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1. Introduction

Although power plants are mainly seen as producers of electricity
and heat, they are also significant customers of fresh water which is
widely used in many technological processes including e.g.: water-steam
cycle in power boiler, cooling systems cooperating with condensers or
cooling installations of boiler’s auxiliary equipment. The daily consump-
tion of fresh water by large power units is usually accounted, at least, at
the level of a several thousand m”.

Large demand of fresh water by power energy sector is always
connected with the issues of its proper management due to the unques-
tionable interference of the industry with local water ecosystems. It is
worth mentioning that the water demands of power plant cooling systems
may strain natural water reservoirs and make power production vulnera-
ble, as well as natural environment, to water scarcity (Loew 2016).
Moreover, meaningful increase of production of wastewater and its influ-
ence on environment, recently reported by e.g. Blog (Blog 2016), indi-
cates on the need for new restrictive regulations for water environment
protection like e.g. EU directive on industrial emissions from 2010. The
attempts to the modelling of changes in chemical compounds in
wastewater are presented in (Skoczko 2017, Regucki 2017).

Beside environmental aspects, proper management of fresh water
in cooling systems has also significant influence on the overall efficiency
of electricity and heat production in coal-fired power plants, which is
gradual decrease with ages (Campbell 2013). Over the years, the working
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parameters of cooling installations are subjected to the changes due to
e.g. reconstruction of these systems, unfavorable deterioration of the cir-
culating pumps characteristics or deposition of mineral deposits on heat-
exchange surfaces or pipelines. In order to improve the overall efficiency
of currently in use power units, Ryabchikov suggested a number of spe-
cific actions, among which the retrofit of cooling water installations is
one of the most important (Ryabchikov 2012). Nichols estimated that the
modernization of cooling system performance in American power plants
could lead to improving the overall efficiency of the unit by about 0.2-
1.0% (Nichols 2008). Similar estimations, made for APEC countries,
indicate that the improvement of feed water heaters and condensers could
update the overall power unit efficiency by a value of approximately
0.8% (Boncimino 2005).

Taking into account the abovementioned facts, closed cooling
systems cooperated with cooling towers have become, in natural way, the
object of research and analysis of many scientists. The interests split into
two main parts focusing on the numerical modeling of the cooling sys-
tems and research of influence of ambient conditions on working pa-
rameters of cooling towers. An example of numerical investigation of the
cooling system as a whole is presented by Wroblewski in (Wroblewski
2013) where the comparison of two different variants of cooling system
for 900 MW ultra-supercritical power unit is done. His analysis focuses
on the impact of the thermal-flow properties of the cooling system on the
lowest possible pressure achieved inside the condensers. Numerical mod-
eling of the thermal-flow conditions inside the cooling towers is present-
ed in (Blain 2016, Opris 2017). Blain in (Blain 2016) presents the results
of CFD modeling of cooling tower basing on the Poppe and Merkel
equations and splitting the interior of the cooling tower into three parts:
fill, spray and rain zones. The model was validated on the small scale fill
(7mx7m counter-flow section) and next on the real object achieving good
agreement with measurements. Opris in (Opris 2017) presents other
methodology of design the cooling towers using block-modules which
takes into account division of the cooling tower into three main parts:
spray and fill zone, rain zone and natural draft zone.

Another approach focuses on the influence of the ambient condi-
tions, strength and direction of wind or air-water flow ratio on heat and
mass processes inside the cooling towers. Li in (Li 2018) shows that cold
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inflow at the top of the cooling tower could have unfavorable influence
on the natural drift blocking heat rejection. Her experiments, done on
20 m test cooling tower, indicate that the undesired turbulence inside the
cooling tower could cause the increase of outlet cooling water tempera-
ture even up to 3°C. Similar consideration presents Weiliang in
(Weiliang 2016) analyzing the influence of wind on the operational con-
ditions of cooling tower. The vortices, created by the wind in outer and
inner space of cooling tower, affect air flow decreasing the efficiency of
heat and mass processes. He considers the implementation of windbreaks
to prevent the deterioration of the cooling performance inside the natural
draft dry cooling tower. The influence of air water flow ratio on the oper-
ating performance is studied by Liu in (Liu 2017). She shows that various
meteorological parameters have a significant impact on the large varia-
tion of air water flow ratio what causes unstable operation of cooling
tower. Martin in (Martin 2017) evaluates the influence of weather condi-
tions and cooling tower localization on its operation parameters. He
shows that weather conditions have an significant influence on non
steady production of energy by power units. Among others, he confirms
that the extreme temperatures in summer time reduce the electricity pro-
duction capacity due to limitations in the heat transfer capacity inside the
cooling tower.

The paper presents the thermal-flow study of a closed cooling
system with special emphasis on the operating parameters of the cooling
tower. The uniqueness of the analysis lays in measurements done inside
the working cooling tower to identify the heat and mass transfer process-
es across its radius. Next, the analysis of a cooling water temperature
drop, in the cooling system cooperated with a set of cooling towers, is
considered. As an example of these studies there are calculated the opti-
mal cooling water flow rates through the cooling towers to achieve the
highest possible cooling water temperature drop in the installation.

2. Study of thermal-flow processes inside cooling tower

Cooling systems are very important parts of the power units and,
as it was mentioned previously, they have a significant influence on the
overall efficiency of electricity and heat production. The scheme of
a closed cooling water system cooperated with natural draft cooling tow-
er is presented in Fig. 1.
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Fig. 1. Scheme of closed cooling water system with natural draft cooling tower.
The symbols used in the drawing: #,, t, — temperature of the air; p,, p; — pressure
of the air; ¢,, ¢ — relative humidity of the air; X, X; — absolute humidity of the
air at inlet and outlet respectively; ¢ma, gmw— mass flow rate of air and cooling
water respectively; t», tw1 — temperature of cooling water at inlet and outlet
respectively

Rys. 1. Schemat zamknietego uktadu chtodzenia z chtodnig kominowa.
Oznaczenia przestawione na rysunku: ¢,, t;, — temperatura powietrza;

Pa» Pt — CiSnienie powietrza; @,, ¢ — wilgotno$¢ wzgledna powietrza;

X,, X; — wilgotno$¢ bezwzgledna powietrza odpowiednio na wlocie i wylocie

z chlodni; ¢n,, gmw— Strumien masy powietrza i wody chtodzacej;

tw2, tw1 — temperatura wody chtodzacej na wlocie i wylocie z chtodni kominowej

Circulating water is heated in a condenser by condensing steam
from the low pressure turbine, and it is then cooled down in a cooling
tower. The main mechanism of water temperature decrease inside the
cooling tower is by its partial evaporation in contact with counter flowing
air (Berman 1961). This phenomenon causes a continuous decrease in the
mass of the circulating water in the installation which is replenished from
natural resources. In the natural draft cooling tower the heat and mass
transfer processes take place in two ways (notations according to Fig. 1):
— an increase in the temperature of the flowing air At, = t,— 1,

— an increase of the humidification of the flowing air AX = X; — X, (what
results in changes of relative humidity of the air Ay = ¢ — @),
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where:

ta, 1, — air temperature,

X, X; — absolute humidity of air,

s, @ — relative humidity of air at inlet and outlet of the cooling tower,
respectively.

The analysis shows that the highest temperatures of the returning
cooling water ¢, are in summer time when the ambient air temperature ¢,
is high (in Poland ambient temperatures varies then between 20-30°C).
Worse heat exchange conditions in the closed cooling system causes sea-
sonal deterioration of the overall power unit efficiency (due to the fact of
higher achievable pressure inside steam condensers), what leads to the
increase of fossil combustion and, therefore, higher emission of GHG
and other pollutants (Martin 2017, Campbell 2013). Table 1 presents an
example of measurements done in June inside the natural draft cooling
tower along the radius » (where » = 0 is at the center line of cooling tower
— see Fig. 1). The investigated cooling tower has a height of 105 m and is
made in the form of a hyperboloid reinforced concrete structure with nat-
ural draft. Its hydraulic load varies in the range of g, = 20000-35000
m’/h and thermal output is up to 300 MW. It is worth mentioning that the
data presented in Table 1 for each position (r) are calculated from hun-
dred of measurements collected in 30-minute time interval.

The measurement was done in the overshower zone above drift
eliminators, where the radius of the cooling tower is R = 35 m. Pressure
inside the cooling tower was uniformly distributed along the radius and
equal py = 977.7 hPa, when the ambient pressure was p, = 980.0 hPa.
Additionally the profile of air velocity was measured using Testo 416
anemometer and the mean velocity u; inside the cooling tower was
1.06 m/s.
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The presented measurement data are the starting point for the
analysis of mass and heat exchange processes inside a cooling tower. The
authors’ intention is to quantitatively analyze the data and to assess
which processes play a leading role in obtaining the lowest possible out-
let temperature of cooling water (especially in the summer, when the
efficiency of blocks is the lowest one).

2.1. Heat and mass transfer processes inside a cooling tower

Collected data allows precisely to follow the heat exchange pro-
cesses inside the cooling tower if one assumes steady thermal-flow con-
ditions (Baker 1961):

Cw ' Pw  Qyw "’ (th - twl) =dma" (hz (tt' (pt) —hy (ta' (pa)) (1)

where:

cw =4189.9 J/kgK — specific heat of water,

DPw = 994.23 kg/m® — density of water at mean temperature equals 34.5°C,
¢vw — volumetric flow rate of circulating water,

gma — mass flow rate of air flowing inside the cooling tower,

tw2, tw1 — inlet and outlet temperature of circulating water, respectively,
hy, hy — enthalpy of moist air leaving and entering cooling tower, respec-
tively.

Basing on values from Table 1, left hand side of (1) gives the heat
flux released into the flowing air by cooling water (if one neglects the
loss of water mass due to its partial evaporation process) Q,, = 308.5
MW. On the other side, the value of heat flux taken by the air is equal
Q. = 315.4 MW, where gm, is calculated for air parameters inside the
cooling tower: u, = 1.06 m/s and p(t, @, p) = 1.08 kg/m’.

The discrepancy between obtained values of heat flaxes e =
(Qw—Qa)/Qy i1s at the level of 2.2% what is a very good result. This dif-
ference could be corrected if one takes into account a correction connect-
ed with the loss of circulating water Ag, due to its partial evaporation:

Qw =c¢w" Pw " (qVW “lw2 — (qvw - AqVW) ' twl) ()

Amount of evaporated water is calculated from the difference of
absolute humidity of air entering and leaving the cooling tower X, and X;
respectively:
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AGmw = Gma (Xt(tt' @) — X, (t,, (pa)) (3)

For analyzed data, this value is Agmyw = 394.0 m>/h. This is ap-
proximately 1% of total mass flow rate of circulating water and is in very
good agreement with literature (Berman 1961). Correction of heat flux
released by cooling water due to its partial evaporation is
AQy =14.0 MW. Finally, corrected value of total heat flux transferred
from the cooling water is now equal Q, = (308.5+14.0) MW =
322.5 MW but the discrepancy e is still at the level of 2%. On the other
hand, the calculation of relative humidity ¢, inside the cooling tower ba-
ses on the measurement of dry- and wet-bulb temperatures of flowing air
(using two A class Pt100 thermometers). If one assumes that the leaving
air has ¢ = 100% then the total heat flux transferred to the air will be
Q.= 321.6 MW and final discrepancy between corrected heat fluxes Q.
and Q, is less than 1%.

Summarizing the above calculations, it seems that to balance cor-
rectly heat and mass transfer processes inside the cooling tower it is nec-
essary to take into account the loss of circulating water as well as to as-
sume that the air above the overshower zone is fully saturated and is at
its dewpoint (what means that the relative humidity of leaving air ¢
equals 100%). It is worth mentioning that the source of potential discrep-
ancies in analyzed results may be, on the one hand, the accuracy of the
measurements made, and on the other, the use of an 0-dimensional heat
and mass exchange model.

It is interesting how the total heat flux Q, is divided between in-
crease of temperature Af#; and changes of humidification (expressed by
changes of relative humidity A¢) of the flowing air:

Qa = QaAt + QaA(pa (421)
Qart = Gma* (h(tt' Xa) - hl(ta' Xa)) (4b)
QaA(p = {ma" (hz (tt' Xt) - h(tv Xa)) (40)

For analyzed data, QA= 37.9 MW and Qe = 277.5 MW (for the
case of ¢ = 100%: Qaac=37.9 MW and Qaxe = 283.7 MW, respectively). It
means that the main heat exchange process between the cooling water and
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air is through partial evaporation of circulating water (approximately 88%)
and only 12% of total heat flux Q, is utilized to warm up the flowing air.

Above results show how significant are ambient conditions for
the proper working parameters of the cooling system. This observation is
especially important because power unit operation is characterized by
non-steady production of energy that strongly depends on current weath-
er conditions.

2.2. Thermal—flow characteristic of cooling tower

The heat flux balance (1) is a starting point to much more detailed
analysis of the heat and mass transfer processes inside the cooling tower
which bases on enthalpy potential as the driving force (Baker 1961). The
heat transfers to air from a tin film of cooling water flowing down along
the fill is considered in control volume dV-

dQ = a(t, — t)dV + h'dG,y, (5)

where: a — volume heat transfer coefficient; ¢#,, ¢ — local cooling water
and air temperature, respectively; 4’ — enthalpy of water evaporation at
local bulk water temperature; dGny — mass flow rate of evaporated wa-
ter, in the control volume dV. Amount of evaporated water depends on
the mass transfer coefficient between the water film and air £ and differ-
ence of local absolute humidities on the interface water-air in control
volume dV-

AGmw = B Xy — Xg)dV (6)

The equations (5) and (6) describe the amount of heat transferred
from the cooling water to the counter-flowing air in control volume dV of
the fill. In this approach dV is equal S-dx where S is a surface of the
cross-section of the cooling tower (perpendicular to the direction of air
flow) and dx is a small section of the height of the fill. Due to the com-
plexity of the arrangement of the fill inside the cooling tower there is
impossible to consider the heat and mass transfer processes separately for
individual components of the fill but rather simplified approach is ap-
plied. This is the reason why heat and mass balance equations (5) and (6)
base on overall heat and mass transfer: a, frespectively.
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Basing on (5), (6) and (1), Berman in (Berman 1961) shows that
the total heat transferred to the flowing air is described by equation:

Q = AhyV = Gy, (hy = hy) (7

where: V' — is volume of fill; G, — mass of flowing air; Ak, — mean en-
thalpy increase of flowing air expressed by formula:

(Cw2—tw1)
Ahy, = ftvvvvzz ] ®)

tw1 (h’_h)
where: /' is enthalpy of water evaporation at local bulk water temperature
and / — local enthalpy of moist air flowing through the fill (Baker 1961).
On the other side, the heat released from water is calculated from

2):
Q == Cw " Gmw(twz — tw1) 9)

where: K — correction factor due to partial evaporation of cooling water,
(K = 0.947). Combining together (7) and (9) one can obtain the formula
for the temperature of cooling water at outlet of cooling tower, #,; (Ber-
man 1961):

K-V-B-Ahpm
twi tw2 cw Gmw (10)

Equation (10) is a non-linear one, because value of Ak, depends,
among other, on #,;. Values of V' and f are calculated individually for
particular cooling tower because they depend on its geometry and current
ratio of air and water mass flow rates ¢ma/gmw-

Basing on the measurement data from Table 1, there was possible
to calculate the characteristic of the cooling tower showed at Fig. 2.

Presented curve depends on the current inlet parameters of air (z,,
Pas @) and cooling water (fw2, gmw). It 1s worth noting that value of
Aty=(tw2—tw1) increases (what means that #,,; decreases) if the volumetric
flow rate of cooling water decreases. The difference between the highest
and lowest value of At 1s about 3.3°C and shows that the proper selec-
tion of the hydraulic load of cooling tower could increase its cooling
properties.
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Fig. 2. Characteristic of natural draft cooling tower obtained for measurement
data from Table 1. Red circle indicates actual working point of cooling tower
Rys. 2. Charakterystyka chtodni kominowej otrzymana dla danych
pomiarowych z Tabeli 1. Czerwonym kotem oznaczono aktualny punkt pracy
chtodni kominowe;j

3. Optimization of cooling process in closed cooling system

The idea of closed cooling system bases on the cooling towers,
which are usually arranged in a group of few units and cooperate with
several condensers of power units by common hydraulic installation.
Such arrangement allows to model the flow rates to individual cooling
towers in order to optimize the cooling process (Regucki 2018).

As an example of such approach one can consider the situation
when two cooling towers, with different thermal characteristics show at
Fig. 3, have to cool down fixed volumetric flow rate of water g..
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Fig. 3. Example of characteristics of two natural draft cooling towers
Rys. 3. Przyktadowe charakterystyki dwoch chtodni kominowych

The total hydraulic load of these two cooling towers is between
50 and 80 thousand m’/h. Let assume that one would like to cool down
fixed flow rate of water ¢y« = 60,000 m’/h. The optimal distribution of
water between these two cooling towers could be achieved finding the
maximum possible total cooling water temperature drop Aty

Aty = (Atwl (qVWI) *Qywi T Aty (qVWZ) ! qva)/Qvt (1T)

with constraint: gyt = gywi T gvw2 = 60,000; where gywi1, gvw2 — volumetric
flow rates through first and second cooling tower, respectively. Solution
of this non-linear problem is showed at Fig. 4.
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Fig. 4. Total cooling water temperature difference Az, calculated from (11)
for characteristics presented at Fig. 3

Rys. 4. Catkowity spadek temperatury wody At,, obliczony z formuty (11)
dla charakterystyk przedstawionych na rysunku 3

The value of Aty changes between 8.58 and 8.97°C. Presented
calculatlons show that its max1mum value is achieved for g,y equals
30000 m*/h (and Gvw2 = 30000 m*/h). It is worth mentioning that this di-
vision of flow rates is valid for analyzed cooling water and weather (air)
conditions. If the ambient temperature and relative humidity change then
the characteristics will change as well and the optimal total cooling water
temperature drop At,, could appear for other values of g1 and gyw2. The
problem of optimizing cooling water redistribution in a closed cooling
system is a problem that should be referred to the currently analyzed in-
stallation. The example presented above was supposed to draw attention
to the fact that the proper water redistribution in the cooling system has
a direct impact on the obtained mean cooling water temperature in the
installation #y;. The presented optimization method can be applied to
a system consisting of a larger number of cooling towers, if only their
characteristics can be determined.
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4. Conclusions

The efficient optimization process always bases on the scientific
background involving mathematical modeling and numerical approach
which are more and more widely used in power engineering. Due to the
huge daily amount of utilized fresh water, closed cooling systems are an
important part of power plants and its proper operation could significant-
ly reduce the usage cost as well as increase the overall efficiency of pow-
er unit. Presented calculations show that, despite the simple construction,
cooling towers are still subjected to research and modeling. Thermal-
flow measurements across radius of cooling tower allows to identify the
heat and mas exchange mechanisms between cooling water and counter
flowing air. After analyzing the data, it was indicated that the measure-
ment of relative humidity inside the cooling tower is not necessary. The
calculations show that the relative humidity the inside the cooling tower
can be assumed to be 100%. In addition, the presented analysis shows
that the decisive parameter affecting the process of water cooling is the
relative humidity of the air sucked into the tower. These observations can
be used as a starting point for attempts to modernize cooling towers. Data
analysis can be used to indicate representative places of measurement of
thermodynamic parameters inside a cooling tower in order to evaluate its
operating parameters. The presented optimization shows that the proper
regulation of the flow rates between two cooling towers can increase the
total cooling water temperature difference about 0.4°C. It is very im-
portant result if one pays attention to the fact that improvement of Aty by
1°C has a direct impact on the increase of overall efficiency of power
unit by approximately 0.5%.
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Badania cieplno-przeplywowe zamknietego ukladu
chlodzenia z chlodniami kominowymi

Streszczenie

W pracy przedstawiono cieplno-przeptywowe badania zamknigtego
uktadu chlodzenia ze szczegdlnym uwzglednieniem parametrow pracy chlodni
kominowych. Unikalno$¢ analizy polega na pomiarze wykonanym wewnatrz
pracujacej chtodni kominowej w celu identyfikacji procesow wymiany ciepta
imasy wzdluz jej promienia. Nast¢gpnie przeanalizowano stopien schtodzenia
wody cyrkulujacej w uktadzie chlodzenia wspoétpracujacym z zespotem chtodni
kominowych. Jako przykladowy wynik tych badan zaproponowano dobor
optymalnych strumieni przeptywu wody chtodzacej w uktadzie dwoch chtodni
kominowych, pozwalajacy uzyska¢ mozliwie najwyzszy spadek temperatury
(stopien schtodzenia) cyrkulujacej wody.

Abstract

The paper presents the thermal-flow study of closed cooling system
with special emphasis on the working parameters of the cooling tower. The
uniqueness of the analysis lays in measurement done inside the working cooling
tower to identify thermal-flow processes across its radius. Next, the analysis of
a cooling water temperature drop, in the cooling system cooperated with a set of
cooling towers, is considered. As an example of these studies there are proposed
the optimal cooling water flow rates between two cooling towers to achieve the
highest possible water temperature difference in cooling system.

Stowa kluczowe:
elektrownia, zamknigty uktad chtodzenia,
przeciwpradowa mokra chtodnia kominowa
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power plant, closed cooling system, counter flow wet cooling tower
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