow mixer, the pressure drop depends on
the form factor of the elements of the packed bed and the
characteristics used. In general, it is observed that with a de-
crease in the size of the pack, hydraulic resistance increases
which can be explained by a decrease in the size of the chan-
nels formed in the packed bed and an increase in tortuosity.

Materials of work [ 7] include and discuss the types of mix-
ing devices for mixing various types of liquids. A comparative
analysis of efficiency of these mixers under laminar and tur-
bulent flow regimes was made. Recommendations were given
concerning the use of various types of mixers in engineering
practice. Publication [8] examined approach to the estimation

of efficiency of static flow-type pack mixers based on using
the analogy of turbulent momentum and mass transfer. From
the expressions obtained, calculations of mixers with various
packs were made for determining the effective mixing ratio.

The authors of [9] simulated hydrodynamic flow in a
static centrifugal mixer with the help of a computer program
which allowed them to obtain a complete information on the
processes taking place and improve the mixer.

Visualization and modeling of the process of mixing
wastewater and reagent will enable a more complete sub-
stantiation of the design of the mixer to be used. Computer
simulation of the process will provide an opportunity to
study basic hydrodynamic flow parameters in mixers.

3. Research goal and objectives

The objective of this study was a theoretical justification
of intensification of the process of mixing wastewater of a
milk processing enterprise with a coagulant in a static mixer
with a specially designed diaphragm installed in it. This will
make it possible to confirm results of the actual experiments,
shorten time for the experiment and obtain a visual represen-
tation of the main hydrodynamic flow parameters of mixers.

To achieve this goal, it was necessary to solve the follow-
ing main tasks:

— perform computer simulation of the process of mixing
the coagulant with treated wastewater using a special design
of the mixing diaphragm in the reagent mixing unit with the
help of FlowVision software (Moscow, Russian Federation);

— obtain virtual flow models using various types of mixers
and present a comparative characteristic in three main param-
eters: distribution of pressure, velocity and flow turbulization;

— study the obtained diagrams of distribution of pressure
and velocities in order to determine an optimum type of mixer,
which would ensure mixing of wastewater with the reagent as
fully as possible and quickly.

4. The materials and research methods used in computer
simulation of hydraulic flow in mixers

FlowVision software package (Moscow, Russian Feder-
ation) [10] was used to simulate the process of mixing the
treated wastewater with a reagent in a mixer with a dia-
phragm of a special design.

To construct hydrodynamic models of fluid flows, three
types of mixers were imported into the program in a
three-dimensional image. Then pipeline parameters were set.
The point of reagent entry in the mixing line and the mixer
location were set. The entire system was represented in the
program by a three-dimensional image.

The next step was to enter the flow parameters:

— density, temperature and consumption of the waste-
water model;

— density, temperature and consumption of the reagent
model.

According to the parameters, which were set, the pro-
gram calculated basic hydrodynamic parameters of the
flow: velocity, pressure, and turbulent dissipation in a given
system. Based on the calculation results, diagrams of these
hydrodynamic flow parameters were constructed. The pro-
gram functions have made it possible to obtain three-dimen-
sional visual images of flow hydrodynamics.



5. Results of the computer simulation of
hydraulic flow in mixers

A special design of static mixer (diaphragm) was used in
the conducted studies to intensify the process of mixing the
reagent solution and its more full contact with the treated
wastewater of the milk processing enterprise (Fig. 1) [11, 12].

The mixing diaphragm, which creates differential pressure
was mounted in a pipe. A part of the stream was directed into
the bypass pipeline ahead of the diaphragm. A concentrated
coagulant solution was injected into the pipeline wherein the
solution was mixed with the part of the wastewater flow. The
taken part of the flow with the coagulant was returned to the
main pipeline immediately after the exit from the diaphragm
into the zone of intense vortex formation.

Computer simulation of the mixing process was performed
in this work using this diaphragm of a special design (Fig. 1)
and mixing devices of the most common designs: pipe and or-
ifice mixers. To study parameters of the obtained streams, the
pressure and velocity changes in the flow were taken in front
and behind the mixers. Turbulent dissipation of the flow was
studied in its passage through the mixers of various designs.

The FlowVision software package (Moscow, Russian
Federation) was used in computer modeling and construc-
tion of diagrams of speed distribution in a mixing device.
This software package assures simulation of the liquid and
gas flows in real conditions. The program functions enable
running of “what if” scenarios and an effective analysis of the
influence of fluid flow, heat transfer and associated forces on
the immersed or surrounding components. The FlowVision
package makes it possible to compare options in making
more substantiated decisions and obtain products with im-
proved characteristics [9].

Initial data for modeling:

— dimensions of the computational grid: 50x50x100
(250,000 nodes);

— nominal wastewater discharge rate: 36 m?/h;

— nominal consumption of coagulant: 0.36 m?/h;

- pipe mixer: D .80 W50 K15;

— orifice mixer: D 80 K15;

— static mixer: DySO K20.

Fig. 1. Static mixer (the model physical appearance)
with an installed diaphragm of a special design
(a three-dimensional model)

The computer simulation of the mixing process was based
on a model having appearance as shown in Fig. 1. In the course
of computer modeling, diagrams of distribution of pressure, ve-
locities and turbulent flow dissipation were obtained. Fig. 2—4
present models of flow distribution in a mixing device with a di-
aphragm of a special design installed in it [12]. The diaphragm
design includes the following technical solutions:

— the mixer has an inlet and an outlet openings connect-
ed with each other with a channel to form at least two guide
vanes and one obstructive vane;

— the obstructive vane has a guide section inclined to the
flow and an obstructive section perpendicular to the flow, the
obstructive section being located in the flow section center;

— the coagulant injection zone is located immediately
behind the obstructive vane;

— the diaphragm has an aperture for receiving the bypass
pipeline;

— both ends of the bypass pipeline are connected with
the waste water supply pipeline, one of the ends being fixed
in front of the diaphragm and the other is fixed in the dia-
phragm aperture;

—the inlet aperture of the diaphragm narrows in the
direction of waste liquid flow.

The same models were calculated and constructed for
using pipe (Fig. 5-7) and orifice (Fig. 8—10) mixers. This
made it possible to compare the mixing process with various
mixer designs.
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Fig. 2. Diagram of pressure (Pa) distribution in a static mixer in the case of installing the diaphragm of
a special design: longitudinal section
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Fig. 3. Diagram of velocity (m/s) distribution in a static mixer in the case of installation in it the diaphragm of

special design: longitudinal section
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Fig. 4. Simulation of the process of turbulent dissipation (s') in a static mixer in the case of installing in it the diaphragm of
a special design: top view and longitudinal section
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Fig. 5. Diagram of pressure (Pa) distribution in a pipe mixer: longitudinal section
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Fig. 6. Diagram of velocity (m/s) distribution in a pipe mixer: longitudinal section
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Fig. 7. Simulation of the process of turbulent dissipation (s') in a pipe mixer: longitudinal section
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Fig. 8. Diagram of pressure (Pa) distribution in the orifice mixer: side view and three-dimensional image
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Fig. 9. Diagram of velocity distribution in the orifice mixer: longitudinal section

Fig. 10.

Application of the FlowVision software package has
made it possible to create hydrodynamic flow models for
three types of mixers: a mixer with the proposed diaphragm
design, a pipe mixer and an orifice mixer. Information was
obtained on the hydrodynamic processes, which took place.
At the same time, design and technological parameters of
these types of mixers were taken into account.

In the long run, computer simulation of flows in the mixing
devices of various types has made it possible to significantly
reduce time for conducting studies (inconcrete statements are
unacceptable) and confirm the results of field experiments [11].

6. Discussion of the results of computer simulation of
hydraulic flow in mixers

As a result of study of the obtained visual models, one can
distinguish the following features of pressure distribution:

— when the flow passes through the diaphragm of the
proposed design, pressure change across the entire cross
section of the pipeline was observed. Hence, the whole flow
was stirred (Fig. 2);

— only a small area where pressure change was observed
in the tube mixer in an immediate vicinity of the point where

Name Value I 10000
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Phase All phases 6000
Local maximum 30474.2383

5000
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Global minimum 1 P 2000
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Simulation of the process of turbulent dissipation (s') in the orifice mixer: longitudinal section

the coagulant solution was injected but pressure changes
were insignificant in the main flow (Fig. 5);

— with the use of an orifice mixer in an immediate vi-
cinity of the washer orifice, vacuum formation zones were
noticeable which is an indication of intensive agitation of the
flow (Fig. 8). However, there were greater hydraulic resis-
tances than when using the diaphragm of a special design.

Analysis of the diagrams of velocity distribution when
various types of the mixing device designs were used has
resulted in observation of the following distinctions:

— when using the diaphragm of special design (Fig. 3),
maximum velocity reached 7.12 m/s. More or less uniform
distribution of equal flow velocities was noticeable over the
entire perimeter of the pipeline at a small distance from the
mixer. The latter indicates a complete and intensive mixing
of the and coagulant solution flows;

— velocity reached only 2.87 m/s in the pipe mixer (Fig. 6).
Immediately near the point of introduction of the reagent solu-
tion, mixing takes place only in the lower section of the pipe-
line. Velocities distribution was extremely uneven indicating a
non-uniform and incomplete mixing of the treated water with
the coagulant solution;

— when the orifice mixer was used, the flow rate reached
8.81 m/s (Fig. 9). The core of velocity was in the center of



the flow, which indicates intense mixing at the center of the
pipeline section. However, a part of the flow at the walls of
the pipeline (at its periphery) will be mixed less intensively
at speeds from 0.02 to 0.9 m/s. The flow will be mixed in-
completely and unevenly.

When studying the turbulent flow dissipation when us-
ing various types of mixing devices (Fig. 4, 7, 10), it can be
noted that the maximum vortex formation was achieved by
using the diaphragm of a special design. An intensive mixing
of practically entire volume of the mixture was noticeable
in the pipeline in an immediate vicinity of the mixer. When
using a pipe mixer, vortex formation was negligible and con-
centrated at the coagulant injection point. When using an
orifice mixer, one could notice intensive mixing only at the
center of the flow but the zones at the walls of the pipeline,
where there was practically no turbulence and mixing were
observed.

7. Conclusions

1. Virtual models of hydraulic flows were obtained with
the help of the FlowVision software (Moscow, Russian Fed-
eration). The flow was formed during coagulant and waste
water mixing. Virtual flow models were obtained for three
types of mixers: a mixer with a diaphragm of special design,
a pipe mixer and an orifice mixer.

2. Of the above virtual models, the best results of inten-
sive flow mixing were obtained when using a mixer with
a specially designed diaphragm and with an orifice mixer.
This was evidenced by the diagrams of distribution of pres-
sure and velocities in these mixers. However, when using an
orifice mixer, intensive mixing could only be noticed in the
center of the flow and zones were observed at the walls of the
pipeline where there were practically no turbulence and mix-
ing respectively. In the pipe mixer, only a small region was
observed where pressure and velocity varied. This region is
located in the immediate vicinity of the point of injection of
the coagulant solution. These parameters change insignifi-
cantly in the main flow.

3. The study of the obtained diagrams of distribution
of pressures and velocities enables a conclusion that the
proposed diaphragm design provides more effective mixing
of waste water with the reagent as compared to the pipe
and orifice mixers. This diaphragm makes it possible to mix
wastewater with the reagent as fully and quickly as possible.
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