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Abstract

The article analyzes factors leading to non-uniformity of water distribution in cooling towers. These include
imperfections in the design of pipelines and nozzles of the water distribution system of cooling towers. Previous
studies conducted on a model of the water distribution system of the tower-type cooling system at Rivne Nuclear
Power Plant have revealed uneven water distribution on the nozzles. Simulation of the simultaneity of nozzle
activation showed that the nozzle that is activated first has the highest flow rate. Therefore, to achieve acceptable
uniformity of water distribution, this nozzle was throttled using a throttling orifice plate. It has been shown that such
throttling is effective even in the presence of hydrodynamic cavitation at orifice plate diameter ratios of 0.449...0.624.
When four model nozzles are activated one after the other, the flow rate of the first nozzle decreases both with and
without throttling. At the same time, increase in the number of working nozzles up to four does not significantly
affect the flow rate of the first nozzle.
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1. Definition of the problem to be solved

Due to the strengthening of requirements for environmental protection, the need to save material and fuel, and
energy resources, energy enterprises use circulating water supply systems. Such systems include, in particular,
cooling towers. With the help of cooling towers, circulating water is cooled with atmospheric air. Unsatisfactory
operation of cooling towers leads to overspending on raw materials, under-delivery of products, and sometimes
emergency situations [1], [2].

The water distribution device is a technological element of the cooling tower, which in many cases determines
its efficiency and reliable operation. It should ensure uniform water distribution with low energy consumption [3].
Modernization of water distribution devices is one of the most effective ways to improve the performance of technical
water supply systems for thermal power plants and nuclear power plants, as well as their technical and economic
indicators [4].

The indicator of water distribution uniformity for cooling towers is described in [3] by the following equation

m= Qbeg’ (1)
dend

where Qyeg and Qeng is the flow rate through the first (initial) and last (final) nozzle in the direction of water flow. The
value of the indicator should be m = 0.90...0.95.
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The non-uniformity of water distribution between nozzles depends on the ratio of head losses through them and
along the length of the working pipeline. This non-uniformity can be reduced by increasing the head loss through the
nozzles or decreasing the head loss along the length of the pipeline. The head loss through the nozzles can be
increased by reducing the number of nozzles or their productivity [3]. However, reducing the productivity of nozzles
in the peripheral part of the water distribution device of cooling tower No.2 at Cherkasy Thermal Power Station by
decreasing their diameter led to inadequate water cooling in the tower by an average of 0.2°C with an insignificant
decrease (up to 3.2%) in their productivity [5]. It is possible to reduce pressure losses along the length of the pipe by
increasing its cross-sectional area. If the available pressure is insufficient or an increase in the diameter of the pipes is
undesirable, then reducing the unevenness of the distribution can be achieved by changing the distance between the
nozzles at a given pressure or reducing the diameter of the pipe due to the movement of water, performing its
telescopic form to restore the high-speed pressure [3] (Fig. 1).

Fig.1. Reduction of the main pipeline diameter by providing a telescopic form:
1 — main pipeline; 2 — working pipeline; 3 — nozzles [6].

During the reconstruction of cooling tower No. 1 of the Gomel Thermal Power Station No.2, the working and
main pipelines were replaced to ensure uniform water distribution [7] and a jumper D =1600 mm was
installed between the coolers and draining main circulation water pipes to reduce the uneven distribution of water
flows [4], [7].

For a more even distribution of water due to the avoidance of siltation of pipelines, the water distribution device
is made by a closed connection of main pipelines with working pipelines [8]. For the main pipelines of cooling
towers, in which major head losses h; > 0.3...0.5 m, it is economically expedient to use a scheme with the placement
of the top of the nozzle risers according to the piezometric pressure line (Fig. 2) [6].

Fig.2. Placement of nozzle tops according to the piezometric pressure line on the working pipeline:
1 — main pipeline; 2 — working pipeline; 3 — nozzle riser; 4 — piezometric pressure line;
hs — major head losses along the working pipeline.

2. Formulation of the goal of the paper

The goal of this work is to identify patterns of changes in the flow rate of one nozzle model of the water
distribution device of the cooling tower with a different number of working nozzles.

3. Analysis of the recent publications and research works on the problem

The model of the pressure water distribution device of the cooling tower of the circulation water supply system of
the Rivne Nuclear Power Plant (scale 1:59) [9], for which the main pipeline is sequential in structure, and the working
pipeline is bifurcated [10], was studied. It was found [11] that the movement of water between distribution node 6 and
node 7 (Fig. 3) is uniform, and the uneven distribution of water occurs on the working pipelines and nozzles. This is
consistent with the naturally occurring violation of irrigation uniformity due to nozzle clogging and failure [12].
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It was demonstrated [13] that the order of inclusion in the operation of the nozzles plays a role. In addition, water
flow rate is always greater through those nozzles that are activated first. Therefore, when regulating the flow rate of
water through these nozzles, it is proposed to apply throttling with the help of a throttling orifice plate [14]. The
absence of hydrodynamic cavitation, in this case, is observed provided that [14]:

Qcav
= >
% 2 1, 2

where Q, is the flow rate through the nozzle without flow throttling; Q.., is the flow rate corresponding to the
beginning of cavitation.
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Fig. 3. Schematic diagram of the water distribution model
of the cooling tower circulation water supply system of the Rivne Nuclear Power Plant:
1...4 —nozzle; 5 — working pipeline; 6, 7 — water distribution node; 8 — main pipeline.

The flow rate Q.. for the cavitation curve Q../Q, = f(w/Q), the calculation of which is given in the Table 1,
calculated according to [15]. In this experiment, water flows through nozzle 4 without throttling the flow
Q, =0.1613 I/s. The absence of hydrodynamic cavitation (Fig. 4) corresponds to the area ratio w/Q > 0.39, i.c. the
relative diameters of the orifice of the throttling orifice plate d/D > 0.624, where o is the area of cross-section of the
cross-sectional area of the orifice of the throttling orifice plate with a diameter of d; Q is the area of cross-section of
the cross-sectional area of the working pipeline with an internal diameter D = 17.8 mm.

During the operation of the water distribution device model of the cooling tower without throttling, there is little
uniformity of water distribution. Throttling of nozzle 4 with a throttling orifice plate with a diameter of opening of
d =8 mm (Fig. 5) with a different sequence of activation of nozzles 1...4 ensured acceptable uniformity of water
distribution even in the presence of hydrodynamic cavitation [16] (Fig. 4). The use of a throttling orifice plate with a
diameter of opening of d =6 mm (Table 1) led to mechanical vibration of pipelines and acoustic noise [17]. These
disturbances probably occur in the zones of local flow separation near the throttling orifice plate [18].

Table 1. Calculation of water flow rate ratio Q../Q,.

Diameter of throttling Area Flow rate Ratio
orifice plate opening ratio Qcavs of flow rates
d, mm (according to [19]) olQ IIs Qca/ Qo
4.3 0.058 0.023 0.143
53 0.089 0.035 0.217
6.4 0.129 0.050 0.310
8.4 0.223 0.088 0.546
10.5 0.348 0.142 0.880
13.0 0.533 0.233 1.445
2
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Fig. 4. Application of throttling for nozzle 4:

1 — data of the Table 2; 2 — the line corresponding to the ratio Q.,,/Q, = 1; 3...6 — data of Table 1 for a throttling orifice plate with a
diameter of opening d =8 mm (3, 5) and d = 6 mm (4, 6); unshaded notations match transparent symbols correspond to the
operation of one nozzle 4, shaded notations match opaque symbols correspond to the operation of nozzle 4 in the sequence of
nozzles 4—2—1.
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Fig. 5. Installation diagram of the throttling orifice plate in the nozzle model:
1 — model working pipeline; 2 — nozzle model; 3 — throttling orifice plate.

4, Presentation and discussion of the research results

Due to the short length of the model working pipeline (Fig. 5), it was believed that the main unevenness of water
distribution is at the nozzles.

Water flow rate through nozzle 4 during throttling was displayed by the dependence Q/Q, = f(w/Q), where Q; is
water flow rate through nozzle 4 during throttling when one nozzle 4 is operating and the sequence of nozzles
4—2—1 (Fig. 4) according to the data in the Table 2.

Table 2. Calculation of the ratio of water flow rate Q,/Q, for throttling the flow at the nozzle 4.

Diameter, Diameter ratio Area Flow rate Q, I/s, Ratio of flow rates Q/Q,
mm of throttling orifice plate ratio nozzle 4 during operation during operation
D d d/D ®/Q [Tonenozzle | inthe sequence of one in the sequence of
4 nozzles 4—2—1 nozzle 4 nozzles 4—2—1
178 8.0 0.449 0.202 0.1051 0.0462 0.652 0.286
) 6.0 0.337 0.114 0.0688 0.0360 0.427 0.223

In order to see the changes in the water flow of one nozzle 4, the obtained data were presented in the form of a
dependence Q/Q, = f(d/D), where Q/Q, is the relative flow rate through nozzle 4; Q; is the flow rate through nozzle 4
when working with other nozzles (Fig. 6). When increasing the number of nozzles from one nozzle (4) to three
(sequence 4—2—1), the flow rate through nozzle 4 decreases both without throttling and with throttling. Increasing
the number of nozzles to four (sequence 4—2—1—3) does not significantly reduce the flow rate through nozzle 4.
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Fig. 6. Dependence Q/Q, = f(d/D) for nozzle 4 during operation
one nozzle 4 (1); in the sequence of nozzles 4—2 (2); 4—2—1 (3); 4—2—1—-3 (4).

The uniformity of the distribution of water by the nozzles by throttling nozzle 4 was controlled by the flow ratio
Qi/Q4 (Table 3). Here, the subscript "i" corresponds to the nozzles that are triggered sequentially after nozzle 4. With
the nozzle activation sequence 4—2—1, the flow rate through nozzle 4 with a throttling orifice plate with d =8 mm
remained almost unchanged (Fig. 7), which confirms the conclusions of [16]. At the same time, the indicator of
uniformity of water distribution is within the recommended limits. When throttling nozzle 4 with a throttling orifice

plate with d =6 mm, the flow rate of the nozzle 4 decreases, which confirms the conclusions of [17] about the

impracticality of using a throttling orifice plate with such an opening diameter. In contrast to [20], the reduction of the
live cross-sectional area of nozzle 4 by throttling significantly affected water flow rate.



58

Vadym Orel, Oksana Matsiyevska, Bohdan Pitsyshyn, Maksym Tseniukh

Table 3. Calculation of ratios of water flow rate Qi/Q, and the indicator of uniformity of water
distribution for throttling at nozzle 4 and the sequence of activation of nozzles 4—2—1

Flow rate of nozzles Q;, I/s Ratio of flow rates Indicator of uniformity of water distribution
1 [ 2 [ 3 ] 4 Qi/Q4 m
diameter of opening of throttling orifice plate d = 8 mm
0.0462 1.000 0.928
0.0462 1.000 0.928
0.0498 1.078 1.000
J— 0 I
diameter of opening of throttling orifice plate d = 6 mm
0.0360 1.000 0.601
0.0629 1.747 1.050
0.0599 1.664 1.000
J— 0 J—
Q/Q
¥ 4 -1
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Fig. 7. Relative change in water flow rate through nozzles (a) and indicator of uniformity of water distribution (b)
in the sequence of activation of nozzles 4—2—1 for throttling nozzle 4 with a throttling orifice plate
with opening diameter d =8 mm (1) and d = 6 mm (2).

5. Conclusion
The factors leading to non-uniformity of water distribution in cooling towers have been analyzed. To achieve

acceptable uniformity of water distribution, the throttling of flow on nozzles of water distribution system of cooling
towers using throttling orifice plate was proposed. When the four model nozzles are activated one after the other, the
flow rate through the first one decreases both with and without throttling. At the same time, increase in the number of
working nozzles to four does not significantly affect the flow rate through the first one.
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BruiuB apoceiioBaHHA Ta MOCIiIOBHOCTI CIIPALILOBYBAHHS COIIEJI
HA MOKA3HUK PiBHOMIPHOCTi po3MOaijly BOAM Mo/JeJli 0alITOBOI rpaJupHi

Banum Open, Oxcana Maniescrka, borgan ITinumme, Makcum [enrox

Hayionanvnuii ynisepcumem «Jlvgiscoka nonimexuixay, eya. C. banoepu 12, Jlvgis, 79013, Vkpaina

AHoTanis

[IpoanamnizoBano ¢akropm, AKi NPHU3BOAATH 1O HEPIBHOMIPHOCTI PO3MOAITY BOAM B TpaampHix. o HHX
HaJle)kaTh HEJTOCKOHANICTh KOHCTPYKIii TPyOOMpOBOMIB 1 COMEN BOAOPO3MOIUIEHOTO TPUCTPOIO TPaJAUPEHB.
IlomepenHi nocmiUKeHHS, BUKOHAHI HAa MOJENi BOIOPO3MOIUIBHOTO MPUCTPOIO OamTOBOI TPajvpHI CHCTEMH
UPKYJIsLiiHOTO BojonocrayanHss PiBHeHChkoi AEC, BHSBHIM HEpIBHOMIpDHICTH pO3JIaBaHHS BOAM Ha COIUIax.
MozeoBaHHSIM HEOZHOYACHOCTI CIIPAIlbOBYBAaHHS COIEJI BCTAHOBJIIEHO, IO COIUIO, SIKE CIPALbOBYE IMEPIINM, Ma€
HaOutbmry BHTpary. ToMy [UIi JOCATHEHHS JOIyCTUMOi pIiBHOMIPHOCTI pO3JaBaHHS BOXW IPOBOJIMIN
JPOCEIIIOBaHHS 1L[LOTO COIUIa 33 JIONOMOTOI0 JpocesibHOi miadparmu. IlokaszaHo, 10 Take IpPOCENIOBaHHS €
e(eKTUBHMM HaBiTh 3a HasBHOCTI TiAPOAMHAMIYHOI KaBiTauii 3a BiiHOCHUX JiameTpiB Aiadparmu 0,449...0,624. I1pu
CIpaIbOBYBaHHI YOTHPHOX MOJEITBHUX COMEN OJWH 3a OJHUM BHUTpaTa IEpHIIOro 3 HHUX 3MEHINYEThCS SK 0e3
JIPOCEIIIOBAHHS, TaK 1 3a JipocentoBaHHs. [Ipy IboMy 30UIBIICHHS KUTBKOCTI IPALIOI0YHX COTIEII 10 YOTHPHOX ICTOTHO
HE BIIJIMBA€E HA BUTPATY MEPIIOTO.

KuiouoBi ciioBa: 6amroBa rpaupHs; BOAOPO3MOAUIEHAN TPUCTPil; COTIIO; ApocelbHA Aiadparma.
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