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The designing of NPP steam generators, which are complex technical systems, requires a large number of variant
calculations, as result of which must be obtained both optimal integral characteristics of steam generators (total heat
transfer surface, metal capacity, hydraulic circuits, etc.) and many of their local characteristics (distributions heat
flux densities and temperatures, possible amplitudes of their pulsations and others). The complexity of NPP steam
generators as technical systems is determined by their multi-parameter, the presence of a complex logical and
functional relationship between the parameters, the presence of various restrictions on the change of parameters, the
stochastic change of parameters during exploitation. The article presents methods of mathematical modeling of
thermal and hydraulic processes in NPP steam generators and modular programs of their calculations in one-
dimensional formulation on the example of a steam generator with countercurrent (direct current) mutual motion of
the coolant and the working substance. Logical and structural schemes of computer programs of thermal and

hydraulic calculations of NPP steam generators are presented.

INTRODUCTION

The designing of NPP steam generators, which are
complex technical systems, requires a large number of
variant calculations, as result of which must be obtained
both optimal integral characteristics of steam generators
(total heat transfer surface, metal capacity, hydraulic
circuits, etc.) and many of their local characteristics
(distributions heat flux densities and temperatures,
possible amplitudes of their pulsations and others)
[1-7]. The complexity of NPP steam generators as
technical systems is determined by their multi-
parameter, the presence of a complex logical and
functional relationship between the parameters, the
presence of various restrictions on the change of
parameters, the stochastic change of parameters during
exploitation [9, 10]. Therefore, a sufficiently complete
system analysis of possible designs of NPP steam
generators cannot be performed without the use of
modern computer-based computing technologies and
without the creation of appropriate mathematical
models. Mathematical models of NPP steam generators
and their software implementations are subject to
certain requirements.

In particular, together with the speed, they should
provide the ability to perform optimization calculations
of steam generators of different designs in a wide range
of parameter changes and the use of different structural
materials without entering additional initial data and
changes in programs.

Thermal and hydraulic calculations of steam
generators are the first basic calculations at the stage of
their design, providing initial information for further
calculations of strength and technical and economic
indicators.
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According to the degree of detail of the received
information, thermal and hydraulic calculations of
steam generators should be divided into estimated, one-
dimensional, two-dimensional and three-dimensional.
For the purpose of the received information — on those
intended for definition of geometrical characteristics of
steam generators at the set parameters (constructive
calculations), for definition of parameters of steam
generators on various operating modes at their set
designs (check calculations), for definition of optimum
mode characteristics of steam generators (optimization
calculations). It should be noted that computer programs
for thermal and hydraulic calculations of steam
generators, created on the basis of mathematical
modeling, are widely used in automated control systems
of power units during their operation at existing NPPs,
to predict changes in parameters, functional diagnostics,
reliability and residual life nodes, optimization of steam
generators.

In order to create a unified program, which includes
various modifications of thermal and hydraulic
calculations, as a rule, a set of software modules is
developed, which can be assembled using a control
program, just such a set of programs that is needed to
solve this particular problem. The positive side of the
modular organization of programs is the ability to
quickly adjust them when changing the purpose and
detailing the calculations by changing the initial data in
the modules or their replacement.

Consider the methods of mathematical modeling of
thermal and hydraulic processes in NPP steam
generators and modular programs for their calculations
in one-dimensional formulation on the example of a
steam generator with countercurrent (direct current)
mutual motion of the coolant and the working
substance.
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For steam generators with countercurrent or direct-
flow mutual movement of the coolant and the working
substance (or with equivalent multi-stroke motion)
thermal and hydraulic calculations are largely reduced
to the calculation of a single steam-generating channel
[1, 3]. In modern mathematical models in the case of
one-dimensional calculation of the problem of heat
transfer and hydraulic processes in the steam-generating
channel are described mainly by a set of dependences
below.

Equation of heat balance in the steam-generating
channel:

Gy f Cp dt =1 - doyter foz q(z) dz; (1)

Glt[cp dt =Gy (i —iy) - @)

The equation of heat transfer in the steam-generating
channel:
q_k(t1_t2)' 3)
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+R + Rop + Reeaim + = @)

where R,, —the thermal support of the tubes walls;
R,,— the thermal support of the layer of oxide pellicles;
Rs.qim — the thermal support of the layer of sediments.

Equations for determining the pressure and
hydraulic resistance in the steam-generating channel
along the paths of the coolant and the working
substance:

P=Py+Y AP, t foz(dP/dz)OdZ, ®)
where

(dP/dz)o = (0P/02)nc. + (OP/02)q uccer = (OP/2)ievel- (6)
Dependences of connection of temperatures of feed

water tg,, 1 maputg; with their enthalpies ig,,, iy and

pressures P, , P, in the steam generating channel:

tfw. = fl(if.w.' Pf.w.); tS = fZ(PS); ts = f3(iS! Rs‘) (7)

Dependencies that determine the values of
thermophysical properties of the coolant, working
substance and structural materials as a function of their
temperature ¢ and pressure P in the steam generating
channel:

{Properties} = f,(t, P). (8)

Dependences for calculations of heat transfer
coefficients on the sides of the coolant a; and the
working substance «, in the functions of their
determining parameters in the steam generating channel:

a;, = fs (parameters); C)]

(10)

Dependences for the calculation of the coefficients
of hydraulic resistance to the flow of the coolant and the
working substance and the true volumetric vapor
content of the steam-water mixture as a function of the
flow parameters in the steam-generating channel:

¢ = f, (parameters);
¢ = f3 (parameters).

a, = f (parameters).

(11)
(12)
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Dependencies that determine the limits of heat
transfer modes from the feed water and steam in the
steam-generating channel:

F(q,x, pw, p...)=0" (13)

In these dependencies there are no values associated
with heat loss to the environment and energy
dissipation. If necessary, they can be entered into the
equation (1), (2).

In the mathematical model of the dependence of the
form (1)—-(13) determine the solution of the one-
dimensional problem of thermal and hydraulic
calculations of the steam generator of any design when
specifying the equations (7)—(13). The latter are either
an adequate description of the tables of thermodynamic
and thermophysical properties of substances and
materials (equations (7), (8)), or empirical or semi-
empirical dependences (equation (11)—(13)). The
specific form of equations (7)—(13) depends on the type
and design features of steam generators, parameters and
types of coolants and working substances used,
construction materials used, operating factors. The
interval-iterative method is used to solve the system of
equations (1)—(13) in the mathematical model. The
temperature of the heat carrier at the entrance to the
steam generating channel ¢, is taken as an independent
variable. The range of its complete change in the
channel to the outlet temperature ¢, is divided into N
intervals &t;; determined by the nodes of the partition
T;, where i =0, 1, 2, ... k — the node number. Assuming
that the heat flux density within the intervals varies
linearly, and introducing for the values of the specific
isobaric heat capacity of the coolant and the heat flux
density designation

Cpiir) = cp@ (by "interval"ty, t(;_s)), (14)
Uiia =0.5(q; +q,) (15)
you can write equations (1) and (2) in the form
_ Z': G, ZI: Cpk,(k—1)5tlk . (16)
rd, ka Ak, (k-1)

T C A
k=1 2 k:l

Assuming dP/dz a constant value within the
interval the considered, equation (5) is written as

R=R- 25 R =
k=0
_p -i(d—PJ 52, +Y ARG, (9
0 k M™ jk
o\ dz ) k=0

where j — the number of the node corresponding to the
element of the path having a local hydraulic resistance
AP; 8j, =0atj# k and 6 = 1atj = k;
G ‘p
1 k(1) tis

1) Zk =
T dint A, (k-1)

(19)
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Fig. 1. Logical-structural scheme of the program of thermohydraulic calculation of the NPP steam generator with
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countercurrent (direct-flow) scheme of mutual movement of the heat carrier and working substance
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The calculation is performed sequentially, from node
to node. For each node, knowing t,; the equations (7)
and (17) are calculated the corresponding values t,;.
Then the wvalues are determined ay;, ay;,
Rwi' Rsediml-' Ropi' ki v Oy By (dP/dz).

Since equations (8)—(13), which determine these
values, are nonlinear, the calculation is performed by
the method of successive approximations with a given
accuracy of convergence in heat flux density, i.e. until

the condition
h+1 h

0  —q
h

G

Top indexes in formula (20) indicate the iteration
number. According to the values found g; and g;.; , are z;
in formula (16) and P; in formula (18).

The calculation ends after reaching the final node,
i.e. the limit value of the coolant temperature at the
outlet of the steam-generating channel t,.

The above method solves the problem of direct
structural calculation of thermal and hydraulic
processes. To solve the inverse problem, other methods
of solving the system of equations (1)—(13) and other
computational algorithms are used. The solution of the
inverse problem can be obtained by performing a direct
calculation with the introduction of variation of one of
the defined parameters. There are different algorithms
for finding the solution of the inverse problem. For
example, the method of gradient search for a solution
with a given accuracy of convergence along the length
of the channel I. But such a mathematical method is not
effective enough to calculate steam-generating channels
with low temperature pressures, when to satisfy the
condition

<e. (20)

|1 - lcalc/lspecl <¢ (21)

almost impossible due to the contradiction between the
actual accuracy of the calculation and the specified
value ¢. It is more convenient to set the condition of the
end of the calculation in the form

> | (22)

lcalc spec*

In this case, the accuracy of the solution of the
inverse problem is completely determined by the step of
the calculation scheme.

The logical-structural scheme of the program of
constructive  thermohydraulic  calculation of the
countercurrent (direct-flow) steam generator, which
provides the solution of the systems of equations
(1)—(13), is shown in Fig. 1.

This program uses separate subroutines-modules that
implement the following calculations: parameters of
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thermodynamic and thermophysical properties of water
and water vapor; parameters of thermodynamic and
thermophysical properties of the coolant; coefficients of
linear expansion and thermal conductivity of structural
materials; heat transfer coefficients from water and
steam; heat transfer coefficients from the heat carrier;
thermal resistance of heat exchange tubes; conditions of
transition to the worsened heat exchange from water and
steam; pressure gradients along the paths of the coolant
and the working substance. Each of the subroutines has
its own internal logical structure, which provides a
choice of the currently required calculation of
mathematical relations. In particular, when calculating
the heat transfer coefficients a; and a,, it is necessary
to take into account the differences in the modes of heat
removal in different elements (areas of the heat transfer
surface) of the steam generator.

This condition in mathematical modeling is most
fully met by the method of dividing the steam generator
into the following zones:

—economizer zone: Nu :Fl(Re, Pr,tw); area of

existence of the zone: t,, < fts;

—boiling zone of heated liquid (surface boiling):
o = a0, an, At); area of existence of the zone: x <0,
tw > ts;

—the zone of the developed boiling of steam-water
mix: a = a(q P, pw, x); area of existence of the zone:
0 <X<Xer

— “closed” zone of impaired heat transfer: a = a(q P,
pw, X); area of existence of the zone: x., < x< 1;

— steam overheating zone: Nu = F,(Re, Pr,t, ); area

of existence of the zone: x > 1.

This division into zones corresponds, for example, to
the logical-structural scheme of the subroutine of the
module for calculating the heat transfer coefficients on
the water and steam side, shown in Fig. 2, which is
included as a separate unit in the program of
thermohydraulic calculation of the steam generator (see
Fig. 1).

CONCLUSIONS

The methods of mathematical modeling of thermal
and hydraulic processes and the programs of their
calculations on the computer are suitable for designs of
steam generators in which the scheme of mutual
movement of the heat carrier and working substance is
countercurrent or direct-flow. For designs of steam
generators with more complex mutual movement of the
coolant and the working substance, these techniques can
be used only with the introduction of correction factors.
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Fig. 2. Logical-structural scheme of the subroutine of the module of calculations of heat transfer coefficients from
water and steam in steam-generating channels of NPP steam generators
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KOMIIBIOTEPHOE MOJAEJIUPOBAHME TEIIVIOBBIX U ITHIPABJIMYECKHUX
ITPOIIECCOB B KAHAJIAX IIAPOI'EHEPATOPOB A3C
HA OCHOBE MHTEPBAJIBHO-UTEPAIMOHHOI'O METOJIA

A.B. E¢pumos, H.H. ITununenko, T.B. Ilomanuna, B.JI. Kagepues, T.A. I'apkywa, T.A. Ecunenko

[MpoektupoBanue maporeHepatopoB ADC, SBISIOMNXCS CIOKHBIMM TEXHHYECKHMMH CHCTEMaMH, TpeOyer
MIPOBEJCHUS OOJBIIOr0 KOJIWYECTBA BAPHAHTHBIX PACUYETOB, B PE3yIbTAaTe KOTOPHIX JOJUKHBI OBITH ITONYYECHBI KaK
ONTHMANbHBIE HWHTETpalbHBIC XapaKTEPHUCTHUKH IApOTeHEpaTopoB (00mas MOBEPXHOCTh TEIIOOOMEHa,
METaIIIOEMKOCTh, THIPABINIECKUE COPOTHBIICHHU KOHTYPOB U [Ip.), TAK 1 MHOTHE HX JIOKAJIbHBIE XapaKTCPUCTUKH
(pacmipeneneHye TUIOTHOCTH TETJIOBBIX MOTOKOB M TEMIIEPATyp, BO3SMOJKHBIC aMIUIMTYIbl MX ITyJIbCALUA W Ap.).
CrnoxHocth maporeHepatopoB ADC Kak TEXHHYECKHX CHCTEM ONPENENACTCS WX MHOTOMAapaMEeTPHIHOCTHIO;
HAJIMYMSIMA CIIOXKHOW JIOTMYECKOH M (PYHKIMOHAIBHOM CBS3M MEXIy MapamMeTpaMH W PasHbIX OTpaHMYCHUH Ha
HM3MEHEHHE NTapaMeTPOB; CTOXaCTUYHOCTHIO U3MEHEHHUH MapaMeTpoB BO BpeMs JKCIUTyaTaluu. B ctaTbe puBeaCHBI
METOJHMKHM MaTeMaTHIeCKOro MOJESIUPOBaHMS TEIUIOBBIX M THAPABINYECKUX MpoLeccoB B maporeneparopax ADC u
MOJyJIbHBIE IIPOrPaMMBI UX PACUETOB B OJHOMEPHOH IOCTAHOBKE Ha NMpHMEpe MaporeHepaTopa ¢ MPOTUBOTOYHBIM
(IpSIMOTOYHBIM) B3aMMHBIM JIBI)KEHHEM TEIUIOHOCHUTENSI U pabodero BeriecTsa. [IpeioxKeHsl JIOTHKO-CTPYKTYpHbIE
CXEMBbI KOMIBIOTEPHBIX MIPOTrPaMM TEITJIOBBIX M FHIPABINYECKUX PacyeToB maporeseparopos ADC.

KOMITIOTEPHE MOJEJIOBAHHS TEIIVIOBUX I I'TAPABJIIYHUX ITPOLECIB
Y KAHAJIAX ITAPOT'EHEPATOPIB AEC
HA OCHOBI IHTEPBAJIBHO-ITEPAHIMHOI'O METOAY

O.B. Egimos, M.M. ITununenko, 1.B. llomanina, B.JI. Kasepuyes, T.A. I'apxywa, T.0. Ecunenko

[poextyBanHs naporeHepatopiB AEC, ski € ckIafHUMU TEXHIYHIMH CHCTEMaMH, BUMAarae IpoBEICHHS BEIUKOI
KUTBKOCTI BapiaHTHHX PO3PaxXyHKIB, Yy pe3ylbTaTi SKHX MaloTh OyTH OTpHMaHi SK ONTHMANbHI iHTErpaibHi
XapaKTePUCTHKH MApOTeHEepaTOPIB (3arajibHa MOBEPXHS TEIUIOOOMIHY, METAIOEMHICTD, T1IPaBIivHI OTIOPH KOHTYPIB
Ta iHIIi), TaK 1 6araTo iX JOKANBHUX XapaKTEPUCTHK (PO3MOIIUIN TYCTUHH TEIUIOBHX IIOTOKIB 1 TEMIEpaTyp, MOXKIUBI
aMILTTyau iX mysbcamid ta iHmi). CkiagHicts naporeHeparopiB AEC sk TEeXHIYHMX CHUCTEM BH3HAYa€ThCS iX
OaraTonapaMeTpUYHICTIO; HasBHICTIO CKJIAJIHOTO JIOTIYHOTO i (DYHKLIOHAIBHOTO 3B'SI3Ky MiX MapaMeTpamH 1 pi3HHX
0oOMeXeHb Ha 3MiHY MapameTpiB; CTOXaCTHYHICTIO 3MiHM MapaMmeTpiB MiJl Yac eKCIuTyaTauil. ¥ cTaTTi HaBeleHi
METOJIUKH MaTeMaTHYHOTO MOJICIIIOBaHHS TEIUIOBHX 1 TipaBIivHUX mporieciB y naporeneparopax AEC i MongynbHi
mporpaM 1X pO3pPaxyHKIB Yy OJHOMIpPHIM TIOCTaHOBI[I Ha NPUKIAAI MaporeHeparopa 3 MPOTUTCUIHHUM
(IpsIMOTEUiHMM) B3aEMHHM pPYyXOM TeIJIOHOCiS 1 poOouoi pedoBMHH. HaBeneHi JIOTIKO-CTPYKTYpHI CXeMH
KOMII'IOTEPHHUX MPOTrpaM TEIUIOTiAPaBIiYHOTO po3paxyHKy naporeneparopis AEC.
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