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1. Introduction

ABSTRACT

Object of research: vortex mass transfer device for the effective absorption of ammonia
by brine in soda production.

Investigated problem: intensification of mass transfer processes and ensuring effective
absorption of ammonia with small dimensions of the device and low hydraulic resistance
Main scientific results: studies of ammonia absorption efficiency in a laboratory device
are carried out, which confirm the operability of the proposed device design. The depen-
dences of the efficiency of the vortex device on the ammonia concentration and the brine
consumption are revealed. The flow velocity and pressure in the device are simulated at
various capacities.

Scope of practical use of the research results: the research results can be used in the
design of mass transfer equipment, primarily equipment for purifying emissions from
ammonia and gas breakers from soda ash columns.

Innovative technological product: the design of the vortex device, which allows
achieving a high degree of absorption in ammonia with a concentration of up to 130 g/m?
of the order of 99 % at low operational (due to low hydraulic resistance) and capital (due
to the compactness and small size of the installation) costs.

Scope of the innovative technological product: the vortex device of the proposed de-
sign can be used to clean emissions, absorption of ammonia vapor or other mass transfer
processes.

© The Author(s) 2020. This is an open access article under the CC BY license http://creativecommons.org/licenses/by/4.0).

1. 1. The object of research
The object of research is the process of ammonia absorption by brine in a vortex mass trans-

fer device.

1. 2. Problem description
The modern production of soda ash by the ammonia method has a high level of tech-

nology organization, which is based on the continuity and automation of production. Howev-
er, unlike others, the modern powerful production of soda ash is characterized by extremely
high material consumption of equipment and large environmental pollution [1-3], the amount
of which in absolute terms of waste per year exceeds the waste of many chemical plants by
tens of times.

Despite the fact that the most common ammonia method for producing soda ash has existed
for more than a hundred years, issues related to reducing the resource consumption of the process,
achieving optimal utilization rates of raw materials and protecting the environment have not been
completely resolved today [2, 4]. However, some of these problems can be eliminated by improving
technological processes and modernizing existing equipment. It is known that the total mass of
ammonia circulating in the production of soda by the ammonia method is about 530 kg per 1 ton
of soda, some of which is lost due to imperfection of ammonia desorption processes [4]. However,

19



ScienceRise ISSN 2313-8416 No. 2 (67), 2020

the main source of gas emissions of ammonia and carbon dioxide in the production of soda ash is
the carbonization process [2, 5].

The basic principle of operation of existing mass transfer device in the production of soda is
the bubble principle. Cast iron is used as the main material for the manufacture of device. To clean
the device from salt deposits, their industrial steps are made large and accessible so that a person
can climb inside the device. Due to the large diameter of the equipment and the large number of
stages with heat exchange surfaces, the total material consumption of the column equipment for the
production of soda ash in a single plant reaches more than ten thousand tons.

Thus, in addition to environmental problems, in the technology for the production of soda
ash there are large capital costs for equipment. The large material consumption of equipment tech-
nology soda ash currently holds back the subsequent pace of intensification of production.

1. 3. Suggested solution to the problem

After analyzing the known designs of heat and mass transfer devices and contact devices [6, 7],
the task is to develop and justify a promising design of a highly efficient contact device that pro-
vides increased gas and liquid throughput with the least hydraulic resistance. A promising direction
in the field of intensification of ammonia absorption processes are vortex devices [8]. The organi-
zation of the vortex of countercurrent gas and liquid droplets in them makes it possible to achieve
a change in concentration in one spray stage, which corresponds to several theoretical stages of
concentration change [9]. This is explained both by the presence of a developed interphase surface
and by the turbulization of internal circulating currents in drops, which leads to a more intensive
updating of the interphase surface of drops [10] and accelerates mass transfer processes.

Therefore, the search for new highly effective contact and at the same time small-sized de-
vices is an urgent directional research.

2. Materials and Methods
A study of the effectiveness of the developed vortex contact device was carried out in a
laboratory device, shown in Fig. 1.
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Fig. 1. Laboratory device for studying the absorption process: a —scheme; b — photo of the
experimental device; 1 — liquid sprinkler; 2 — gas inlet pipe; 3 — gas outlet pipe; 4 — body of the
vortex element; 5 — end cap; 6 — gas transition to the next stage; 7 — gas inlet to the next stage;

8 — external device box

The main elements of the vortex absorption device are: swirl, inlet pipe, box, upper and low-
er contact legs. The swirl is an impeller with a blank top base. The impeller is a set of bent plates
located at an angle in the center of the device.
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The diameter of the experimental device under laboratory conditions is 0.35 m with a work-
ing height of three sections of 1200 mm.

The vortex device operates as follows. The gas flow moves from bottom to top of the swirl
through the pipe. Gas passes through the slots between the plates and exits, spinning, into the inner
region between the swirl and the fluid supply pipe. In this area, the main heat and mass transfer
occurs during countercurrent interaction of the gas phase with the liquid. If the vortex device is
used as a splash trap, then the main phase separation occurs in this area.

The liquid enters the stage through the liquid inlet pipe. Then the liquid is distributed and
evenly passes through the liquid distributor, forcibly entering the zone of vortex mass transfer un-
der the action of centrifugal forces and the initial pressure of the liquid. In the vortex mass transfer
zone, the liquid is unwound by the friction forces of the gas flow and moves in the form of a high
turbulent layer.

In the upper part of the contact stage, a layer of liquid that rotates due to centrifugal forces
is separated from the gas stream and enters the area of the liquid outlet to the downstream stage.
The liquid flows into the switchgear, and then, after passing the lower vortex contact degree, it is
gravity-fed from the device.

2. 1. Experimental procedures

To study the mass transfer processes, the laboratory device (Fig. 1, b) was equipped with
gas samplers at the outlet.

The main attention was focused on determining the dependence of the efficiency of the vor-
tex device on the ammonia absorption on the flow rate and the ammonia concentration in the gas
at the device inlet and the ammonia concentration in the liquid.

The gas flow rate of the laboratory device was studied in three modes within the range of
500-1000 m3/h. The ammonia absorption by saline (brine) was investigated. The brine flow rate
was 5—10 m*hour. The ammonia concentration in a series of experiments is from 70 to 130 g/m>.

The value of the efficiency was determined according to [8] from the relation:

(PNHS )in B (PNH3 )out

n= 100 %,

(PNHJ )in - (PNH3 )equal

where (PNH3 )m — the ammonia concentration in the gas at the inlet (in), outlet (out) and equilib-
rium (equal), respectively.

Mathematical processing of the experimental results was carried out using the Statistaca
program.

The flows in the device were modeled using the ANSYS software package.

3. Results

The results of an experimental study of the ammonia absorption in a vortex device by brine
are presented in Fig. 2, a.

The analysis of dependencies presented in Fig. 2 shows that the absorption efficiency, and
therefore the efficiency of the vortex device, depends on the ammonia concentration in the gas and
the consumption of the absorber. With an increase in the ammonia concentration, the efficiency
decreases as well as decreases with a decrease in the consumption of absorbent (brine).

Statistical processing of these experiments reveals the equation of the dependence of the
vortex device efficiency (1) on the ammonia concentration (C) and brine flow (Q) in the form of a
second-order polynomial:

N=97.3823-0.365-C+3.1281-:Q—0.002-C*+0.0428-C-Q—-0.2054-Q*. @)

This dependence makes it possible to calculate the predicted efficiency of the abortion,
depending on the ammonia concentration at the inlet of the vortex absorber. It is also possible to
calculate the required amount of absorber to absorb ammonia of a given concentration to achieve
the required absorption degree.
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Fig. 2. The dependence of the efficiency of the vortex device () on the ammonia
concentration (C) and the flow rate of brine (Q) at a gas flow rate of 1000 m*/h:
a — graphical dependence; b — response surface

4. Discussion

Let’s consider the operation of the vortex device of the proposed design on the model under
gas operating conditions of 1000 m*h in the form of a dual unit (Fig. 3): radial-axial and centrif-
ugal sections.

mst1]
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0.200 0.600 0.200 0.600
a b

Fig. 3. Flow simulation in the device with a gas throughput of 1000 m*/h:
a — flow lines of the working medium; b — velocity field in the device

When the working medium enters the device, due to the cochlear shape of the first
section (Fig. 4, a), the flow begins to swirl (Fig. 3, a, Fig. 4, b), heading toward the center. This
process is facilitated by “guides”, which give the flow vector, directing it to the central pipe, there-
by giving uniformity to the flow, when it is swirling to the central part. Due to this, the working
medium is accelerated in the region of the center of the chamber, flow turbulization and intensive
mass transfer are detected during laboratory experiments (Fig. 2 , a).

In turn, the guides, in addition to accelerating the working environment, play the role of
local resistances, where low pressure fields are observed in the chamber of the device.
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Fig. 4. Velocity field in the device section:
a — on the inlet section of the device;
b — flow direction in the first section; ¢ — central part of the device;
d — the upper part of the device with a spray baffle and a gas outlet pipe

The movement in the second section of the device (Fig. 4, ¢) is a uniform swirling move-
ment of the working medium.

The processes (from the point of view of hydraulics) taking place in the third stage of the
device (Fig. 4, d) are diametrically opposite to those that we could observe in the first stage. Here,
the flow is twisted due to all the same guides, which are mirrored to those in the first stage. The
shape of the section, as well as the guides, allow the flow of the working medium to reduce vortic-
ity, to give it a centrifugal flow vector in order to output with the least possible hydraulic losses in
the last (third section) of the device.

Considering the flow patterns in this device in different gas modes (500 and 1000 m*/h), it
is possible to conclude that the behavior of the working medium at various flows is similar to that
for the velocity along the device height (Fig. 5).

This allows to confirm the proportionality of hydraulic losses along the working cavity of
the device with an increase in the flow rate of the working medium (gas) (Fig. 6).
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Fig. 5. Gas flow velocities along the device height (abscissa axis in cm):
a — at a flow rate of 500 m*/hour; b — at a gas flow rate of 1000 m3/h
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Fig. 6. Predicted pressure in the device:
a — at a flow rate of 500 m*/hour; b — at a gas flow rate of 1000 m*/h

Thus, the developed vortex contact device is operable both at high (1000 m3/h) and at a low
gas flow rate (500 m*/h). The axial symmetry of the vortex devices allows for a high degree of gas

absorption when the gas flow rate changes to 1000 m3/h.

The disadvantage of the presented results is that in laboratory conditions the efficiency of
the device is checked for the ammonia absorption in only one mode — at a gas flow rate of 1000
m*/h. A promising area of further research is the experimental verification in laboratory conditions
of the efficiency of a vortex device at lower and higher gas productivity. It is possible that with a
decrease in productivity and a decrease in the flow rate of phases, the efficiency will decrease due
to a decrease in the mass transfer coefficient. But even with an increase in productivity, a loss in
the efficiency of the device due to a decrease in the residence time of gas in the device is possible.

These questions are the basis for further research in this direction.
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5. Conclusions

An improved design vortex absorption mass transfer device is proposed. The work of the
vortex device for the ammonia absorption by brine is carried out, which showed its rather high
efficiency (up to 99 %). The dependence of the absorption efficiency of the device on the ammonia
concentration and the consumption of the absorber is established. An equation is proposed for cal-
culating the efficiency of a vortex device depending on the ammonia concentration in the gas and
the brine flow rate in the form of a second-order polynomial. This equation allows to calculate the
ammonia absorption efficiency at given inputs or to calculate the consumption of the absorber to
ensure a given efficiency at a given value of the ammonia concentration.

As a result of modeling processes in the device, the possibility of its operation with a pro-
ductivity of 500-1000 m*/h in gas with a coefficient of efficiency sufficient for industrial condi-
tions is analyzed.
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