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DESIGN CHARACTERISTICS OF THE HORIZONTAL STEAM GENERATOR PGV-1000

The materials of the article consider the design characteristics of horizontal steam generators PGV-1000 for WWER NPPs. The
NPP steam generator, in particular the PGV-1000 steam generator, is a specific heat exchange unit. This unit, together with a
nuclear reactor and a steam turbine, is one of the main equipment of multi-circuit (double-circuit) steam turbine NPPs. The steam
generator produces working steam using heat dissipated from the reactor core by the cooling medium and sent to the heat exchange
surface of the steam generator. NPP steam generators, connecting the contours of the coolant and the working substance, equally
belong to each of them. The heat-absorbing medium in the steam generator is the working substance (water, steam). PGV-1000
type NPP steam generators with pressurized water reactors produce dry saturated steam. The requirement to maintain high purity of
the coolant is due to the heat transfer surfaces of such steam generators made of austenitic stainless steel with electropolished
surfaces. WWER reactors do not allow the coolant to boil in the core, so the temperature of the coolant at the outlet of the reactor
(at the inlet to the steam generator) is always lower than the saturation temperature corresponding to the water pressure in the
coolant circuit. Underheating of the coolant to the saturation temperature (approximately 25 + 30 °C) guarantees the exclusion of
vaporization even in the most loaded reactor channels. The design characteristics of modern horizontal steam generators such as
PGV-1000 of various modifications provide high technical and economic performance of NPP units with WWER-1000 and high

maintainability, which allows to extend the service life of domestic NPPs.
Keywords: horizontal steam generator PGV-1000, mathematical model, design characteristics.

I. Introduction

The NPP steam generator, in particular the PGV-
1000 steam generator, is a specific heat exchange unit.

Table 1. Thermal, hydraulic and structural characteristics
of the horizontal steam generator of the NPP with PGV-

1000 at the nominal mode of operation of the power uni

Together with a nuclear reactor and a steam turbine, this The name of the parameter Numeric value
unit belongs to the main equipment of multi-circuit of the parameter
(double-circuit) steam turbine NPPs [1, 2, 3]. 1 2
The steam generator produces working steam Thermal power, MW 750
using heat dissipated from the reactor core by the Steam productivity, kg / s 408
cooling medium and directed to the heat exchange The steam pressure generated is MPa 6,27
surface of the steam generator. NPP steam generators, Steam temperature, °C . 2785
connecting the coolant circuits and the active substance, The temperature of the feed water, °C 225
belong equally to them [4] Coolant consumption, kg /s 4100
Thermal, hydraulic, and structural characteristics %(:Oltant prests;lre, I;/{[Ea T 1352’(?
of the horizontal steam generator NPP with PGV-1000 ¢ tetmperature o Oe coolant at the miet to
. . . the steam generator, °C
in nominal mode are shown in table 1.
. . : The temperature of the coolant at the outlet 289
' The h§at-absorb1ng medium in the steam generator of the steam generator, °C
is the working substance (yvater, steam). PGV-1000 type Mean logarithmic temperature pressure, °C 23.1
NPP steam generators with pressurized water reactors Heat transfer coefficient, W / (m? - K) 6370
produce dry saturated steam. Average heat flux density, W / m? 6370
Th? requirement to maintain the high purity of the Area of the heat transfer surface (on the
coolant is due to the heat transfer surfaces of such GHGs external diameter of pipes), m%:
from austenitic stainless steel with electropolished estimated 5096
characters. actual 6115
The average velocity of the coolant in the
II. The goal of the work pipes, m /s i i 4.2
The average velocity of steam coming out
Design structural characteristics of the horizontal | of the evaporation mirror, m /s 0,382
steam generator PGV-1000 for nuclear power plants with The average speed of steam at the entrance
WWER to the louver separator, m/ s 0,38
The nuclear steam generator is an essential The humidity of steam at the outlet of
. GHG,%, no more 0,25
component of a pressurized water nuclear power plant, - -
. . . - Diameter and wall thickness of heat transfer
which plays an important role in the safety and efficiency surface pipes, mm 16X 15

of a nuclear power plant. Therefore, a reliable thermal-
hydraulic model for modeling a nuclear steam generator
is critical.

This model can be used to evaluate experimental
data and licensing processes.

© Olexander Yefimov, Larysa Tiutiunyk, Tetyana Harkusha,
Tetyana Yesypenko, Anastasiia Motovilnik. 2022

Bicnux Hayionanvnoeo Texniunoeo Yuieepcumemy «XI1l». Cepis: Innosayitini
8 docniddicenns y Haykosux pobomax cmyoenmis, 2022, Ne 2 (1364)




ISSN 2220-4784 (print), ISSN 2663-8738 (online)

Number of pipes 11000
Average length, m 11,1
Total length, m 124460
The inner diameter of the coolant

collector in the area of pipe rolling, mm 834
The internal diameter of the collector of 270
feed water, mm

Length of the collector of feed water, mm 9300
Number of dispensing pipes 16
The internal diameter of distributing 16
pipes, mm

The number of rows in the louver 8
separators

The angle of inclination of the row to the 64
horizon, deg

Height of the separator above the water 650
level, mm

The distance from the axis of the upper

row of pipes to the immersed perforated 260
sheet, mm

Diameter of openings in the immersed 15
perforated board, mm

Step of arrangement of openings (on a 52
square), mm

The internal diameter of pipelines of

supply and removal of the heat carrier, 870
mm

The internal diameter of the supply water

supply pipeline, mm 382
The internal diameter of the pipeline of 210
removal of fresh steam, mm

III.Main part

Structurally, the steam generator PGV-1000 for
NPPs with WWER is a single-hull double-circuit heat
exchanger of horizontal location with a submerged tube
bundle.

The steam generator consists of a housing, inlet,
and outlet collectors of a U-shaped tube bundle of the
heat exchange surface, a distributing collector of feed
water, a built-in separation device, a steam exhaust
system, a purge, and a drainage system.

The cylindrical part is divided into three shells, the
middle of which has an increased thickness because it is
weakened by cylindrical vertical collectors passing
through it. Collectors are used for the supply and
discharge of primary coolant.

The heat exchange surface consists of two
symmetrical parts (left and right), each including half of
the distributing and collecting collectors connected by U-
shaped pipes. The number of pipes in each part equals
half of the total number of pipes.

The area for fixing the pipes in each semi-collector
is equal to % the fraction of the circle with the diameter,
which is the diameter of the collector. (fig. 1)

The heat transfer surface pipes are arranged in
packages (fig. 2), the number of rows is 2 + 3 in height.
In the top row is the maximum number of packets 3 + 5.

The distance between rows of packages and
between packages in a row usually equals 2 + 3 steps of
pipe gratings. It is used to accommodate the supporting
structures of the heat exchange surface and the device for

introducing feed water into the steam generator (space
between inner packages is used to accommodate feed
water drains). Thus the pipe board is semicircular. As a
result, the U-shaped pipe includes two horizontal
sections and two curved sections for radial entry into the
collector. For simplification, the collector is
conditionally replaced by a flat tubular board located at a
distance of half the radius from the center of the
collector.

—

7dy .

d v.k— the inner diameter of the collector,

h’k — the distance between the first and last rows of the
collector,
Ski Sko — pipe lattice steps

Fig. 1. Location of PT pipes on GHG collectors

lger— the length of the horizontal part of the pipes
Rmax — radius of pipes with the greatest bend

Fig. 2. Placement of pipe packages in the PA

The collectors include 11,000 horizontal beam
pipes. The inner diameter of the pipes is 16 mm. The
wall thickness is 1.5 mm. The average length is 11.3 m.
The pipes are rolled by the explosion to the entire
thickness of the collector with subsequent boiling.
Collectors are attached to the housing through thermal
compensators.

The beam tubes rest on the spacer grilles. An
immersed perforated sheet is located above the beam to
equalize the load of the evaporation mirror. Nutrient
water is supplied through a pipeline inserted into the
housing through a thermal compensator.
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The pipeline feed water on four perforated
assignments goes to an entrance zone of a surface of heat
exchange. In the inlet zone, there is a greater temperature
pressure, so it produces more steam. The direction to this
zone of cold feedwater leads to a decrease in vapor
content due to the condensation of steam. This scheme of
supply of feedwater somewhat equalizes the vapor
content in the cross-section of the water volume, which
leads to approximately equal velocities of steam at the
entrance to the vapor space.

Steam separation takes place in inclined louver
separators (on steam generators manufactured after 1992,
it is absent). The ceiling, which receives steam and is a
perforated shield, helps to equalize the velocities of
steam currents in the volume of separation. Separated
liquid through the pipes enters the level along the walls
of the housing.

The steam is discharged through seven pairs of
steam outlets arranged in a checkerboard pattern. To
ensure the required purity of the steam, periodic and
continuous purging and drainage are provided, carried
out through the fittings placed along the lower forming
body.

WWER reactors do not allow the coolant to boil in
the core, so the temperature of the coolant at the outlet of
the reactor (at the inlet to the steam generator) is always
lower than the saturation temperature corresponding to
the water pressure in the coolant circuit. Underheating of
the coolant to the saturation temperature (approximately
25 = 30 ° C) guarantees the exclusion of vaporization
even in the most loaded reactor channels.

The temperature level of cooling of VVER type
reactors is low. Operating reactors have a coolant outlet
temperature of not more than 325 ° C. To obtain higher
parameters of the generated steam, the steam generator is
carried out at low-temperature pressures. The minimum
temperature pressure takes place at the outlet of the
coolant from the evaporator of the steam generator. Its
value is 10 + 20 ° C. At such temperature pressures, the
calculated value of the heat transfer surface is quite large.
Therefore, four steam generators (four circulation loops)
are installed on the VVER-1000 reactor, which allows
not to stop the reactor, but only to reduce its power in
case of equipment failure.

Since the pressure of the coolant is significantly
higher than the pressure of the working fluid, the water
of the primary circuit flows through the pipe system in
the heat exchange surface of the steam generator and the
working substance - in the intertube space. Circulation of
the working substance (boiler water) in the intertube
space is natural with transverse washing of the pipes.
Nutrient water is fed into the lowering section of the
natural circulation circuit. It mixes with a saturation
temperature and enters from below on the surface that
transfers heat, heats, and boils. The mixture of steam and
liquid enters the separator, where the separation of dry
saturated steam is.

The object of modeling the thermal scheme of the
steam generator without a superheater and the

economizer is allocated in a separate site which is given
in fig. 3,4. Nourishing water with temperature is fed into
the body of the steam generator, where it mixes with
boiler water, goes down the evaporator, and boils on the
outer surface of the pipes. The feedwater is heated
(saturation temperature of the working fluid) in the
evaporator due to the condensation of some steam.

The mathematical model of the steam generator
includes the following dependencies [5—15]:

a) the equation of heat balance of the steam
generator:

Opg=(D+Dgy+Dpp)-(i's —ipy)+(D+Dgy)r;

G(iy=i)npg =(D+Dgy +Dpg)-(i's —ipy ) +(D+Dgy)r,

Fig. 3. Schematic thermal diagram of the horizontal
steam generator PGV-1000
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Fig. 4. t-Q diagram of the horizontal steam
generator PGV-1000

where QOpg — the amount of heat transferred from
the coolant to the working fluid in the GHG;

G — mass flow rate,

dl , o enthalpy of the coolant at the inlet to the
GHG and out of it;

PG — KKD PG;

D — GHG steam productivity;

D pg =(0,005+0,01)D — water consumption for
GHG purge;
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Dgy =(0,015+0,03)D — steam consumption for

own needs; ' PV — enthalpy of feed water;

L's — enthalpy of water at saturation temperature;
¥ — hidden heat of vaporization.

b) equation of material balance of the working
substance:

Dpv = Dpv + Dsn + D = Dpr + Disp, (2)
where Dpv, Disp — costs: nutrient water, working
substance through the evaporation zone;
¢) equation of material balance for the coolant:

Gr=G 4, 3)
where Gr — coolant flow through the reactor;
d) heat transfer equation:
=k-F-At
¢ s @

where k — heat transfer coefficient;
F- heat transfer area;

at, — the average temperature pressure between the

coolant and the working substance.
Conclusion

Scientific research is aimed at solving the problems
of increasing the efficiency, reliability, environmental
friendliness and safety of the production of electric,
thermal and other types of energy by complex thermal
energy systems (CTS), such as power units of thermal
and nuclear power plants, gas pumping units of gas
pumping stations, power generating equipment of heat
networks and others.

This represents an important and urgent problem of
national significance for Ukraine, which is directly
related to the introduction of energy-saving technologies
in various sectors of the economy and industry, the
effective use of energy resources, and the prevention of
large-scale man-made disasters. In this regard, there is a
need to develop new effective theories and methods for
analyzing the quality of functioning and structural-
parametric synthesis of CTS, their diagnostics and
reliability forecasting, both in the process of design and
construction, and during operation.

The scientific novelty of the performed research
consists in the development and development of theories
and new methods of simulation modeling, determination
of reliability and optimization of parameters of
technological processes in power equipment, which are
intended for the creation and organization on the basis of
modern information technologies of computer systems
for intellectual support of the activities of the operational
personnel of the CTS.

The design characteristics of the horizontal steam
generator PGV-1000 were calculated, which provide
high technical and economic performance indicators for
the operation of NPPs with WWER-1000.
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KOHCTPYKTUBHI XAPAKTEPUCTUKHA I'OPU30OHTAJIBHOT'O HAPOI'EHEPATOPA III'B-1000

VY maTepianax CTaTTi pO3IJISIHYTO KOHCTPYKTHBHI XapaKTepUCTHKU Topu30oHTaNbHUX maporeneparopis I1I'B-1000 xis AEC BBEP.
IMaporenepatop AEC, 30kpema maporeneparop III'B-1000, € cnemmdiunoo TeroooMiHHOIO ycTaHoBkoro. Leit arperar pasom 3
SIIEPHAM PEAKTOPOM 1 MapOBOIO TYPOIHOIO € OHMM 3 OCHOBHHUX YCTAaTKyBaHHs 0araTOKOHTYPHHX (IBOKOHTYPHHX) MapOTypOIHHHX
AEC. Ilaporenepatop BupoOiisie pobody mHapy, BHKOPHCTOBYIOUM TEIUIO, IIO PO3CIIOEThCS BiJ aKTHBHOI 30HHM peakTopa
OXOJIOJDKYIOUMM CEpPEOBUIIEM i HAIPABISIETHCS Ha TEINIOOOMIHHY MOBEpXHIO ImaporeHeparopa. ITaporenepatopu AEC, 3'eqnyroun
KOHTYpH TEIUIOHOCISI 1 po0Oo4oi pEeuoBHHHM, OIHAKOBO HAJEkKATh KOXKHOMY 3 HHX. TeIUIONOTIIMHAIOWHM CEpelIOBHINEM Y
naporeHeparopi € poboua pedoBuHa (Boxa, mapa). Ilaporemepatopm AEC tumy III'B-1000 3 BOZOBOASHMMH pEakTOpaMH
BUPOOJISAIOTH CYXy HaCHUEHY Nnapy. Bumora 1oTpuMaHHs BUCOKOT YHCTOTH TEIUIOHOCIS 00yMOBJIEHA TEIMII00OMIHHUMH HOBEPXHIMH
TaKHUX MMapOreHepaTopiB 3 ayCTEHITHOI HeP)KaBilOYOl CTali 3 eNeKTporonipoBaHumMu noBepxHsMu. Peakropu BBEP e nomyckaioTs
KUIHHS TETUIOHOCISI B aKTHBHIN 30Hi, TOMy TeMIiepaTypa TeIJIOHOCIsS Ha BUXO 3 peakTopa (Ha BXOi B MapoOreHepaTop) 3aBxkIu
HIDKYE TEeMIIepaTypy HAaCHYCHHs, II0 BiAMOBiZae THCKY BOIM B KOHTYpi TeruoHocis. HemorpiB TermioHocis 10 Temieparypu
HacuueHHs (mpubnusao 25 + 30 °C) rapaHTye BUKJIIOUYCHHS APOYTBOPEHHS HABITh y HAMOLIBLI 3aBaHTAXKCHUX KaHAIaX PeakTropa.
KoHCTpYKTHBHI XapaKTEpUCTHKHA Cy4aCHMX TOPH30HTANbHHMX maporeHeparopiB tumy I[II'B-1000 pisanx wmomudikarmii
3a0e3MevyI0Th BUCOKI TEXHIKO-eKOHOMIUHI moka3Huku 00kiB AEC 3 BBEP-1000 Ta BUCOKY peMOHTONPUAATHICTD, IO JTO3BOJISIE
MIPOJIOBXKUTH TepMiH ciyx0u BiTun3usaux AEC.
Knrouogi cnosa: ropusontansauii naporenepatop I1I'B-1000, maTemaTtiaHa MoJieTb, KOHCTPYKTUBHI XapaKTEPUCTUKH
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KOHCTPYKTUBHBIE XAPAKTEPUCTUKU I'OPU30HTAJIBHOI'O ITAPOT'EHEPATOPA III'B-1000

B Mmarepuanax cTaThu paccMOTpPEHbI KOHCTPYKTHBHBIE XapaKTEPUCTUKU T'OPU3OHTANIBHBIX NaporeHeparopos III'B-1000 nms ADC
BBOP. ITaporeneparop ADC, B uwactHocTH maporenepatop I1I'B-1000, siusiercs crienuduueckoil TEmIo0OMeHHOI yCTaHOBKOA.
OTOT arperar BMeCTe C SAEPHBIM PEAKTOPOM U NMApOBOH TypOHHOM SIBIAETCS OAHUM M3 OCHOBHBIX 000PYI0BaHUSI MHOTOKOHTYPHBIX
(ABYXKOHTYpHBIX) MapoTypOuHHBIX ADC. IlaporeHeparop mpou3BOAUT pabouuii map, UCHONB3YsI PACCEUBAIOLICECS OT aKTUBHOM
30HBI peakTopa OXJakJarolmled Ccpeaoil Temnao M HAmpaBiIseTcs Ha TEMIOOOMEHHYIO IOBEPXHOCTh MaporeHepaTopa.
IMaporenepatopsr ADC, coequHssI KOHTYPHI TEIUIOHOCHTENSI M pabodero BEIecTBa, BCE PaBHO NMPUHAIIEKAT KAKIOMY M3 HHX.
Terutonornomaromnieli cpenoi B maporeneparope sSBisieTcst pabodee BemecTBo (Boxa, nap). ITaporenepatopst ADC trna I1I'B-1000
C BOJO-BOASHBIMH pPEAaKTOpaMH IPOU3BOAAT CyXOH HachIIEHHBIH map. TpeOoBaHWe COONIONEHUS BBICOKOH YHCTOTEHI
TEIIOHOCUTENST 00YCIIOBICHO TETUIOOOMEHHBIMU ITOBEPXHOCTSIMHI TAaKHX NTApOTeHEPaTOPOB U3 HEPXKABEIOMIEH ayCTEeHUTHOM CTaH C
3JIEKTPOTIOJIMPOBAHHBIMU MOBEPXHOCTSIMU. Peakropsl BBOP He nomyckaroT KuIeHHS TEIUIOHOCHTENS B aKTHBHOW 30HE, IIO3TOMY
TeMIlepaTypa TEINIOHOCUTEN Ha BBIXOJE M3 peakTopa (Ha BXOJE B MaporeHepaTop) BCErJa HIXKE TeMIEpaTyphl HACBHIIIEHUS, YTO
COOTBETCTBYET JABJIECHHIO BOJbI B KOHTYpe TemmoHocuTens. Hemorpes TemmoHocuTeNs 10 TeMIEpaTyphbl HaChIMIEHHs (IPUMEPHO
25+30°C) rapaHTHpyeT HCKIIOYEHHE MapooOpa3oBaHUs Aaxe B HamOoJiee 3arpyKEHHBIX KaHanax peakropa. KOHCTpyKTHBHbIE
XapaKTepPUCTUKU COBPEMEHHBIX TOPH30HTANbHBIX HaporenepatopoB Tuna [1I'B-1000 pasnuunbix momudukauuii obecnednBaroT
BBICOKHE TEXHHKO-dKOHOMHYECKHe rmokazarenu 010koB ADC ¢ BBOP-1000 u BEICOKYIO PEMOHTOIPUTOMHOCTh, YTO MO3BOJISET
IIPOJUTUTH CPOK CITyXKOBI oTedecTBeHHBIX ADC.

Knwuegvie cnoga: ropusoHTanbHbll naporeHepatop III'B-1000, wmaremaTuueckas MoJelb, KOHCTPYKTUBHBIC
XapaKTepPUCTHKU.
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