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Abstract. Various aerodynamic design elements and technics (wind deflectors, wind walls, etc.)
are utilized for improvement of the thermal efficiency of the natural draft cooling towers, particu-
larly in conditions of cross wind. One of the technical methods, proposed by engineers of Belarus
Academy of Sciences, is installation of the ventilation window in the center of the fill. This me-
thod is substantiated by the fact that the flow of cooling gas obtains maximum temperature and
humidity near the center of the under-fill space of cooling tower and, as a consequence, performs
minimal heat exchange. The influence of the fill ventilation window and wind deflectors in the
inlet windows of the cooling tower on its thermal performance in condition of cross-wind is inves-
tigated in the paper numerically. The cooling tower of the “Woo-Jin” power plant (China) 150 m
of the height and 114 m of the base diameter was taken as a prototype. The analogy (equivalence)
between the heat and mass transfer was taken into consideration, which enabled us to consider
single-phase flow and perform complicated 3D simulation by using modern personal computers.
Heat transfer coefficient for the fill and its hydrodynamic resistance were defined by using actual
data on total flow rate in the cooling tower. The numerical model and computational methods were
tested and verified in numerous previous works. The non-linear dependence of the thermal per-
formance of the cooling tower on wind velocity (with the minimum in vicinity of U~ 8 m/s for
the simulated system) was demonstrated. Calculations show that in the condition of the average
wind speed the fill ventilation window doesn’t improve, but slightly decrease (by 3-7 %) perfor-
mance of the cooling tower. Situation changes in the condition of strong winds U, > 12 m/s,
which are not typical for Belarus. Utilization of airflow deflectors at the inlet windows of cooling
tower, conversely, increases thermal performance of the cooling tower on 10-12 % for the wide
range of winds exceeding 2 m/s. Results of the investigation may be helpful for optimal design of
natural draft and perspective “hybrid” cooling towers.
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Biusinne BeHTWISALIMOHHOIO0 OTBEPCTHSI B OPOCHUTEIe
HA TEIJVIOBYIO PadoTy 0alleHHOM MCIIAPUTEIbHOU IPATHUPHU
B YCJI0BHUSIX BeTpa

K. B. Iloﬁperol)
1)Benopyccwﬂ?l HaIlMOHAJBHBIN TeXHUYecKkui yHuBepcuteT (MuHCK, Pecrry6nmka Berxapycs)

Pedepar. [Ins ymydmenus TemioBoi paboTHl OamleHHBIX HCHAPHUTEIBHBIX TPAJUPCH, 0COOCHHO
B YCJIOBHSIX BETPOBBIX HArpy30K, MOTYT HCIIOJIb30BaThCS Pa3HOOOpa3HBIE adpOJUHAMUYECKHE
9JIEMEHTHl ¥ KOHCTPYKTHUBHBIE pPEIIeHUs (Ae(ICKTOPHI, BETPOIEPEropoAkd H T. I.). Ogaum u3
NPEVIOKEHHUH, BIEPBbIE CHOPMYINPOBAHHBIX COTPYIHHMKaMH HaruoHanbHOW akajeMHM Hayk
benapycu, 0110 COOPYKEHHE IIEHTPAIBHOTO BEHTUIISIIMOHHOTO OTBEPCTHS B OPOCHTEIIE TPaaUp-
HHU. JlaHHO€ KOHCTPYKLIMOHHOE pEIIeHHE OOOCHOBBIBAJIOCH TEM, YTO MAPOBO3AYLIHBIA ITOTOK
BONMM3M IIEHTpPa IOJOPOCUTENBHOTO IMPOCTPAHCTBA TPAAUPHH HMMEET MAaKCHUMyM TeMIIepaTypbl
U BJIarOHACHIIIEHHOCTH M BCIEACTBHE 3TOT0 cllabo yuacTByeT B TeruiooOMeHe. B craTbe uncien-
HO MCCIIEIYETCsl BIUSIHUE IEHTPANbHOTO BEHTHIIAI[OHHOTO OTBEPCTHS B OPOCHUTEIE COBMECTHO
C BETPOHAMPABIIONIMME Je(QISKTOpaMH BO BXOJAHOM OKHE TpaJUPHU Ha €€ TEIUIOBYI0 paboTy
B ycloBUAX BeTpa. B kauectBe mpotoTumna B3ara rpagupHi TOC «By-Ixun», Kuraii, BeicoToi
150 M u nuamerpom ocHoBanus 114 m. Ilpu pacueTax ucHonb3yeTcs aHAJIOIUs TEIJIO- U MAacCcoIe-
peHoca, 4TO MO3BOJSIET MOJEINPOBATH A3POANHAMHKY OJHO(A3HOTO NMOTOKA WM BBIIOJHSITH Jie-
TaJlbHbIE TPEXMEPHBIE PAcueThl HA COBPEMEHHBIX NEPCOHAIBHBIX BBIYMCIMTE/ILHBIX MAIIMHAX.
Koa¢dummenT TemmooTnaun opocUTENsS U €ro IHAPOANHAMHYECKOE COINPOTHBICHHE YCTaHABIIH-
BAaIOTCSl B COOTBETCTBHHU C 3KCHEPHMEHTATIBHBIMU JaHHBIMU 110 OOILEMY pacXoay BO3JIyXa B Ipa-
nupHe. YncaeHHas MoJienb IPOTECTHPOBaHa U BepU(UIIMPOBaHA B Psi/ie MPEAbIAYIINX HCCIEeA0Ba-
Hull. [IpogemMoHCTpupoBaHa HENMHEHHas 3aBUCHUMOCTb TEIUIOBOM mpou3BoauTensHocTH BUILT ot
CKOPOCTH BeTpa ¢ MUHUMyMoM nipu Uy ~ 8 M/c Jui Moaenupyemoii cuctemsl. Pacuer noxasai,
YTO TNpPHU CPEIHHX CKOPOCTAX BETpa YCTPOMCTBO IIEHTPAIBbHOTO OTBEPCTHS HE YBEIMUMBAET,
a Hao0OpOT, HECKOJIbKO yMeHblnaeT (Ha 3—7 %) sddexTuBHOCTh padoThl rpaguphu. Curyaius
W3MEHSETCS IIPH OYEHb CHJIBHBIX BETpax, NMPEBBIIAOMKX 12 M/c, He XapaKTepHBIX JJIS yCIOBHI
Benmapycu. HMcnonb3oBaHue BETPOHANPABISIOMNX AE(ICKTOPOB BO BXOJHOM OKHE T'PajUpHH,
HaIpOTUB, YBEIMYUBAET IPOU3BOAUTEIBHOCTD IpagupHy Ha 10-12 % B mMpOKOM Juana3oHe CKO-
pocrteii BeTpa, mpeBbImaomux 2 M/c. Pe3ynpTaTs! Hcclie[oBaHNS MOTYT OBITh ITOJIE3HBI JJISI OIITH-
MH3aIIX KOHCTPYKINH TPAJAUPEH, B TOM YHCIIE U MIEPCIICKTUBHBIX I'PaJHpPEeH THOPUIHOTO THIIA.

KnroueBble cioBa: rpaaupHs, MaTeMaTHYeCKOE€ MOJEIMPOBAaHHE, TeroBas 3(QeKTHBHOCTS,
BETPOBOH MOTOK

s nurupoBanus: Jo6pero, K. B. Bausnue BeHTUISIIMOHHOTO OTBEPCTHS B OPOCUTENIE HA TeIl-
JIOBYIO paboTy OallleHHO# HcHapuTeabHON rpagupHu B yenoBusx Berpa / K. B. lo6pero // Dnep-
cemuxka. H3s. gvicut. yueb. 3aeedenuti u snepe. ooveounenutt CHI™. 2016. T. 59, Ne 5. C. 452-463

Natural draft cooling tower (NDCT) is the important element of the recircu-
lation water cooling system for Condensation Power Plants and Nuclear Power
Plants. Both processes of heat and mass transfer (latent heat of evaporation) play
essential role for water cooling. Hot water is sprayed over the fill — the highly
porous system with expanded surface area, — and flowing down it exchanges
heat with opposite gas flow. Meanwhile some fraction of water evaporates and
humidity of the gaseous flow approaches 100 %. Latent heat of evaporation re-
duces internal energy (and temperature) of the water. Following that, water drips
down to the pool and directed back to condenser (Fig. 1). Total flow rate of the
water may be as much as 100 thousand tones per hour at modern power plants
and up to 2 % of that may be evaporated and released to atmosphere.
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Fig. 1. Natural draft cooling tower scheme: 1 — overshower zone; 2 — drift eliminators;
3 — sprinklers; 4 —fill; 5 — rain zone

Convection in NDCT is defined with internal heat and mass transfer proces-
ses as well as with external meteorological conditions: wind speed, temperature,
humidity. The effect of the wind is of complicated nature. The total air flow rate
and NDCT efficiency is insignificantly effected by weak winds, U, < 1-2 m/s.
With wind speed growth the total air flow rate decreases due to throttling of the
NDCT outflow face with vortexes and throughout flows in the rain zone.
Decrease of the NDCT performance continues until the wind speed reaches its
“critical” value U (within the range from 4 to 10 m/s) and with the further
growth of the wind velocity NDCT performance grows.

Numerous papers dedicated to investigation of the wind speed influence on
NDCT performance and development of methods of performance improvement
in windy conditions [1-9]. D. Derksen and T. Bender [3-5] investigated NDCT
performance in windy conditions in their experiments in wind tunnel and by
numerical simulation. Among the methods of NDCT performance improvement
is installation of wind walls in the rain zone and wind deflectors in the inlet
windows of NDCT [6-8]. The mentioned technical solutions were investigated
experimentally [6, 8] and by means of CFD tools [7].

Note that experimental study of the innovative designs with the bench scale
models is not adequate because of impossibility to satisfy all necessary similarity
criterions of the system. Experimentation on real NDCT is very expensive and it
is complicated with instability of the ambience meteorological factors. Analyti-
cal investigations are limited with simplified and schematic problem statements.
State- of- the- art computational experiment let one perform intensive parametric
study of NDCT with high reliability and specification of the system [9-12].

Numerous methods for improvement of NDCT performance are discussed
in the literature. Among them variation of the sprinkling density, variation of the
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design and height of fill, aerodynamic control of the flow, onset of the big scale
vortex inside NDCT [13] etc. It is shown in [11] that flow rotation in the over-
shower zone intensifies heat and mass transfer in NDCT and shifts condensation
zone to periphery of the shell. Technical solutions for rotation onset are dis-
cussed in [14]. The paper [15] is dedicated to numerical investigation of in-
fluence of wind walls and inlet window deflectors on NDCT performance in
conditions of the side wind.

Patent [16] describes technical proposal of a ventilation window creation in
the center of fill for the aim of reduction of total aerodynamic resistance of the
NDCT, improvement of the rain zone performance, and possible creation of
a vortex movement in the central part of a NDCT shell. Experimental date
obtained on the bench-scale model confirm bell-type profile of temperature and
humidity in the rain zone which substantiates the idea. Basing on the patent,
modernization of the Grodno Power Plant-2 was implemented and positive ef-
fect obtained. To note, together with the fill ventilation window, inlet window
deflectors were installed and this fact makes it impossible to define a specific
separate effect of the central window on the NDCT performance.

In this paper investigation of the NDCT equipped with the fill ventilati-
on window as well as with inlet window deflectors was performed numerically.
3D modeling with standard CFD tools [17] was tested and verified in previous
works by the author. Total gas mass flow rate G was calculated as a function
of the wind speed for different diameters of the fill ventilation window. The per-
formance efficiency parameter r, directly defined via NDCT input and output
temperatures Ty, Two and “wet bulb” temperature was also estimated. Simulation
results are discussed. The obtained data may be utilised for optimization of
working NDCTs and construction of new ones.

Problem statement

The counter flow natural draft wet cooling tower of Woo-Jin Power Plant,
Shanghai, China was selected as a prototype of the simulated system. Its height
is 150 m, basement diameter is 114 m and inlet window height — 10 m. Compu-
tational domain was a cylinder with the radius and height equal to 500 m (Fig. 2).
The domain consisted of 1.8 million structured and unstructured (hybrid) mesh
elements. The mesh size was enough for reliable convergence of iterations and it
was kept constant for all cases under investigation. The mesh element size was
smoothly stretched from NDCT walls to periphery to resolve the high gradient
regions.

We considered NDCT equipped with deflectors in inlet windows and venti-
lation window in fill (Fig 3). Diameter of the ventilation window was varied
Do =2, 4,8 u 12 m. Inlet windows deflectors were set at an angle of a = 72° to
tangent line, according to recommendations [18]. A standard NDCT not
equipped with the mentioned elements (Fig. 3b) was simulated as a referen-
Ce case.
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Fig. 3. Scheme of NDCT equiped with deflectors in inlet windows and ventilation window
in fill (a) and a standard NDCT (b)

The wind speed vertical distribution was simulated according to the formula [19]

0.2
Uﬂ: £ ) (1)
Uref Zref

The reference value of velocity U, corresponds to the velocity at the height
of 10 m over the land [19]. It is used as an independent parameter for graphs.
Simulations were performed for the U, values laying in the range from 0
to 12 m/s.

The fill of the NDCT together with complimenting elements such as shell
supports, spray piping network, fill supports and drift eliminators was simulated
by using the Fluent® model of “Radiator”. The temperature assigned to the “ra-
diator” was fixed. The radiator is characterized with two fundamental parame-



K. V. Dobrego
Effect of the Fill Ventilation Window on Performance of a Natural Draft Cooling Tower... 457

ters, — pressure loss coefficient k, and heat transfer coefficient h,. The pres-

sure gap on “radiator” was expressed in terms of the pressure loss coefficient,
air density, and perpendicular velocity component across the surface [20]

1
Apzkf Esz. (2)

The effective pressure loss coefficients of the tower shell supports, the spray
piping network, the fill supports, and the drift eliminators were set to k, =0.5,

Kon =0.5, ki =0.5, ky =3.0 correspondingly, according to D. Kroger [21].

spn
The total pressure loss coefficient was obtained as a sum of the particular coeffi-
cients k¢ =k, +Kg, + Ky + kg =4.5. The value of the heat transfer coefficient

for the “radiator” was defined by tuning of h,, to the experimentally measured

value of the total air mass flow rate in [22].

The rain zone of NDCT was simulated as s highly porous media by Fluent®
tools. The porosity value was determined according to estimated volume of
droplets in the zone, the average velocity of droplets and total volume of the
sprinkled water being known and comprised m = 0.998 for the standard parame-
ters of the task. The pressure loss in the rain zone was calculated according to
internal procedures of the porous media module of Fluent®.

Mathematical Model

In accordance with the stated problem, gas flow was simulated within
steady-state Eulerian approach [17]. A single-phase flow is considered, standard
k—e-model of turbulence is adopted. The governing equations for the problem are
the Navier — Stokes equations for an incompressible viscous fluid flow, continui-
ty and energy conservation equations:

aat—er V(pv)=0; (3)

%(pv) +V(pW) =-Vp + V1 + pg; (4)
;Zp[(VV+VVT)—§VV|:|§ ®)
B v (v(pE + p) =0, ©®

Here |1 — unit tensor, the second term in the right hand part of (5) represents
volumetric viscosity effect; E — internal energy; p — pressure.

Note that the model doesn’t consider latent heat of phase transformations.
To take into consideration latent heat of phase transformation we accept hy-
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pothesis of heat and mass transfer equivalence (analogy), formally written in a
following form

ch + Qlat — Qtot — Kch. (7)

lat

Here Q" — convection and conduction heat flow; Q" — heat flow defined

by phase transformation (evaporation); k — constant coefficient.

The equivalence hypothesis is commonly used in the similar cases if evapo-
ration rate is low (the system is far from boiling parameters). The criterion of
applicability of the hypothesis may be written as follows [23]

b=Ji 2 <01 ®)
pw, St,

where j; — mass flow rate normal to the phase transformation surface; p — li-
quid density; o, — gas flow velocity far from surface (out of boundary layer);
St, — Stanton number calculated ignoring mass transfer.

Estimates show that b~10"° << 0.1 for the considered case, which justify

application of the named hypothesis. The constant parameter in (7) is estimated
as k =2.86 basing on the data [24].

The influence of the variable humidity on the density of the gaseous flow is
neglected. The boundary conditions are applied at the boundaries of the compu-
tational domain (Fig. 2) and at solid surfaces of the system. The wind velocity
component collinear to wind direction is set according to (1) at the inlet part the
boundary.

Air temperature at inlet is set to T, = 297.15 K. The pressure outlet boundary
condition is used to define the air static pressure at the domain outlets (top and
right-hand side). In calm conditions U, = 0 m/s the boundary conditions are
defined by pressure.

B.C. at the entrance surface:

Vloter =Yows Yy et = O Valiner =05 Tlier =Tamy =297.15 K. (9)
At the top surface (H = 500 m):
ov
P®_ 0; OV =0, —X=0;, T=T,,=297.15K. (10)
0z 0z 0z

At the exit surface of computational domain:

®_,

=0; T=T
oz oz

al

b =2975K. (12)

For the solid surfaces (land, NDCT shell, deflectors) no-slip conditions are
applied. Described model was used in [11, 15, 18] and was verified basing on
the experimental data on total air flow rate for Minsk Power Plant-4 [25].
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Results and discussion

Thermal efficiency of NDCT may be characterized with the value of the total
mass flow rate of the cooling air G, as far as G is defined by the heat transferred

to cooling air. Functional dependence of G = G(Q™) is not linear in general

case. Nevertheless parameter G is a suitable parameter for parametric study and
comparison of different regimes of NDCT thermal work.

Total mass flow rate of the cooling air was calculated as a function of the
wind speed for the cases of ventilation windows radiuses R = 2, 4, 6, 8, 10, 12 m
and for the case of absence of ventilation window (Fig. 4). Corresponding area
of the window related to total area of fill is:

§°S =1.23-10%49-10%1.11-10%1.97-10%3.1-102and 4.4 - 1072

The case marked as “standard” on the graph corresponds to the simplest
(without ventilation window and deflectors) design of the NDCT.

——Standard C.T.

16000
15000
14000 |
13000
12000
11000

Air mass flow rate (kg/s)

10000
9000

8000 : ‘ : : : :
0 2 4 6 8 Uew (M/S) 12
Fig. 4. Total mass flow rate of cooling air G as a function of wind speed U,,,.

Radius of the ventilation window is presented on the graph field.
Standard C.T. — standard design of NDCT

Computations show that input window deflectors improve thermal perfor-
mance of NDCT at any practical wind condition as far as wind calm U, <1 m/s

is very rare case in Belarus. The effect of decrease of the total mass flow rate of
cooling air at calm is explained with some aerodynamic resistance of the inlet
window defectors. Deflectors provide increase of total mass flow rate of cooling
air by approximately 10 % for the typical wind speed, and more in the case of
strong air.

Note that the cases with small radius of the ventilation window (R = 2.4 m)
are quite similar to the case of absence of window. The differences in the total
mass flow rates for the mentioned cases are of the order of computational mis-
takes and time averaging mistakes. More profound effect of the central window
one can observe at stronger wind speed U, ~10 m/s and more. In this condition
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relatively better performance is ensured by bigger windows with area
S°/S ~ 3 % and more.
The commonly used parameter for characterization of NDCT performance is

efficiency parameter ), defined via the temperatures of a water at inlet and outlet
of the NDCT - T,; and Ty, and the temperature of a wet bulb T, [24]

Twi = Two
—_wi___wo 12
k Twi _wa ( )

Parameter n characterizes the final aim functionality of cooling tower — tem-
perature reduction of the circulating water taking into consideration physical
limitations on performance efficiency connected with ambient air temperature
and humidity.

Simulation of the efficiency parameter n is presented in the Fig. 5. The tem-
perature of the wet bulb was considered a constant for all computational cases.

——Standard C.T.

—R=0
41 - R=2m
--e--R=4m
39
—&-R=6m
37m- —=-R=8m
s
S 33
ot
31
29
27
25 : ‘ : ‘ ‘ ‘
0 2 4 6 8 Ugw (MVs) 12

Fig. 5. The efficiency parameter n as a function of a cross-wind speed Ug,.
Radius of the ventilation window is presented on the graph field.
Standard C.T. — standard design of NDCT

The graphs n(U,,) presented on Fig. 5 let one quantitatively characterize an

influence of the ventilation window on the NDCT performance. Computations
show that at typical for the central Europe region wind conditions installation
of the ventilation window in NDCT fill doesn’t improve, but rather impede ge-
neral thermal performance of NDCT. Situation changes for very strong winds
exceeding 12 m/s.

Note that humidity spatial distribution, which may give some advantage to
the fill ventilation window technology, was not considered in the model. Taking
into account that 1-2 % variability of the relative humidity (order of 50 Pa abso-
lute humidity) may result in only 0.2-0.3 K variability of the recirculation water,
general results and conclusions of the modeling would be generally the same.
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CONCLUSIONS

Thus, creation of the ventilation windows in fill is not rational for considered
in the paper big scale NDCT. The task may be further approached for smaller
scale cooling towers and cooling towers operating in conditions of strong cross
winds. But for the later case installation of the wind walls, and special inlet win-
dow deflectors, NDCT mouth directors etc. should be considered. Creation of
the big scale vortex by using oriented sprinkler nozzles [14] also remains one of
the perspective technical solution for NDCT performance improvement at aver-
age wind velocity conditions.

In view of development of the NDCT simulation program it would be inter-
esting to take into consideration humidity distribution in the system.

Nomenclature

G, — air mass flow rate, kg/s; G, — mass flow rate of air in windless condition, kg/s;
g — gravity acceleration, m/s®; H — height of inlet window of NDCT, m; js— mass flow
rate normal to interface surface, kg/m?/s; « — constant parameter; m — porosity; p — pres-
sure, Pa; Q — heat power, kW; Q"- heat power provided by convective heat transfer,
kW; Q" — latent heat power provided by evaporation of water, kW; St, — Stanton num-
ber in the absence of mass transfer; S — total fill area, m? S° — fill ventilation window
area, m% T — temperature, K; U, — cross-wind velocity, m/s; U, — wind velocity refe-
rence speed for (1), m/s; U, - critical velocity of cross wind, m/s; v — ckopocts, M/c.
Greek Symbols: p — dynamic viscosity, Pa's; 1 — NDCT efficiency parameter; p — den-
sity, kg/m*; o, — stream velocity out of boundary layer, m/s. Subscripts: ave — average
value; a — air; tot — total or integral value; i — initial value; w — water; o — outlet face va-
lue; cw — cross wind.
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