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Abstract. The aim of this work is to develop an algorithm for reagent stabilization of water in closed-loop water supply systems
(CWSS) to prevent carbonate deposits on boundary surfaces and heat exchange, which is based on a physicochemical model
of a carbonate water system (CWS) and allows determining the dose of reagents based on data from routine determination
of recycled water (RW) parameters and CWSS operating mode. This approach avoids overdosage of reagents and discharge
of excess RW into the environment, and if the RWSS is a recirculating cooling system (RCS) of thermal and nuclear power
plants, it avoids emissions of excess fuel combustion products and a decrease in the efficiency of the plant due to deposits.
Methods. 1t is known that calcium carbonate is the main component of low-temperature deposits [1, p. 384]. In view
of this, the article considers the hydrocarbonate subsystem of circulating water, the state of which is described by a
stationary physicochemical model of water quality, which is formulated on the basis of:

1. The water-salt balance of the aquatic environment, taking into account changes in its volume.

2. Equations of parallel-sequential reactions reflecting transformations in circulating water.

3. Assumptions about the form of kinetic equations describing the crystallization of calcium carbonate, as well as the
exchange of CO, between the atmosphere and the aquatic environment.

4. The law of conservation of the total amount of carbonates.

5. Conditions of electrical neutrality of the aquatic environment.

6. Taking into account the significant difference between the reaction rates in the hydrocarbonate system (HCS) relative
to each other and the water turnover time in the system.

Results. Kinetic equations have been formulated for components that are neutral with respect to transformations in the
water environment; we will call them tracers, and those that undergo changes as a result of physicochemical reactions
in the water environment; we will call them forming deposits. Deposits arise as a result of the processes of mutual
transformation of HCS components in the cooling water, therefore, a kinetic equation is formulated for the sum of
carbonates in the cooling water, which has no restrictions on the constancy of the RCS volume and takes into account
the processes of solid CaCO; formation and CO, degassing in cooling towers. For steady-state operation of the RCS,
the kinetic equation for the sum of carbonates is converted into an equation for the rate of CaCO, release, which takes
into account the change in the concentration of hydrocarbonate ions and CO, degassing. This equation allows us to
estimate the effect of sulfuric acid dosing in the makeup water on the CaCO, precipitation rate and determine the acid
dose sufficient to minimize CaCO; deposits. The concentration of hydrocarbonate ions and Ca** ions in the cooling
water and makeup water is determined, which minimizes the rate of CaCOj, precipitation at a given acid dose.
Practical value. The equation for the rate of CaCO, precipitation, which takes into account changes in the concentration
of hydrocarbonate ions and CO, degassing in cooling towers, logically reflects the results of measures to stabilize the
circulating water with acid, and allows obtaining the concentration of Ca*" in the circulating and feed water that
minimizes CaCOj; deposition, as well as determining the proportion of feed water that should be treated with lime to
minimize deposition, while avoiding overdose of reagents and damage to the environment. Moreover, the equations
obtained allow, based on operational data on the quality of circulating water, to monitor the effectiveness of stabilization
measures and adjust them in a timely manner.

Key words: circulating water; hydrocarbonate subsystem; minimization of CaCO, deposits; overdose of reagents.
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AHoTanis. MeToro faHoi po0doTH € po3poOKa aIrOPUTMY peareHTHOI cTadiiallii BOIU B CUCTeMax 000OpOTHOIO BOJIO-
nocrauanst (COBII) mst 3anoGiranHst KapOOHATHUM BIAKJIaJIGHHSM Ha IPAHUYHUX MOBEPXHSX Ta TEIUIOOOMIHY, SIKUI
Oazyerbcs Ha (i3uKo-XiMiuHIM Mozeni kapbonarHoi BogHOT cuctemu (KBC) 1 no3Bosisie BU3HauarH 103y pearcHTiB Ha
OCHOBI JIJaHUX I TaTHOTO BU3HAaUYeHHsI napameTpis o0oporHoi Boau (OB) ta pesxumy podotrn COBII. Takuit mijxizn 10380-
JIsie YHUKaTH Nepeao3yBaHHsl peareHTiB Ta ckujaHHs HajumikoBoi OB y HaBkonuinHe cepenosuiie, a sikio COBIIT
€ 0bopotHOIO cuctemoro oxonomkeHHs: (OCQO) TEIIOBMX Ta aTOMHUX €JIEKTPOCTaHIIIN, TO JT03BOJISIE YHUKATH BUKHU/IIB
HaJUTHIIKOBUX ITPOAYKTIB 3TOPSIHHS NIAJIMBa Ta 3HWKEHHS Koe]illieHTa KOPUCHOT /1iT CTaHIIii BHACIIIOK BiZKJIaICHb.
Memoou. Bimomo, 1110 kKapOOHAT KaJIbI[iF0 € OCHOBHUM KOMITOHCHTOM HH3bKOTEMIICpATypHHX BifKianeHs [1, c. 384].
3 oIy Ha Lie, B CTaTTi PO3IVISIAE€ThCS TiipoKkapOoHaTHa MiJicucTeMa 000pOTHOT BOJIH, CTaH SIKOT OITUCY€EThCS CTallio-
HApPHOI (HI3UKO-XIMIYHOK MOJICIUTIO SIKOCTI BOJIH, sika (DOPMYITIOETHCSI HA OCHOBI:

1. BosHO-Ccob0BOTO OajIaHCy BOJJHOTO CEPEIOBHINA 3 YpaxyBaHHIM 3MiH HOro o0csry.

2. PiBHsIHB MapajeabHO-MOCIII0OBHUX PEakKIliil, 110 Bi100OpaxarTh MEPETBOPCHHS B 00OPOTHIM BOII.

3. [punyiiexss npo GopMy KiIHSTUYHUX PIBHSIHB, 1[0 OMKUCYIOTh KPUCTAIII3AIliI0 KapOOHATY KaJbIIi0, 2 TAKOK OOMIH
CO, mix aTMOC(EPOIO Ta BOIHUM CEPEIOBHILECM.

4. 3akoHy 30epeKCHHsI 3arajibHOI KIJIBKOCTI KapOOHATIB.

5. YMOBH €JIEKTPHYHOI HEUTPATIBHOCTI BOJHOIO CEPEIOBHILA.

6. BpaxyBaHHs1 iCTOTHOT Pi3HUIII MiXk IIBUKOCTSIMH peakiiil B rigpokapoonatHiii cuctemi (I'KC) BinHocHO onHa oqHOT
Ta 4YacoM 000pOTY BOJH B CUCTEMI.

Pezynomamu. ChopMyIibOBaHO KIHETUUHI PIBHSHHS JUIsl KOMIIOHEHTIB, SIKi € HEUTPaIbHIMHU 1110/10 IiepeTBopeHs B OB;
MM OyaeMO Ha3MBaTH IX Tpacepamu, Ta THX, SIKi 3a3HAIOTh 3MiH B pe3yJbTari (i3uko-xXimMiuHux peakuiid B OB; mu
OyzemMo Ha3uBaTH X HaKMIIHAMH. BinkiaaeHHss BHHUKAIOTh B PE3yJIbTaTI IPOIIECiB B3aEMHOTO TIEPETBOPEHHST KOMITO-
HenTiB 'KC B OB, ToMy (opMyITtoeThCst KIHETHYHE PIBHSHHS JUIsi CyMH KapOoHariB B OB, sike He Mae 00MeXeHb 1110710
nocrifiHocti 06’emy OCO 1 BpaxoBye nporiecu yrBopeHHst TBepaoro CaCO, ta nerasaiii CO, y rpamupusx. J{is cra-
nionapuoi podotn COBII kiHeTHuHe piBHSHHS JJIs CyMH KapOOHATIB MEPETBOPIOETHCS HA PIBHSHHS JUISl IBUAKOCTI
sunineHHs CaCQO,, sike BpaxoBy€ 3MiHY KOHLEHTpaLl rijpokapOoHaTHuX ioHiB i nerazauito CO,. Lle piBHSHHS 103BO-
JISi€ OL[IHUTH BILIMB Ha MBHIKICTh ocapkeHHs: CaCO, 103yBaHHS CipYaHOi KMCIOTH y BOAY ITiJKUBJICHHS 1 BU3HAYUTH
JI03y KUCJIOTH, JIoCTaTHIo Juts MiHiMizauii Bigkinanenb CaCO;. BuzHadaeTbest KOHIIEHTpaLis TiApOKapOOHATHUX 10HIB
iioni Ca’* y OB i mipkuBiroBaniit Bofi, sika MiHiMizye mBuaKicTs ocamkenns CaCO; npu 3a1aHiil 1031 KUCIIOTH.
Ipaxmuuna yinnicme. PiBasuHs s mBuakocTi BuaiieHHs CaCO,, sike BpaXxoBy€e 3MiHH KOHIICHTpaIii ripokap0o-
HaTHUX 10HiB 1 gerazamito CO, B rpaJupHSIX, JIOTIYHO BiJoOpaXkae pe3ysibTaTH 3aXO/iB 11070 cTadiiizamii 000poTHOT
BOJM KHCIIOTOIO, 1 I03BOJIsIE OTpUMATH KOHLEHTparito Ca?* B 06GOpOTHIH i Ta MiPKUBIIIOOYIN BOJAX, AKi MiHIMI3YIOTh
BigkmageHHs CaCO;, a Tako)K BUSHAUUTH YaCTKY ITi/PKUBIIFOBAHOI BOJIH, SIKY CJIiI 00pOOIISTH BarHOM, 11100 MiHIMi3y-
BaTH BIJIKJIaJICHHS, YHUKAIOUH IIPH [IbOMY TI€PE03yBaHHs PearcHTiB Ta HIKOAN HAaBKOJIMITHBOMY cepenoBHiy. binbine
TOTO, OTPUMAaHI PiBHSIHHS J03BOJISIIOTh, HA OCHOBI ONEPATHUBHUX JIAHUX IIPO SKICTh 00OPOTHOT BOIM, KOHTPOJIIOBATH
e(peKTUBHICTH 3aX0/IiB cTa0LII3aIli] Ta CBOEYACHO X KOPUT'YBaTH.

KurouoBi cioBa: o0oporHa Boja; rigpokapOoHaTHa mijgcucTeMa; MiHimizauis Biakinagens CaCOs; nepeno3yBaHHS
pearcHTiB.

INTRODUCTION

Currently, recycled water is mainly used for cooling
systems in industry and energy production. However,
in the future, it will also be used for municipal water
supply, solving the problem of providing water
to the population. An example of this is the water
supply system in Johannesburg, South Africa, where
wastewater and rainwater are collected after thorough
treatment in aerated ponds and fed back into the water
supply system.

While offering an undeniable advantage over flow-
through systems in terms of water savings, recirculating
systems (RS) concentrate hardness salts due to
evaporation, which leads to their deposition on pipelines,
fittings, and technological equipment, in particular
heat exchange equipment. This results in the failure of
communication and technological systems, increased
costs for repair and replacement of equipment, reduced

reliability, quality, and increased product cost, and
ultimately, loss of competitiveness.

FORMULATION OF THE PROBLEM

It is known that the main component of deposits is
calcium carbonate [1, p. 384; 2, p. 42], therefore, the
work considers the hydrocarbonate subsystem of the
aqueous medium. To develop and optimize measures to
prevent deposits, a physicochemical model of the quality
of circulating water (CW) is needed that adequately
reflects the main processes occurring in CW. Below is a
model based on:

1. Water-salt balance of the CW, taking into account
changes in its volume, see Fig. 15 5 90,5 e 9> O Gas
g — feed flow, CO, carryover flow; evaporation, drip loss,
circulation flow; blowdown, and filtration flows.

2.Kinetic equations of parallel-sequential reactions
reflecting transformations in the hydrocarbonate system
(HCS) [3, p.196; 4, p. 23]:



qc02 Aev qa
dr
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system,volume V(t)

Q; dsi Qba

Fig. 1. Flow diagram in a recirculation system

CO, + HOH —» H* + HCO3
HCO; —» H' + CO¥
CO; + HOH — HCOj + OH™
HCO; - OH + CO,
CO,paier = COy
Ca? + CO3” — CaCoO;,,

)

3. Assumptions about the form of kinetic equations
describing the crystallization of calcium carbonates, as
well as the exchange of CO, between the atmosphere and
the aquatic environment.

4. The law of conservation of the total amount of
carbonates related to (1).

5. The condition of electrical neutrality of the aquatic
environment.

6. The significant difference in the rates of reactions
(1) relative to each other and the water turnover time in
the system.

Further dividing the components of circulating water
into two types [2, p. 40]:

— tracers — components that do not react in water
with others and are not removed from the aquatic
environment by gas exchange or crystallization — mainly
anions of strong acids or alkaline cations;

— scale formers — components that react in an
aqueous environment, precipitate, or convert to gas with
subsequent evacuation — anions of weak acids or cations
of alkaline earth metals, in particular hardness salts.

CALCULATION METHOD

Let us denote the molar concentration of the former
by T and the latter by C. It can be shown, see, for
example, [2, p. 45; 5, p.112], that the concentration of
tracers satisfies the equation:

dar 4, q,
7 V(t)[TO(t) 0 T(t)} 2
Ty(?), T(t) are the molar concentrations of tracers in
the make-up and return water at time #; V() is the
instantaneous volume of water in the return system.
However, [6, p.40; 7, p. 44; 8, p. 123; 9, p. 260] did not
take into account the possible change in the water volume
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of the recirculation system, whereas here it is assumed
that there are no restrictions on changes in volume and
water flows, therefore:

V(t):j{qf(tl)_[qev(tl)+qhd(t1)+qd(t1)+Qﬁ(t1)]}dt1 ,(3)

Taking into account (3), equation (2) takes the form
[2, p. 42]:

dT _ 4y

al’ 1 4,0

g, (1)~ q,, (1)

¢ is a dynamic factor [2, p. 42; 5, p. 112] which, when
the state of the water in the treatment plant approaches a
steady state or equilibrium, tends to the salt concentration
coefficient: ¢ — ko = Cq/Cqy (Coy, Cg are the
concentrations of chlorides in the make-up and return
water) or to the evaporation coefficient k,, = q,/q,,
[4, p. 23], see also (2a).

The kinetic equation of the components of the second
type must include terms describing their transformations
into CW. For example, for the hydrocarbonate subsystem
this will be the block of equations (1). Based on the
kinetic equations describing reactions (1), it can be shown
[1, p. 384; 3, p. 196; 5, p. 112] that the equation for the
sum of carbonates

S. =[€0,]+[HCo; |+[cor ], (4)

is determined by the gas exchange of CO, with
the atmosphere and the crystallization of CaCO,.
Representing the gas exchange process by the expression
[3, p. 196]

—a,([CO,] = [CO,]);

a, is the kinetic coefficient; [CO,], is the concentration of
CO, in water, equilibrium with the atmosphere, and the

d[Ca™]

crystallization rate is through the derivative ———, we

find the kinetic equation for the sum of carbonates:

ds. d[Ca™]
—=-a,([CO,]-[CO,])+———

0 ,([CO,]1-[CO,],) =
refers to a closed volume. For an open volume, water
exchange flows should be taken into account, which leads

to the expression,
dSc _ q—f[sg (0)-——5, (t)} LAt
dr V(1) o(1) dt (6)
- a, ([CO,]-[CO, ).

) %)

Let us use the following notation:

x, =[HCO;]; x,=[CO,]; x, :[CO§']; x, =[H"];
x,=[OH]; x,=[Ca’]; x,=[CaCO,];

[x;] — molar concentration of the i-th component.



Reactions (1), considering that the water turnover
time in the circulation system 7 = V/Qs is significantly
longer than the characteristic times of these reactions,
will be considered equilibrium reactions. Therefore, the
components of the hydrocarbonate system (HCS) satisfy
the following equations [3, p. 196]:

K\x, = f12x1 (t)x4(t) 5

dx, _ e,
?_ [ Ly (£) = x,(0)x, (0) /5715

K, x,(0) = frx,(0)x,(2); f12x4(t)x5(t) =K,;
X (0 +2x, () + x5, ()= x, ()= 2x,() = D K= > 4;
D= K-> A

In equations (6) and (7), f; and £, are the activity
coefficients of single- and double-charged ions; a5, is the
kinetic coefficient; L+,(t) is the solubility product of CaCO,
corresponding to the maximum of the CaCOj; dispersion
distribution function in return water; K, and K, are the
thermodynamic constants of equilibrium ionization of
H,CO, in the first and second stages; D =YK — Y4 is the
difference in molar concentrations of cations and anions
not defined by equations (7).

The system of equations (6), (7), provided that its
parameters K, K,, K, a,, a,;; are known, is completely
defined and can be used to calculate the components of
HCS in CW, including for the analysis and prediction
of its scale-forming and corrosive properties or the
development of measures to prevent deposits.

APPLICATION EXAMPLE

Example 1. Calculation of the rate of CaCO, release
in a cooling system with cooling towers operating in
steady state.

In this case: V'= Const, ¢,=q,, + ¢, + 4,4+ 45 and CO,
degassing occurs in the cooling tower during A7 < T —
the time it takes for water to circulate in the circulation
system. For steady state,

ds

dr 0 dt dt dt dt
From here, guided by (6), we can express the rate of
CaCO, release as follows:

d[CaCO,] ¢ 1
Ta _ 7f(sg _ESCJ —a,(x,—X,).  (9)

Averaging the member a,(x, — x,,) — during the water
turnover in the 7 system and taking into account that for
6 <pH <10 S, =[HCO;], we obtain:

(M

L1 -
[HCOs I ——[HCO3 ]s +
d[CaC0,] _F, ¢ p =2 (10

e T\ HCOLMH Ny | O
K

1
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Thus, the rate of CaCO, release in steady-state
operation of the SCV is determined by the following
components:

— change in the concentration of hydrocarbonates in
the CW:

_ 1 _
[HCO; ], ——[HCO; ;
¢
— removal of CO, in the cooling tower:
[HCO, ], [H'] £y
X .

1
From equation (10), we obtain that in the absence

of changes in [HCO;] in the cooling water, calcium
deposits may form due to CO, blowdown in cooling
towers. It should be noted that in the works known
to us on the kinetics of cooling water quality, see, for
example, [6-10], this fact was not taken into account. If
measures are taken in the circulating system to stabilize
the water by acidification, for example, with sulfuric
acid by dosing it into the feed, then expression (10)
takes the form

d[CaCO,]
.
1
HCO; ], ——([HCO; ], +2[H,S0, ], ) +
:i[[ ] (p([ I +2[H,80, 1)+ | (11
TS + [HCO; ]0 '[H+ ]0 ‘fl,zo ’
KI

[H,SO,]s = ¢[H,SO,],.

Naturally, in this case, the rate of CaCO, release
decreases and, at a concentration of acid in the system

[H,S0,], =0.5([[HCO; 1, ~[HCO; T, ), (12)

it becomes minimal.

Note that equation (11) allows us to calculate the
rate of CaCOj; release by measuring the parameters of
the solution given in (11) and, using the approximation
[HCO;5] = L — total alkalinity of water, determine the
concentration of sulfates that ensures an acceptable rate of
CaCO, release, i.e., it can serve as a basis for automating
the process of correcting the stability of the CW and thus
avoiding excessive pollution of the external environment
with acid discharges.

Example 2. Conditions for minimizing deposits in a
recirculating system.

These conditions can be formulated as follows:

1. No CaCO, precipitation.

2. Condition of carbonate sum stability.

d[CaCO,] _~ dS, _
dt /)

where both conditions must be satisfied simultaneously.

0; (13)



According to (7), equations (13) are equivalent to:
L, (0)=x,(6) x,(t)- /7 =0;

14
Sg_é‘sc_%'(xz_xze):(); (14

Using approximation (7) for x5(t), i.e.
K,x, (1)
Sox, (1)
and for the second equation (14), taking (10), we obtain
for6 <pH< 10
Ly _x@)
LK, x, (1)

x3(t):

X, () =0,

1 XX, 0 f
X ——(x, +2x,) - 2L =
[0} K

1

(15)
X 42X, X =x,+2x,-2x,+D, D=YK-> 4

X5 Xy Xo > X3, X5. Xo = [H,SO,];

D — the difference between the concentrations of cations
and anions of organic matter, which are clearly not taken
into account in the electroneutrality equation.

Expressing x, from the electroneutrality equation and
substituting it into the first of (15), we obtain the value
X, ., that minimizes the rate of carbonate release in the
system. Its approximate value:

L

37x4

Y =5 K, (x,~0.5D) (16)

Accordingly, the permissible concentration of
hydrocarbonate ions in the feed water is given by the
expression:

0 2x, +x,,

xlm = x 2
1+ 4,0/1,0
of el

The value determines the maximum concentration
of hydrocarbonates (M/dm?) in the feed water, ensuring
minimization of the rate of CaCO, precipitation in water
at a given value of sulfate ion concentration x,.

CONCLUSIONS

1. Kinetic equations describing the evolution of tracer
and scale-forming components in circulating water are
proposed. From the known kinetic equations for tracers
[2, p. 42; 5, p. 112], expression (2) differs in that it takes
into account the flows of salts removed from the system,

(17)
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for example, filtration, and the arbitrary dependence of
the flows and volume of circulating water on time.

2. Theequation for scale formers (6) is obtained based
on the consideration of chemical transformations in the
CW, including CO, degassing and CaCO, precipitation,
and has no analogue in the literature known to us. This
equation naturally reflects measures to stabilize the
circulating water; compare expressions (10) and (11).

3. The conditions for steady-state “scale-free”
operation of the circulating system are formulated in the
form of (13) and (15), allowing the calculation of the
limiting values of the concentrations of the main scale
formers in both the circulating water and the feed water.
Indeed, from (16), (17) and the last equation (15) we
obtain:

Ca? =0.5x,,, + xo — 0.5D;
[Ca®], =0.5x", +x,,—0.5D,.

(18)
(19)

The values and corresponding to the steady-state
scale-free operation of the recirculation system are found
from formulas (16) and (17).

4. Taking into account (16)—(19), it is possible to
calculate the regime of measures ensuring the stabilization
of circulating water, including liming of the feedwater to
achieve acceptable [HCO5],,,, and [Ca**],,,.

Using (17), we will determine the portion of the
makeup water that needs to be limed to stabilize the
circulating water. Assuming a residual carbonate
alkalinity after liming of 0.8 meq/dm?, we find that the
portion of makeup water g, for liming is determined by
the ratio:

0 0
X = Xm

: 20
Tx"-08 (20)

9m 29
From (20) it follows that in this case it is necessary to
lime all the feed water or use additional stabilization of
the return water with inhibitors.
5. The model considered does not take into account
complexes formed by Ca* ions, for example,

CaOH", CaHCOj and Ca(HCO,),,.

As shown by calculations [10, p.16], this can lead
to errors of up to 10-20 % in determining the values of
[HCO53],,, or [HCO3] and, accordingly, the dose of acid
stabilizing the circulating water. The above phenomena
can be taken into account by appropriately modifying
equation (14).

101



LEEFELEEEE  36IPHUMK HAYKOBUMX MPALIb HYK ISSN 2311-3405

—
w
[

—
W
—_

REFERENCES

Kochmarskii, V. Z., Gajevskii, V. R., Tyshko, N. L. (2017). Crystallization of calcium carbonate from hydrocarbonate
solutions. Ukr: Physical journal. Vol. 62. No. 5. Pp. 382-390. https://doi.org/10.15407/ujpe62.5.382

Kochmarskii, V. Z., Trofymchuk, 1. P., Kuba, V. V. (2018). Osoblyvosti povedinky traseriv ta wydilennia tverdoho CaCO,
v oborotnykh systemakh okholodjennia [Peculiarities of the behavior of tracers and the release of solid CaCO, in reversible
cooling systems]. Woda i wodoochysni tekhnolohii. Naukovo-tekhnichnyyj visnyk — Water and water purification technologies.
Scientific and technical news. No. 1 (22). Pp. 39—49. https://doi.org/10.20535/22189300221 201814442[in Ukrainian].

Campbell, J. A. Chemical Systems. (1970). W. H. Freeman and Company. San Francisco. P. 518.

Budivelni normy i pravyla. (2013). T. 2.5-74: Zownishni mereji ta sporudy. Osnovni polojennia proektuwannia [Building
regulations and rules. V. 2.5-74: 2013. External networks and structures. Basic provisions of design]. [in Ukrainian].

Gayevskii, V. R., & Kochmarskii, V. Z. (2018). Pidvyschennia efektyvnosti oborotnykh system ocholodjennia minimizacieiu
kalcij-karbonatnykh vidkladeni. [Increasing the efficiency of reversible cooling systems by minimizing calcium carbonate
deposits]. Wwdavnyctvo NUWHP—Publishing house NUWEE . Rivne. 154 p. ISBN 978-966-327-383-9. http://ep3.nuwm.edu.ua/
id/eprint/15612 [in Ukrainian].

Demadis, K. D., Mavredaki, E., Stathoulopoulou, A., Neofotistou, E., & Mantzaridis C. (2007). “Industrial water systems: problems,
challenges and solutions for the process industries”. Desalination, Vol. 213, pp. 38—46, https://doi.org/10.1016/j.desal.2006.01.042

Shmandiy, V., Bezdeneznych, L., Kharlamova, V., Svjatenko A., Malovanyy, M., Petrushka, K., & Polyuzhyn, 1. (2017).
Technology methods of salt content stabilization in circulating water supply systems. Chem. Chem. Technol. Chemical
Vol. 11, No. 2. Pp. 242-246 https://doi.org/10.23939/chcht11.02.242

Shelepov, I. G., & Mikhaisky, D. V. (2005). Doslidjennia wplyvu rejymiv roboty nyzkopotencijnoho komplexu na koeficient
korysnoi dii enerhobloku [Study of the influence of the operating modes of the Low Potential Complex on the efficiency of
the power unit]. Skhidnojevropejskij jurnal peredovykh tekhnolohij, “Tekhnolohichnyj centr” — East European Journal of
Advanced Technologies, “Technological Center”. Kharkiv, No. 3(2). P p. 122—125. [in Ukrainian].

Galkina, O. P, & Shevchenko, T. O. (2018). Ocinka efektyvnosti system roboty teploobminnoho obladnannia system
wodoobihu na koksokhimichnykh zavodakh [Evaluation of the Efficiency of the Heat Exchanger Equipment Working
Systems of Water-Circulation Systems On Coke Plants]: Municypalna ekonomika mist— Municipal Economy of Cities, 7(146),
257-263. DOI 10.33042/2522-1809-2018-7-146-257-263[in Ukrainian].

Razladin, Yu. S. (1988). Teoretychni modeli procesu utvorennia nakypu [ Theoretical models of the scale formation process]. Mater:
Naukovo-tekhnichnoi Respubl. konf. — Proceed. Resp. scientific and technical conf. May, 1987. Rivne, Pp. 16—17. [in Ukrainian].

CIIMCOK BUKOPUCTAHOI JITEPATYPU

Koumapcekuii, B. 3., Taecbkuii, B. P., Tumxo, H. JI. (2017). Kpucranizaiis kapOoHaTy KajblLilo 3 riapokapOOHATHHX
po3uuHiB. Vrp. ¢hizuunuii scypran. T. 62. Ne 5. C. 382-390. https://doi.org/10.15407/ujpe62.5.382

Koumapcekuid, B. 3., Tpopumuyk, 1. I1., Kyba, B. B. (2018). OcobmuBocCTi MOBEIiHKHA TpacepiB Ta BHUAIIEHHS TBEPIO-
ro CaCO; B 000pOTHHX cCHCTEMaX OXOJIOKEHHS. Boda i eodoouucni mexnonoeii. Haykoso-mexuiuna sicnux. Ne 1 (22).
C. 39-49. https://doi.org/10.20535/22189300221 201814442

Campbell, J. A. Chemical Systems. (1970). W.H. Freeman and Company. San Francisco. P. 518.

ByniBensni Hopmu i mpaBuina. (2013). T. 2.5-74. 3oBHimmi Mepexi Ta criopyau. OCHOBHI TOJIOKEHHS ITPOEKTYBAHHS.
laeBcekuii, B. P., Koumapcekuii, B. 3. (2018). [lizBumieHHs e)eKTHBHOCTI OOOPOTHHUX CHUCTEM OXOJIOJKCHHS IILIS-
XOM MiHimi3amii BigkiIageHp KapOoHaTy Kajiblito. Buoaswuymeo HYBITI. Pisre. 154c. ISBN 978-966-327-383-9
http://ep3.nuwm.edu.ua/id/eprint/15612

Demadis, K. D., Mavredaki, E., Stathoulopoulou, A., Neofotistou, E., Mantzaridis, C. (2007). “Industrial water systems:
problems, challenges and solutions for the process industries”. Desalination, Vol. 213, pp. 3846, https://doi.org/10.1016/
j.desal. 2006.01.042

Shmandiy, V., Bezdeneznych, L., Kharlamova, V., Svjatenko, A., Malovanyy, M., Petrushka, K., Polyuzhyn, 1. (2017).
Technology methods of salt content stabilization in circulating water supply systems. Chem. Chem. Technol. Chemical
Vol. 11, No. 2. Pp. 242-246 https://doi.org/10.23939/chcht11.02.242

lenenos, 1. T, Muxaiicekuii, [{. B. (2005). JocnifkeHHs BIUIMBY PEKUMIB POOOTH HHU3bKOIIOTEHI[IaIbHOTO KOMILICKCY
Ha e(heKTUBHICTb eHeprotioky Cxionocsponeiicokuil JcypHan nepedogux mexwonoeiu, «Texnonoziunuil yenmpy. XapKis,
Ne 3(2). C. 122—-125.

lankina, O. I1., HleBuenko, T. O. (2018). Oninka eheKTUBHOCTI cHCTEM POOOTH TETIO0OMIHHOTO 00IaTHAHHS CHCTEM BOI000ITY
Ha KOKCOXIMIYHUX 3aBofax. Mymiyunanvna exonomixa micm, 7(146), 257-263. DOI 10.33042/2522-1809-2018-7-146-257-263
Paznanin, 10. C. (1988). Teopernuni Moaeni npouecy yTBOPEHHS Hakuily. Mamepianu Hayko8o-mexHiunoi KoHghepeHyii.
Tpasenwv 1987 p. PiBne, 1988. C. 16-17.

© Koumapcskuit B. 3., Koctiok O. I1., Ky6a B. B.
Jlara HagXomKeHHs CTaTTi 10 penakuii: 22.08.2025
Jlarta 3atBepmKeHHs cTarTi 10 ApyKy: 04.09.2025
Omy6mnixoBano: 24.11.2025

Crarrs nommproersest Ha ymoax Jtinensii CC BY 4.0

102



