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The method for calculating the dynamics of concentration of soluble salts (tracers) using the
assumption of their homogeneous distribution in the water volume of the circulated cooling system
(CCS) under the conditions of recirculation of part of the purge water was proposed. The
assumption of homogeneity of salt distribution is substantiated by the fact that the period of mixing
of cold water (CW) in CCS is equal to several hours, and the period of setting the concentration
limits is calculated in tens of days. In this approximation the law of change of concentration of
tracers in time from the moment of their supply in CCS in modes without and with recirculation of a
part of purge water and without any processing is received.

It is shown that without recirculating treatment, recirculation of purge water increases the
maximum salt concentration and the time to reach it. Attention is drawn to the fact that the flow
rate consists of two parts: controlled and uncontrolled. When calculating the allowable amount of
purge recirculation, it is necessary to use the value of the total purge flow. It is important to
understand that the relative change in total purge is always less than the controlled one.

To obtain the cost of full purge, it is necessary to calculate its uncontrolled part. The procedure for
calculating the uncontrolled purge is given in the paper. Since there are restrictions for of
maximum allowable concentration (MAC) on the concentrations of tracers in the CCS, the
expressions obtained in this work are consistent with the requirements of the MAC and allow for a
given degree of concentration of salts ¢, to calculate the limit of recirculation flow. It is shown that
the recirculation regime can be applied without additional measures for CCS with a low initial
degree of salt concentration and low concentration in the feed water.

The proposed algorithm is used to predict the results of recirculation in the case of a specific CCS
for thermal power plants with an electrical capacity of 1200 MW and the ratio Cmac/Co = 5. It is
shown that in this case recirculation has significant economic and environmental effects. However,
at high, concentrations of tracers Co, compared to MAC, feed water recirculation is meaningless.
The calculation algorithm applies to tracers, i.e. salts that do not give deposits, but only limited by
the MAC requirements and the risk of corrosion or environmental considerations. Therefore, the
above technique cannot be directly used for sparingly soluble salts, such as calcium carbonate. In
this case, it requires significant correction.

Note the convenient use in calculations of the earlier introduced by us concept of regime (dynamic)
factor ¢, especially when comparing the real consumption of the main flows of CCS to calculated
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and in determining the evaporative capacity of cooling towers, or assessing the degree of salt

concentration.
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1. Introduction

Large volumes of blow down water
discharges from circulating cooling systems
(CCS) of enterprises, power plants in
particular (Abramov, 1982; Kucherenko,
1980; Zalogin, 1979), under conditions of a
shortage of fresh water and a temperature of
discharges increased by 5 + 15 °C often
violate the local ecological balance. The salt
content of the waste water is always 3-7
times higher than the initial make-up water,
and the concentration of impurities in the
discharges is higher than the MAC for surface
waters, which entails severe restrictions on
discharges and the corresponding penalties for
enterprises. This situation leads to loss of
profit and competitiveness. To plan blow
down discharges, to minimize it, a
mathematical model of the concentration of
salts in circulating water is necessary that is
adequate to the real situation and quite simple
from the point of view of calculations. When
modeling the modes of operation of the CCS,
a steady regime is mainly adopted, which
corresponds to the uniform distribution of the
components of the cooling water (CW) along
the entire circulation path and the constancy
of the operating parameters of the CCS,
including its water volume, which does not
always correspond to reality.

One of the ways to reduce the volume
of CCS blow down is its partial return after
cooling to the circulating water, i.e.
recirculation. But then the concentration of
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soluble salts increases, increasing the total salt
content of CW which can exceed the MAC
for CW components (Kochmarskii, 2018).
Therefore, the restrictions on the recirculation
consumption associated with this must also be
taken into account when creating the CCS
mathematical model and estimating the
consequences of recirculation.

2. Problem statement

The dynamic scheme for calculating the
concentrations of highly soluble salts of
chlorides, sulfates or others is considered in
this work. Further these soluble salts will be
called tracers (Andronov, 2006; Kucherenko,
1980). Accept that part of blow down returns
into the circulating cycle without any
processing.

Changes in the concentrations of
tracers.in the circulating water of the CCS
with cooling towers are observed depending
on the modes of its operation. The admissible
consumption of recirculation of a part of the
blow down is estimated, depending on the
initial state of the CW and restrictions on the
MAC.

The mode of operation of the CCS is
determined, see Fig. 1, by the concentration
of soluble salts Co in the make-up water, C;-
in the circulating water, the value of the
circulating consumption Go, the make-up Gmy
the controlled part of the blow down G'yq, the
evaporation flows Gey, filtration Gf and
droplet entrainment Gq, m*/h.
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Fig. 1. Diagram of CCS with a cooling tower. The dashed line denotes the border of the CCS with
the environment. The flows Gey, Gg, Gd, Gmu, Gnd, G", Gmu represent the interaction with the
environment. 7C, CP and CTP - turbine condenser, circulation pumps and cooling towers pump

Note that CW consumption for evapora-tion
actually does not depend on CCS operation
mode (with or without recirculation) and it is
determined by the environment and power
plant electric load.

3. Models of CCS operation
modes

The calculation will be made in the
approximation of complete mixing of water in
CCS, the latter, by the way, is close to the real
situation, since the period of water circulation
in CCS (mixing) is 1-2 hours, and the period
of change in the concentrations of tracers in
real systems is tens of days (Kucherenko,
1980).

The diagram of CCS with a cooling
tower is shown in fig. 1. Salt entrainment
from the circulating water of the CCS is
carried out by the following flows: G'bd -
controlled blow down, Gr, Gmu and Gev, the
lines of which in Fig. 1 cross the boundaries
of the CCS, i.e. the total blow down flow is
equal to

Gbd = G'"pg + G" + G+ Gy, (1)

MATHEMATICAL MODELING AND OPTIMIZATION

the index "r" denotes values in recirculation
mode.

Filtration G and droplet entrainment Ggq
flows represent an uncontrolled part of the
blow down and depend on the structure and
design of the CCS elements and slightly on
the mode of its operation. Estimates of the
values of these fluxes  (Abramov,
1982;Zalogin, 1979,Kucherenko, 1980) are Gt
= (0.003... 0.007)% of Go, and Gg = (0.05...
0.10)% of Go. Denote

G'bd = G+ Gy,
then:
Gbd = G"oa+ G'+ G"ha = G'oa+ G'.  (1a)
In the operation mode of the CCS with
recirculation of a part of the blow down water
without its processing, the dynamics of the
concentration of tracers in the circulating
water in the approximation of complete
mixing in the CCS is given by the equation
concentration in g-ion/m?3,
dM,
dt

=Cy-Gmy —Cr-Gpy, Mr=V-Cr.  (2)
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In order to obtain the closed equation
relative to C,(2) must be supplied with the
equation of dynamics of water volume V.

dv
E:Gﬁnwef—egd_eev. 3)

Using (1a) and (3), we find the equation
of the dynamics of tracers for the CCS
operation with blow down recirculation
without restrictions on the stationarity of CCS
operation mode (Andronov, 2006; Repin,
2009).

dC,(t) |
dt T,
_ V(D)

Tog®=——
SNCHNE

0" (1)-Co-Cr (1],

‘ Gy ®
¢ ()= . @
Gnu(®—Gey (®

T'ha(t) is the period of emptying the
CCS by the blow down consumption in the
recirculation mode, hours; ¢'(t) - dynamic
(mode) parameter of the CCS.

It was taken into account in (4), that the
value of water consumption for the
evaporation Gey does not depend on the
presence of recirculation and is the same in
both modes of CCS operation.

Without recirculation, the equation for
the dynamics of tracers is similar to (4), only
in expressions (1) - (4) one should adopt
G" =0 and let pass the index r.

If the CCS parameters ¢, T'hg and Co are
slightly changed in time, then equations (4)
are integrated and we obtain explicitly the
laws of change in the concentration of tracers
after the start of their supply (t = 0) to the

CCS,
t

B
Cr()=Cy-| 0" (9" -1)-e P

Cr(x0) = ¢"Co. ()
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From expressions (5) we find the
physical content of the ¢'and T'hq parameters.
The o' parameters in the steady-state mode of
operation of the CCS represent the degree of
concentration of tracers, and the T
parameters describe the laws of changes in the
concentration of tracers in time. The
maximum possible value of ¢ is determined

by
lim ( . ]: G (g)
Gpy =0\ Gpy +Gpy Gl

max ¢ =

Quite different than (4), a method for
determining the value of the operating
(dynamic) parameter ¢ is given in (Gajevskii,
Kochmarskii, 2018), where ¢ is compared
with the concentration coefficient of chlorides
ker = Cci/Ccio. It is shown in (Gajevskii,
Kochmarskii, 2018) that in the dynamic mode
of CCS operation, the difference between
these values is significant. Using the concept
of the dynamic parameter ¢, we estimate, at
V = Const, the water consumption for
evaporation and blow down consumption,
taking the measured make-up consumption as
the basis,

Gev = Gmu— G’bd— G”bd = (¢ — 1):Gmu/o;

Ghd = Gev/(¢-1). (7

Expression (7) determines the total
blow down according to (1) taking into
account its uncontrolled part. The value of Gey
obtained in (7) is free from any assumptions
about the mechanism of evaporation or the
design of coolers and represents, under the
previously indicated restrictions, the value of
the evaporative capacity of the cooling tower.
This information can be useful for in-line
control of the efficiency of cooling towers or
CCS in general (Gajevskii, Kochmarskii,
2018).
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4., Comparison of the CCS
operation modes with and without
recirculation

Between the parameters ¢, Tha and o',
Tod, See (4) and (4a), there are one-to one
correspondences that allow, having ¢ for the
CCS operation mode without recirculation, to
calculate the expected ¢' in the recirculation
mode, and thus to evaluate the consequences
recirculation,

r
tp—(cp—l)-g
r_ ev
¢ _—Gr’
l_((p_l).Giev
feemic
2 /1
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T
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It follows from (8) that the expected ¢" i.e.
the characteristics of the degree of
concentration of tracers in the recirculation
mode depends on the ratio of the recirculation
and evaporation consumption  G'/G®.
Comparing (4) and (8), we find that
recirculation increases the make-up time T'ng
i.e. the time to reach the limiting saturation of
CW tracers in the CCS with recirculation is
longer than in the usual mode, see Fig. 2 and

3, as well as expressions (5).
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Fig. 2. Dependence of the concen-tration ratio Fig. 3. Dependence of concentration ratio in the
in the mode with and without recirculation on mode with and without recirculation on the

the relative time from the beginning of the tracer

supply to the CCS

One can see from Fig. 2 and 3 that the
concentration of tracers in the CCS with
recirculation reaches equilibrium
approximately 8Tng later than without
recirculation. When calculating the curves in
Fig. 2 and 3, it is assumed that: ¢ = 4, ¢'=5.3,
recirculation consumption according to (12),
G" = 0.1Gev. As it follows from (8), the
parameter ¢" also increases in comparison
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relative time from the begin

with  the initial ¢ (mode  without
recirculation), see Fig. 3. We see that the
relative growth of ¢" increases with the
growth of the initial ¢, which must be taken
into account when considering the restrictions
associated with the LAC of salts. It is also
necessary to take into account that the
quantities ¢ and ¢" cannot take arbitrary
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values, since the positive definiteness of o',
see (8), requires that

G’ <ﬂ, (9)
o-1

This condition, if we take into account
that Ges/(p-1) = Gbg, See (la), becomes
obvious and expresses the fact that the
recirculation flow is part of the total blow
down. In both cases (with or without
recirculation) the maximum values of ¢ and

op must satisfy the ecological condition

maxe = max¢e' < Crac/Co. (10)

Cwmac is the MAC of tracers in CW.

We use formulas (8) and (9) to solve the
inverse problem: find the maximum value of
G'/Gey for a given ¢, such one that
max'<Cmac/Co
G’ < Cuac =Co -0 _

Goo  (0-1)-(Cpypc —Co)

Ratio (11) establishes a range of

possible values of recirculation consumption,

agreed with the requirement of restrictions on
MAC (10) (Gajevskii, Kochmarskii, 2018),

0 < G'<maxG', (12)

(11)

Chuiac _Co P

maxG' =Gy, - :
(=1 (Cyac _Co)

(13)

Note that restriction (11) is much
stricter than (9). Indeed, (9) expresses only
the fact that the recirculation consumption is a
part of the total blow down, and (11) contains
an additional condition (10), which requires
the concentration of tracers in the CCS to be
less than the corresponding MAC. From (11)
we also find that for the modes of operation of
the CCS with the initial ¢ =~ maxe (the initial
mode without recirculation has a high degree
of concentration), it makes no sense to use
recirculation.
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5. Quantitative estimate

Consider the CCS of Thermal Power
Plant with a capacity of Ne = 4x300MW with
a water volume of V = 240000 m® as an
example of the application of the developed
algorithm. Let us take the ratio Cmac/Co = 5,
which corresponds to Co = 70 mg/dm?®, and
the initial value of the parameter ¢ (in the
steady state, the degree of concentration of
tracers), we take ¢ = 3.5. Then from (13) we
obtain that maxG" = 0.15Gey. According to
condition (11), let us take G" = 300 m%/h and,
using the algorithm for calculating the
uncontrolled part of the blow down and the
modes of operation of the CCS without and
with recirculation (Kochmarskii et all), we
obtain the main parameters of the CCS, the
values of which are presented in Table 1.

Note that the blow down, evaporation
and make-up consumption used in the
calculation are mutually in agreement only in
the steady state at V = Const. For other
modes, the calculation may include an
uncontrolled error, but for estimates, it is
suitable beyond the specified restrictions.

It follows from table. 1 that the blow
down recirculation under such conditions
makes it possible to reduce the make-up
consumption by 9 %, the total blow down by
33 %, and the controlled blow down by 38 %,
which makes it possible to significantly
reduce the cost of power generation. But
recirculation, as it is shown in the table. 1,
increases the total salt content of CW by 34 %
and brings the concentration of tracers close
to the MAC (0.94Cwmac).

Let us estimate the decrease in the
amount of salts discharged into the
environment.  Since  the  degree  of
concentration of tracers in the recirculation
mode is 34 % higher than without
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recirculation, and the value of controlled blow
down is 38 % less, we find that the amount of
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dumped salts in the recirculation mode is
17 % lower than without it.

Table 1. Comparison of CCS operation parameters with and without recirculation

Ne Parameters Units V_Vlthou_t Recirculation Changes,
recirculation %
1 | Make-up consumption, Gmy m3/h 3220 2920 -9.0
2 | Evaporation consumption, Gev m3/h 2300 2300 0
Blow  down total, God m3/h 920 620 -33.0
3 consumption: controlled, G’ m3h 780 480 -38
uncontrolled,G”nq | mM/h 140 140 0
4 | Recirculation consumption, G' m3/h 0 300 -
5 | Coefficient ¢ - 3.5 4.7 +34
6 | Ratio C/Cwmac - 0.7 0.94 +24
7 | Blow down period, Thq hour 260 386 +48
In conclusion, we note that the above It is important to understand and remember

algorithm for calculating the consequences of
blow down recirculation applies only to
tracers, i.e. non-depositing salts. As follows
from the previous one, recirculation without
processing can increase the concentration of
calcium ions, and thus contributes to an
increase in the growth rate of calcium
deposits, as well as the consumption of
reagents for the stabilization of CW.
Therefore, the problem arises of adapting this
algorithm in relation to the analysis of
changes in the concentration of salts
undergoing phase transformations into CW,
and the development of methods for
controlling their concentration and sediments
under recirculation conditions.

4. Conclusions

The method for calculating the
dynamics of salts concentration, using the
assumption of their uniform distribution in the
CCS volume was suggested. It is justified by
the fact that the period of circulation (mixing)
of CW in the CCS is equal to several hours,
and the period of establishment of limiting
concentrations is calculated in tens of days.

MATHEMATICAL MODELING AND OPTIMIZATION

that the blow down consumption consists of
two parts: controlled G'ng and uncontrolled
G”bd. When calculating the admissible blow
down value G', see (13), total blow down is
used. To obtain total blow down, it is
necessary to calculate the uncontrolled part of
it. To do this, you can use the procedure
(Gajevskii, Kochmarskii, 2018). The relative
change in the total blow down is always less
than the controlled one, see table 1.

In the approximation of a uniform
distribution of salts in the volume of the CCS,
the law of the change in the concentration of
tracers versus time was obtained from the
moment they were fed into the CCS without
and with recirculation of a part of the blow
down water without processing, see (5).

Since there are restrictions on the
concentrations of tracers in the CCS,
expressions have been established that allow
for the initial degrees of salt concentration ¢
to calculate the Ilimiting values of the
recirculation of the blow down consumption
maxG', see (13) and (Gajevskii, Kochmarskii,
2018).
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It was shown that the recirculation
mode is applicable without additional
measures for the CCS with a small initial
degree of concentration. Recirculation under
such conditions has significant economic and
environmental effects, see table 1.

Note the convenience of using the
concept of the operating (dynamic) factor o,
introduced by us earlier (Andronov, 2005;
Kochmarskii at al., 2018), when determining
the evaporative capacity of cooling towers or
when estimating the degree of salt
concentration.

The use of recirculation allows us not
only to reduce the consumption of fresh water
for make-up, but also to reduce the discharge
of salts into the environment.
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KOHUEHTPYBAHHSA PO3UMHHUX COJIEHA Y BOAI CUCTEM
OXOJIOJKEHHS EJIEKTPOCTAHIIIA ITPU PEUPKYJIALIT
IMPOAYBKH

Koumapcwvruu B. 3.1, Kocmiox O. I1.2, @ininosuy FO. FO.?
ldisuko-Texnonoriuna naGoparopis Boguux cucrem (OTJIBC) HarionansHoro yHiBepcuTeTy
BOJIHOTO rocrojapcTsa i npupogokopuctysanns (HYBI'TI), m. Piue, Ykpaina

Kadyepa ripoeHepreTHKH, TeIUIOSHEPreTUKY i rixpasniunux mamua HYBITI, M. Pisue, Ykpaina

3anpononosano cnocib6 po3paxyHKy OUHAMIKU KOHYeHMpY8anus pozuunHux coneil (mpacepig) 3
BUKOPUCMAHHAM NPUNYWEHH NPO iX OOHOPIOHUU po3nodin 6 00’ emi 000pOmMHOI cucmemu
oxonoodcennss (OCO) 6 ymosax 3acmocy8amnsi peyupkyIsayii 4acmunu 600U NpPoOYeKU.
Ipunywennss npo 00HOpiOHICMb pO3NOJINYy conell O00IpyHmosane mum, wo nepioo obizy
(nepemiwysanns) oxonoonoi eoou (OB) 6 OCO Oopienioe OeKiIbKOM 200uHaAM, a Nepioo
BCMAHOBNEHHA 2PAHUYHUX KOHYEHmMpayil oouucioemscs oecamkamu 0i6. YV yvomy HabnudicenHi
OMPUMAHO 3AKOH 3MIHU KOHYeHmpayii mpacepie 6i0 uacy 3 momenmy ix nooaui ¢ OCQO y pesxcumax
b6e3 ma 3 peyupKyIayicro YacmuHu 800U npodyeku 6e3 ii oopobku. Iloxasano, wo 6e3 06podKu
PEYUPKYIAHMA, PEYUPKYIAYis 600U NPOOYEKU 30IIbULYE SPAHUYHY KOHYEHMPayilo coiel ma 4ac ii
docseHenHs. 36epmaemuvcs yeaza HA ye, wo eumpama Npooy8KU CKIAOAEMbCSA 3 080X YACTMUH.
KOHMPOAbOBAHOI | HEeKOHmMpOabo8anoi. Ilpu pospaxynkax 0Onycmumoi 6eiuyuHu peyupkyIayii
npoOysKU, HeO0OXIOHO BUKOPUCMOBY8AMU GeIUYUHY HOBHOI eumpamu npooyexku. Baoxciuso,
po3ymimu, wo BIOHOCHA 3MIHA NOBHOI NPOOVEKU 3ABHCOU MEHWIA HINC KOHMPONbO8aHoi. [{ns
OMPUMAHHS UMPAmMuU NOGHOI NPOOYEKU HEOOXIOHO po3paxysamu ii HEeKOHMPOIbOBAHY UYACHUHY.
Ilpoyedypa pospaxynxy nasooumvcsi 6 pooomi. Ockinoku ¢ OCO icuylomb 00MedceHHA OO0
KOHYeHmpayiti mpacepie, mo OmMpUMaui 6upasu, wo 00360JA10Mb OJil 3A0AH020 CHMYNeHs
KOHYEHMPYBAHHA CONell ¢, PO3PAXy8amu Spanudui eeiuyunu eumpamu peyupkyiayii. I[loxkasano,
WO pedtcuM peyupKynayii moxcna 3acmocosgysamu 06e3 0odamkosux 3axodie ora OCO 3 manum
NOYAMKOBUM CMYNEeHeM KOHYEHMPYBAHHSA CONell Ma MA00 iX KOHYeHmpayieto y800i NiOHCUBTEHHL.
Ha npuxnaoi ananizy xonkpemuoi OCO nokasamno, wo y ybomy sunaoxy peyupkyiayis 0ae Cymmesi
EeKOHOMIYHI Ma eKoN02IuHI eghekmu. 3anponoHO8aAHUIl ANCOPUMM NPOSHO3YBAHHA DPe3yIbmamie
peyuprynayii 6e3 0o6pobKu 800U NPOOYEKU CHOCYEMbCSA mpacepis, mobmo. coiel, wo He 0aromy
8i0K1a0eHb, a auwe oomedcenux eumozamu [J[K ma nebesnexoro Kkopo3ii uu ekonoiYHUMU
MIpKYy8anHAMU. 3a3HAYUMO 3PYUHICMb UKOPUCMAHHS NPU PO3PAXYHKAX, 86€0€H020 HAMU paHiuie
ROHAMMS pexcumno2o (Ounamiunoeo) gakmopa ¢, 0cooaU60 Npu aHanizi 6i0NOGIOHOCMI UMpPam
ocrnoguux nomokie OCO po3paxyHKO8UM, Npu 6UHAYEHHI GUNAPHOI 30aMHOCMI 2padupeHb abo
OYIHYI cmynens KOHYeHMPY8AHHSL COell.

Knwowuosi cnosa: o6opomua (0x0100Ha) 600a, KOHYEHMPYSaHHs COAEU, PO3YUHHI COJI,
peyupkyasayis, nepioo npooyeKu, NPooysKa
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