
Eastern-European Journal of Enterprise Technologies ISSN 1729-3774	 4/6 ( 124 ) 2023

28

IMPROVING THE EFFICIENCY OF 
CALCIUM HYDROCARBONATE 

REMOVAL AND REDUCING 
WATER HARDNESS THROUGH 

DISCRETE PULSE ENERGY 
INPUT

O l e k s a n d r  O b o d o v y c h 
Doctor of Technical Sciences*

L a r y s a  S a b l i i
Doctor of Technical Sciences

Department of Bioenergy, Bioinformatics 	
and Environmental Biotechnology

National Technical University of Ukraine 	
“Igor Sikorsky Kyiv Polytechnic Institute”

Beresteiskyi ave., 37, Kyiv, Ukraine, 03056 
V i t a l i i  S y d o r e n k o

Corresponding author
PhD*

E-mail: V.V.Sydorenko@nas.gov.ua   
B o g d a n  T s e l e n

PhD*
*Department of Heat and Mass Transfer in Dispersed Systems

Institute of Engineering Thermophysics 	
of the National Academy of Sciences of Ukraine

Mariyi Kapnist str., 2а, Kyiv, Ukraine, 03057

For municipal water supply systems, industrial 
enterprises, and thermal plants, the content of miner-
al impurities in water is regulated, which necessitates 
the use of technologies for their removal.

The object of study was water from an artesian 
well, which was treated on a rotor-pulsation appa-
ratus that implements the principle of discrete-pulse 
energy input in an aeration-oxidizing setup of rotor 
type.

The effect of the principle of discrete-pulse ener-
gy input on the process of extracting calcium bicar-
bonate from water to reduce its hardness is studied. 

It was determined that when treating water in 
the rotor-pulsation apparatus without adding ammo-
nium hydroxide solution, it is possible to reduce the 
calcium ions concentration from 77.1 to 57.1 mg/L, 
and the total hardness from 13.4 to 7.6 mmol/L. It has 
been proven that the addition of 0.1 wt.% ammonium 
hydroxide to the treated water and treatment in the 
rotor-pulsation apparatus at the flow shear rate of 
40·103 s-1 during 10 cycles allows for to reduce in the 
calcium ions concentration by 99.3 % and to reduce 
the total hardness to 0.16 mmol/L. 

This is explained by the formation of a water-air 
mixture, which, passing through the rotor-pulsation 
apparatus, is affected by shock waves, interphase 
turbulence, microcavitation, and vortices, which 
leads to an increase in the rate of mass transfer of 
oxygen from the gas phase to the liquid and its trans-
portation by the liquid. At the same time, the structure 
of water changes with the formation of free hydrogen 
bonds, which causes its increased activity and reac-
tive capacity.

Water treatment according to the principle dis-
crete-pulse energy input in the rotor-pulsation appa-
ratus is recommended for use in the implementation 
of a number of chemical softening methods to reduce 
the consumption of reagents and increase the degree 
of purification
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1. Introduction 

Reducing the hardness of water is an urgent problem 
both for municipal water supply systems and for industrial 
enterprises and thermal plants. This problem is especially 
noticeable where underground and ground water with a high 
hardness index due to the presence of mineral impurities, 
in particular calcium and magnesium hydrocarbonates, are 
used for domestic and drinking water supply. When such 
water is heated, calcium and magnesium ions, which cause 
water hardness, form sparingly soluble compounds. These 
compounds are deposited on the surfaces of heat exchangers, 
thermal power plants, and pipelines, which leads to a decrease 
in their efficiency, excessive fuel consumption, frequent stops 
for cleaning, etc. Research into this area was carried out by 
many scientists and made it possible to solve the problem of re-
moving hardness salts from water, but the problem of finding 
optimal ways of its implementation, aimed at reducing energy 
costs and intensifying the water softening process, is still 
relevant. In particular, cleaning of boiler water is carried out 

to minimize corrosion, deposits, scale, and transfer in water 
vapor circuits [1]. Given the above, it can be concluded that 
the removal of calcium hydrogen carbonate and reduction of 
water hardness remain an urgent need not only in the field of 
thermal energy but also for the preparation of groundwater for 
consumption by people and for technological needs. 

2. Literature review and problem statement

To reduce water hardness, methods of thermal, reagent, 
membrane, electrochemical and magnetic treatment, ion 
exchange, and their combination are used. In particular, 
classical methods of water softening (chemical, sedimenta-
tion inhibitors, electrochemical treatment, ion exchange and 
membrane separation) were analyzed in work [2]. The main 
disadvantage of these methods is the change in the composi-
tion of the water or the generation of waste, so these process-
es continue to be improved with the help of new materials 
and the use of more ecological and less polluting substances.

Copyright © 2023, Authors. This is an open access article under the Creative Commons CC BY license
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As an alternative, magnetic and electromagnetic methods 
are given, the advantage of which is non-invasiveness, rela-
tive cheapness, and no need to add chemicals to water [3]. 
However, their effectiveness is not clearly demonstrated as it 
depends on temperature, pressure, dissolved carbon dioxide 
content, pH, field strength, water flow, etc. In addition, the 
obtained effect is temporary [4].

The possibility of replacing the ion exchange process 
with reverse osmosis was considered in order to reduce the 
amount of effluents but this leads to an increase in the cost 
of treatment since the energy-consuming stages of pre-treat-
ment – decarbonization and filtration – remain [5]. In 
study [6], to intensify the process of reducing the content of 
hardness salts in water, isolated ultrasonic oscillations were 
used to treat feed water for a water-tube steam boiler with a 
pressure of 20 bar; however, the use of ultrasonic technolo-
gies can be economically justified only with low equipment 
performance.

Although the above methods have become widespread, 
they have a number of disadvantages related to the large 
consumption of reagents, the need for preliminary water 
preparation, wastewater treatment, and the difficulty of 
their disposal. This leads to the search for new technological 
solutions to intensify the process of reducing water hardness. 
Currently, combined water treatment technologies are being 
developed, combining both existing processes and new tech-
nological advancements, in particular [7].

One of the energy-efficient methods of impacting liquid 
heterogeneous media is the principle of discrete-pulse energy 
input (DPEI). This method makes it possible to intensify 
technological processes in the heat energy industry, utilities, 
food, chemical, and other industries.

The implementation of the DPEI principle involves the 
creation of a large number of working bodies evenly distrib-
uted in a dispersed environment, which transform stationary 
thermal, mechanical, or other types of energy into energet-
ically powerful discrete pulses. The effects that accompany 
them are usually unattainable when using conventional 
methods in the treatment of dispersed media, even at a much 
higher level of specific energy consumption [8].

This method is used in technologies for the prepara-
tion of drinking and process water, as well as wastewater 
treatment. In particular, work [9] considered the influence 
of technological parameters of water treatment in a rota-
ry-pulsation apparatus on oxygen absorption but the tech-
nological processes underlying the oxidation process were 
not considered by the authors in the cited work. The ef-
fectiveness of using an aerator based on a rotary-pulsation 
device was considered by authors in [10] by comparison 
with conventional aerators. The problem of acid condensate 
neutralization in communal and industrial boiler houses for 
their reuse was considered in [11]. The DPEI principle was 
applied to remove carbon dioxide bubbles from acid con-
densate. However, for the stage of water softening, namely 
the removal of calcium bicarbonate, the DPEI principle has 
not yet been applied.

Considering the above, the application of the DPEI prin-
ciple to reduce water hardness should create conditions for 
intensifying the process of extracting calcium bicarbonate with 
lower energy costs for the process and obtaining a long-lasting 
effect after treatment. This could reduce the cost of water 
treatment and increase the productivity of the water softening 
process.

3. The aim and objectives of the study

The purpose of this study is to improve the efficiency of 
calcium bicarbonate removal and reduce water hardness due 
to the application of the DPEI principle. This could provide 
an opportunity to improve the technology of water puri-
fication for municipal water supply systems, for industrial 
enterprises, and thermal stations.

To achieve the goal, the following tasks were set:
– to determine the influence of the speed of the flow shift 

and the number of treatment cycles in the rotary-pulsation 
apparatus on the pH of the water and the concentration of 
calcium ions;

– to determine the effect of ammonia concentration and 
the number of processing cycles in the rotary-pulsation ap-
paratus on the pH value of the aqueous solution at a constant 
speed of the flow shift;

– to determine the effect of ammonium hydroxide con-
centration and flow shear rate on the concentration of calci-
um ions in water;

– to determine the influence of the concentration of am-
monium hydroxide in water and the number of processing 
cycles in the rotary-pulsation apparatus on the total hard-
ness of water;

– to determine the influence of the concentration of am-
monium hydroxide and the shear rate of the liquid flow on 
the total hardness of water.

4. The study materials and methods

4. 1. The object and hypothesis of the study 
The object of our research was water from an artesian 

well, which was treated on a rotary-pulsation apparatus with 
the DPEI principle in a rotary-type aeration-oxidizing unit.

The water used had the following physical and chemi-
cal parameters: pH – 7.2, concentration of calcium ions – 
77.1 mg/L, total hardness – 13.4 mmol/L.

To determine the chemical composition of water, the 
DSanPiN 2.2.4-171-10 procedure “Hygienic requirements 
for drinking water intended for human consumption” was 
used. The pH of aqueous solutions was measured with 
a pH meter “Expert-pH”, the total hardness was deter-
mined by the trilonometric titration method according to  
DSTU 7525:2014 “Drinking water. Requirements and 
methods of quality control”, the concentration of calcium 
ions was determined by trilonometric titration according to 
the requirements of DSTU ISO 6058-2003 “Water quality. 
Determination of calcium. Titrometric method using eth-
ylenediaminetetraacetic acid”.

The hypothesis of the study assumed that the set of phys-
ical effects that appear when applying the DPEI principle to 
liquid systems, in particular water, could allow intensifying 
the process of removing calcium bicarbonate and reducing 
its stiffness.

The study accepted the following assumptions:
– the decrease in the concentration of calcium bicarbon-

ate occurs due to the removal of free carbon dioxide;
– removal of free carbon dioxide is associated with the 

transfer of carbon dioxide from the liquid to the gas phase;
– the intensification of the free carbon dioxide removal 

process occurs due to the increase in the contact surface of 
the phases;
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5. Effect of treatment parameters on pH, concentration of 
calcium ions, and water hardness

5. 1. The influence of the speed of the flow shift and 
the number of processing cycles in the rotary-pulsation 
apparatus on the pH of water and the concentration of 
calcium ions

Water purification was carried out at a temperature of 
20 °C, a flow shear rate of (20–40)·103 s-1 during 1–20 pro-
cessing cycles.

The speed of the flow shift was determined by the formula:

,
Rω⋅γ =

δ

where ω is the angular speed of rotation of the rotor, s-1;
R is the radius from the center of the electric motor shaft 

to the inner surface of the rotor, m;
δ is the gap between the stator and the rotor, m.
One treatment cycle was considered the time during 

which the entire volume of treated water will pass through 
the rotary-pulsation apparatus.

During the research, changes in the concentration of cal-
cium ions and pH were monitored in the water. Fig. 2 shows 
the dependence of water pH on the number of processing 
cycles and the shear rate acting on the liquid flow. Table 1 
shows the change in the concentration of calcium ions (with 
an initial concentration of 71.1 mg/L) depending on the 
number of processing cycles and the shear rate acting on the 
liquid flow.

The most significant increase in pH was observed during 
water treatment with a flow shift rate of 40·103 s-1 during 
11–12 treatment cycles. During further water treatment, the 
pH practically did not change.

Table 1 shows the change in the concentration of calcium 
ions (with an initial concentration of 71.1 mg/L) depending 
on the number of processing cycles and the speed of the liq-
uid flow shift.

– adding ammonia will speed up the process of lowering 
the concentration of calcium bicarbonate.

The study adopted the following simplifications:
– extraction of free carbon dioxide was considered as 

mass transfer through the surface of phase separation with-
out considering the extraction of free carbon dioxide due 
to the possible growth and coalescence of microbubbles of 
carbon dioxide in the liquid;

– the influence of the change in liquid temperature due 
to dissipative heat release on the kinetics of the process was 
not considered.

4. 2. Experimental installation 
Water purification from calcium bicarbonate was carried 

out on a rotary-type aeration oxidation unit (Fig. 1).
The installation consists of the following units: reactor, 

rotary-pulsation apparatus, recirculation circuit, heat ex-
change circuit, control unit, measuring equipment, filtration 
column.

The reactor is a tank with a usable volume of 60 liters 
and is intended for the liquid treatment process. To avoid 
heating of the liquid due to energy dissipation during the 
circulation of water through the rotary-pulsation appa-
ratus, the reactor body is equipped with a heat exchange 
circuit, which was used to maintain the specified tempera-
ture of the liquid. A pipe for connecting the recirculation 
pipeline is mounted in the upper part of the reactor. In the 
lid of the reactor, technological nozzles are provided for 
the introduction of liquid into the working volume. In the 
bottom part of the reactor, a valve is provided for changing 
the volumetric flow rate.

The control unit is designed to control and regulate the 
operation of electrical equipment. The unit consists of a 
magnetic starter, a frequency converter, an ammeter, and an 
electricity meter.

The filtration column is a glass tube that is filled with 
filter material (balls of polystyrene foam, activated carbon, 
quartz sand, etc.) and is designed for oxidation and sediment 
removal.

The research-industrial plant works as follows. Water is 
supplied to the reactor (1) through a pipe. Then the rotary 
pulsation device (2) is turned on, the three-way valve (3) is 
in the position where the liquid circulates through the re-
circulation pipeline (4) along the “reactor - rotary pulsation 
device - reactor” circuit.

During recirculation, a two-way valve is opened, 
through which air from the atmosphere enters due to the 
vacuum created in the suction pipeline. Thus, the liquid 
is saturated with air. The resulting mixture is sent to the 
working chamber of the rotary-pulsation apparatus where 
it is processed according to the DPEI principle. After the 
rotary-pulsation apparatus, the mixture of air bubbles dis-
persed in the liquid (gas emulsion) enters the pipeline and 
enters the lower part of the filtration column (5). Passing 
through the filter layer, the liquid leaves the column and 
is fed to the collector of finished products. In the case of 
insufficient purification, the liquid can be recirculated 
through the closed circuit «reactor - rotary pulsation ap-
paratus - filtration column - reactor» the required number 
of times, after which it enters the collector of finished 
products.

During recirculation, the liquid enters back into the 
reactor, passing through the spray head (6). The process 
parameters are set through the control unit (7).

 

 
  

Fig. 1. Aeration and oxidation installation of the rotor type: 
1 – reactor; 2 – rotary-pulsation apparatus; 3 – three-way 

faucet; 4 – recirculation circuit; 5 – filtration column; 	
6 – spray head; 7 – control unit
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Table 1

Change in the concentration of calcium ions (mg/L) depending 
on the number of treatment cycles and the displacement speed 

of the fluid flow γ (103 s-1)

Number of process-
ing cycles

Calcium ion concentration, mg/L

γ=20∙103 s-1 γ=30∙103 s-1 γ=40·103 s-1

5 74.0 72.2 67.4

10 70.1 67.2 58.5

15 66.3 62.6 57.1

20 57.9 57.3 57.0

Our results show that water treatment in the rotary-pul-
sation apparatus can reduce the content of calcium ions by 
28–30 %.

5. 2. Influence of ammonia concentration and number 
of treatment cycles on pH at constant flow shear rate 

A study was conducted on the alkalinization of the 
source water with an aqueous ammonia solution in the 
amount of 0.005–0.015 wt% with subsequent treatment of 
the mixture in a rotary-pulsation apparatus with the flow 
shear rate of (20–40)·103 s-1 during 10–20 processing cycles. 
The results are shown in Fig. 3.

As the ammonia concentration in water increases from 
0.05 to 0.15 wt%, the pH value increases to a maximum 

during the first 10–12 treatment cycles for all ammonia 
concentration values.

5. 3. Influence of ammonium hydroxide concentration 
and flow shear rate on calcium ion concentration in water

Table 2 gives experimental data on the change in the 
amount of calcium ions (mg/L) depending on the concen-
tration of ammonium hydroxide in water and the shear rate 
acting on the liquid flow during treatment in a rotary-pulsa-
tion apparatus.

Table 2 

Dependence of the change in the amount of calcium ions 
(mg/L) on the concentration of ammonium hydroxide in 
water and the shear rate acting on the liquid flow during 

treatment in a rotary-pulsation apparatus (γ)

Ammonium  
hydroxide content 
in solution, wt%

Calcium ion concentration, mg/L

0 γ=20∙103 s-1 γ=30∙103 s-1 γ=40∙103 s-1

0 77.1 70.1 67.2 58.4

0.05 56.5 14.6 11.9 9.08

0.1 50.3 1.17 0.94 0.72

0.15 27.6 1.14 0.92 0.70

With an increase in the content of ammonium hydroxide 
in the solution from 0 to 0.15 mg/L without treatment, the 
concentration of calcium ions decreases by 64 %. With an 
increase in the shear rate of the flow (20, 30, 40)·103 s-1, the 
concentration of calcium ions decreases by 98.5; 98.3; 99.3 % 
respectively.

5. 4. Influence of the concentration of ammonium hy-
droxide in water and the number of processing cycles in 
the rotary-pulsating apparatus on the total water hardness

Fig. 4 shows the dependence of change in the total hard-
ness of water on the content of ammonium hydroxide and the 
number of treatment cycles in the rotary-pulsation apparatus 
at a constant shear rate. The initial water hardness was 
13.4 mmol/L.

Our results indicate that a decrease in water hardness 
to a value of less than 0.2 mmol/L is observed at a concen-
tration of ammonium hydroxide of 0.1–0.15 % wt% after 
9–10 treatment cycles.
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Fig. 2. The dependence of the change in water pH on the number 
of treatment cycles and the flow shear rate: 	

♦ – 20; ■ – 30; ▲– 40 (103 s-1)
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Fig. 3. The dependence of change in pH of an aqueous 
solution on the concentration of ammonia and the number of 
treatment cycles at the flow shift rate of 40∙103 s-1: ♦ – 0.00; 

■ – 0.05; ▲ – 0.1; × – 0.15 (wt%)
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Fig. 4. The dependence of change in the total hardness of 
water on the content of ammonium hydroxide in the solution 
and the number of treatment cycles in the rotary-pulsation 

apparatus (flow shear rate, 40·103 s-1): 	
♦ – 0.00; ■ – 0.05; ▲ – 0.1; × – 0.15 (wt%)
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The content of ammonium hydroxide in the amount of 
0.05 wt% makes it possible to reduce the hardness of water 
to 0.8 mmol/L after 10–12 treatment cycles. Without the 
addition of ammonium hydroxide, water hardness decreases 
to 7.6 mmol/L after 10–11 treatment cycles.

5. 5. Influence of ammonium hydroxide concentration 
and fluid flow shear rate on total water hardness

Table 3 gives the results of measuring the total hardness 
of water depending on the content of ammonium hydroxide 
in it and the speed of the flow shift after treatment in a rota-
ry-pulsation apparatus.

Table 3 

The dependence of decrease in the total hardness of water 
(mmol/L) on the content of ammonium hydroxide in it and 
the speed of the flow shift (γ) after treatment in a rotary-

pulsation apparatus

Ammonium hy-
droxide content in 

solution, wt%

Total water hardness, mmol/L

0 γ=20∙103 s-1 γ=30∙103 s-1 γ=40∙103 s-1

0 13.4 11.0 9.4 7.6

0.05 6.0 3.8 1.6 0.8

0.1 4.6 1.6 0.2 0.16

0.15 4.4 0.28 0.18 0.14

According to the data in Table 3, achieving an indicator 
of total hardness of water less than 0.2 mmol/L is observed 
when the concentration of ammonium hydroxide in the solu-
tion is higher than 0.1 wt% and the shear rate of the flow is 
higher than 30·103 s-1.

6. Discussion of results of investigating the influence of 
treatment parameters on pH, calcium ion concentration, 

and water hardness 

The change in the pH of water shown in Fig. 1 is due to 
the fact that when water passes through the working bod-
ies of the rotary-pulsation apparatus, the absorbed carbon 
dioxide is removed, the hydrogen bonds of individual water 
molecules are broken, and water vapor is formed. It is known 
that carbonates, hydrocarbons, and free carbon dioxide are 
forms of existence of carbonic acid, their quantitative ratios 
are determined by the pH value of the solution regardless of 
the concentration of hydrocarbons. Starting with pH values 
above 8.0, the formation of carbonate ions occurs, which 
ensures the formation of a solid phase of calcium carbonate. 
The most effective reduction of calcium ions occurred during 
water treatment with a flow rate of 40·103 s-1 during 15 treat-
ment cycles. The initial concentration was 77.1 mg/L, and 
after treatment – 57.1 mg/L (Table 1).

The maximum increase in pH from the initial 7.2 to the 
final 8.6 was observed when water was treated with the 
flow shear rate of 40·103 s-1 during 11–12 treatment cycles. 
During the further treatment of water, the investigated 
indicators practically did not change, which is connected 
with the maximum possible decarbonization of water under 
the given modes of conducting the process. Thus, water 
treatment in a rotary-pulsation apparatus makes it possible 
to reduce the content of calcium ions by 28–30 %, but this 
is not enough for the use of such water in thermal power 
generation.

Within the framework of this study, pre-alkalized wa-
ter was treated with an aqueous ammonia solution in the 
amount of 0.005–0.015 wt% in a rotary-pulsation apparatus 
with a flow shear rate of (20–40)·103 s-1 for 10–20 treatment 
cycles. It was found that with an increase in the concen-
tration of ammonia in water from 0.05 to 0.15 wt%, the 
pH value increases to a maximum of 10.6 and this increase 
occurs during the first 10–12 treatment cycles for any con-
centration. Therefore, in further studies, it is advisable to 
process the aqueous ammonia solution in a rotary-pulsation 
apparatus for 10 cycles.

The influence of treatment parameters on the change in 
the concentration of calcium ions in water was also stud-
ied (Table 1). The decrease in the concentration of calcium 
ions in water is explained by the fact that a certain amount 
of calcium changes into an insoluble form.

Our results of treatment of previously alkalized water 
with an aqueous solution of ammonia, which are shown in 
Fig. 3, when comparing them with Fig. 2, show approxi-
mately the same regularity of pH change depending on the 
number of treatment cycles at higher water pH values.

With an increase in the content of ammonium hydroxide 
in the treated water from 0 to 0.15 mg/L without treatment 
in the rotary-pulsation apparatus, the concentration of calci-
um ions decreases by 64 % (Table 2); however, at flow shear 
rates (20, 30, 40)·103 s-1 the concentration of calcium ions 
decreases by 98.5; 98.3; 99.3 %, respectively.

The change in the total hardness of water (mmol/L) de-
pending on the concentration in the ammonium hydroxide 
solution and the number of treatment cycles at a constant 
shear speed of the flow in the rotary-pulsation apparatus of 
40·103 s-1 was studied (Fig. 4). It was determined that the re-
duction of water hardness to a value of less than 0.2 mmol/L 
is observed with the content of ammonium hydroxide in a 
concentration of 0.1–0.15 wt% after 9–10 treatment cycles. 
The content of ammonium hydroxide at a concentration of 
0.05 wt% makes it possible to reduce the hardness of water 
to 0.8 mmol/L after 10–12 treatment cycles. Without the 
addition of ammonium hydroxide, water hardness decreases 
to 7.6 mmol/L after 10–11 treatment cycles.

It was established that, regardless of the concentration of 
ammonium hydroxide in the solution, the hardness of water 
is maximally reduced by the 10th treatment cycle, therefore, 
further treatment in a rotary-pulsation apparatus is imprac-
tical as it only leads to inefficient energy consumption.

Data in Table 3 confirm the results shown in Fig. 4 in 
that the optimal content of ammonium hydroxide in the 
solution is 0.1 wt%, and the shear rate in the flow of the liq-
uid processed in the rotary-pulsation apparatus is 40·103 s-1. 
Under such treatment conditions, the total hardness of water 
decreases to an indicator of 0.16 mmol/L. This is consistent 
with generally accepted requirements for water quality for 
water heating boilers, according to which water hardness 
should not exceed 0.1–0.2 mmol/L.

The use of a rotary-pulsation device makes it possible 
to increase the productivity of the water softening process 
and intensify it at relatively low specific energy costs. This 
is explained by the fact that a water-air mixture is formed 
during treatment in the rotary-pulsation apparatus. Passing 
through the working bodies of the rotary-pulsation unit, it 
is affected by shock waves, interphase turbulence, microcav-
itation and vortices, which leads to intensive crushing of air 
bubbles, dispersed particles, and an increase in the surface 
area of phase contact.
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Owing to this, the rate of mass transfer of oxygen from 
the gas phase to the liquid and its transportation through 
the liquid increases. At the same time, the structure of water 
changes with the formation of free hydrogen bonds, which 
causes its increased activity and reactive capacity. This 
makes it possible to increase the speed of chemical reactions 
and technological processes.

The limitations of this study are that when applying the 
obtained results in practice or further theoretical studies, it 
should be taken into account that the progress of the water 
softening process is determined by the design features of the 
rotary-pulsation apparatus and the initial physico-chemical 
parameters of the water.

The disadvantage of the study is that the results are ade-
quate with the given technological parameters of the process. If 
it is necessary to use a different design of the rotary-pulsation 
apparatus or to change the performance of the installation, an 
additional study should be conducted under these conditions 
since this process in the rotary-pulsation apparatus is influ-
enced by many factors and is difficult to theoretically calculate.

The research may be advanced if the water treatment ac-
cording to the DPEI principle in a rotary-pulsation apparatus 
is used in the implementation of a number of chemical meth-
ods of water softening to reduce the consumption of reagents 
and increase the degree of its purification. At the same time, 
difficulties may arise with calculations related to the choice 
of a rotary-pulsation apparatus since there is not yet a single 
procedure for calculating such apparatuses because it is nec-
essary to take into account certain conditions of the course of 
the process.

7. Conclusions 

1. It was established that an increase in the shear rate 
of the liquid flow when it passes through the rotary-pulsa-
tion apparatus and an increase in the number of treatment 
cycles leads to an increase in the pH of water from 7.2 to 
8.6 at a shear rate of 40·103 s-1 after 10–12 treatment cycles. 
A similar pattern was also observed when determining the 
concentration of calcium ions, which decreased from 77.1 
to 57.1 mg/L during 15 treatment cycles at the same flow 
shear rate. These changes are caused by the breaking of hy-
drogen bonds in water as a result of its mechanoactivation, 
the extraction of absorbed carbon dioxide, and the formation 
of insoluble calcium carbonate. A decrease in the content of 

calcium ions by 28–30 %, however, is not enough for the use 
of such water in thermal power generation.

2. It was determined that with an increase in the con-
centration of ammonia and the number of treatment cycles 
in the rotary-pulsation apparatus at a constant shear rate 
of 40·103 s-1, an increase in water pH is observed. With an 
ammonia concentration of 0.05 to 0.15 wt%, after 10 cycles 
of treatment, the pH of the water exceeds 10. Without the 
addition of ammonia, the pH of the water increases to 8.6.

3. With an increase in the concentration of ammonium 
hydroxide in the solution from 0 to 0.15 mg/L without treat-
ment, the concentration of calcium ions decreases by 64 %, 
but at flow shear rates (20, 30, 40)·103 s-1, the concentration 
of calcium ions decreases by 98.5; 98.3; 99.3 %, respectively.

4. It was established that the reduction of water hardness 
to a value of less than 0.2 mmol/L occurs at a concentration 
of ammonium hydroxide of 0.1–0.15 wt% after 9–10 treat-
ment cycles. This meets the water quality requirements for 
water heating boilers, while without the addition of ammo-
nium hydroxide, water hardness is reduced to a maximum of 
7.6 mmol/L.

5. It was determined that in order to ensure a water 
hardness of 0.16 mmol/L, the optimal content of ammonium 
hydroxide in the solution should be 0.1 wt% at a shear rate of 
the liquid flow of 40·103 s-1. This is consistent with generally 
accepted requirements for water quality for water heating 
boilers, according to which water hardness should not ex-
ceed 0.1–0.2 mmol/L.
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