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ABSTRACT In code package “FLOW’ energy and coolant hydrodynamics equations, neutron kinetics equations and equations of
heat conduction in metalwork and fuel rods are solved together. Processes described by these equations are characterized by
different time constants and during calculation different degree of time and space discretization is required. The objective of the
work was demonstration of stability of numerical schemes used in “FLOW” program and its modules, assessment of error of
numerical solution for nodalization. Initial differential equations in partial derivative of the law of conservation of mass, energy and
momentum are reduced to the system of usual differential equations on the basis of spatial approximation with the use of integro-
interpolation method. Approximation was performed by integrating the initial differential equations in partial derivatives within the
limits of each elemental volume of division by spatial coordinate. The usage of integro-interpolation method provides fulfilment of
laws of conservation on computational mesh as a whole and the second order of approximation by spatial coordinate. The usage of
integro-interpolation method provides fulfilment of laws of conservation on computational mesh as a whole (conservatism of
approximation method) and the second order of approximation by spatial coordinate. Effect of limiting error of integration in
“FLOW” code on pressure values at the core outlet and mass discharge from the leak is not practically distinguished. Effect of these
errors on the values of coolant flow rates at the core inlet and outlet becomes more noticeable. Still, maximum value of these
differences doesn’t exceed 7 % for flow rate at the core inlet. More substantial differences (of the order of 10—15 %) are observed in
the course of calculated temperature of fuel rod cladding.

Keywords: software package; hydrodynamics equations; neutron kinetics equations; code “FLOW”; finite-difference
approximation

AHAJII3 KIHIEBO-PI3BHUIIEBOI ATPOKCUMAIIIL KOJY «<FLOW» ITPH
BUKOHAHHI ITPOEKTHUX PO3PAXYHKIB TAPAMETPIB ITIEPIIIOI'O TA
APYTI'OI'O KOHTYPIB PEAKTOPA BBEP

C. C.JIUG, O. 1. IOPACOBA, L. P. TA/IAH9YK

Kagheopa mennoenepeemuxu, meniosux i amomuux erekmpuunux cmanyiti, Hayionanvuuil ynisepcumem «JIvgiecora nonimexmixkay,
Jlveie, YKPAIHA

AHOTALIA Y xooosomy naxemi «FLOW»y cninvro po3e'sizyiomvcs pieHsHHS 2IOPOOUHAMIKY eHepeii ma MenioHOCIs, DiGHSIHHS
HelmponHOi KiHemuky ma pIieHAHHA MenjionpogioHOCmi 6 MemanokoHcmpykyiax i meenax. Ilpoyecu, wo onucyromvca yumu
DIBHAHHAMU, XAPAKMEPUIVIOMbCA PISHUMU NOCMIUHUMY 4acy i Ni0 4ac po3paxyHKy HeoOXiOHull pi3Huil CmyniHb 4acogoi ma
npocmoposoi ouckpemuszayii. Memoro pobomu 6y1a 0emoHcmpayis CmitikoCmi YUCEAbHUX CXeM, WO BUKOPUCIIOBYIOMbCA 8 NPO2PaMi
«FLOWY ma ii MoOynax, oyiHka noxubKu Yuciogozo po3e’ssKy 0aa Hooanizayii. Buxioni oughepenyianvhi pieHAHHA 8 YACMUHHUX
NOXIOHUX 3AKOHY 30epediCeHHs macu, eHepeli ma iMnyIbey 36e0eH0 00 CUCmeMU 36UYANHUX OughepeHyianbHUX PIGHAHb HA OCHOBI
npocmoposoi  anpoxcumayii 3 BUKOPUCMAHHAM  IHMeSPOIHMEPNONAYIIHO20 Memody. Anpoxcumayiro npogoounu  WLIAXOM
inmezpy6ants BUXIOHUX OUDePeHYianbHUX DIGHSHL Y YACIUHHUX NOXIOHUX Y MEJNCAX KOJCHO20 eNeMeHmHo20 06°emy OineHHs 3a
npocmoposoio Koopounamor. Bukopucmanns inmezpoinmepnonayitinoco memooy 3abe3neyye GUKOHAHHs 3aKOHI@ 30epedicents Ha
PO3PAXyHKOGIll  cimyi 6 yitomy ma Opyeo20 NOpsioOKy anpoKcuMayii 3a npocmopogoio  Koopounamoio. Buxopucmanus
inmezpoinmepnonayilinoco memoody 3abe3neuye GUKOHAMHA 3AKOHI6 30epedicenHs HA PO3PAXYHKOGIU cimyi 6 yiniomy
(KoHCepsamusHicmy Memoody anpokcumayii) ma opyeo2o nopsaoKy anpoxkCuMayii 3a npocmopoeoio KoopouHamoro. Bniue epanuunoi
noxuobxu inmezpyeants 6 k00i «FLOW» na 3nauenHs mucky Ha 6Uxoo0i 3 aKmMuHoi 30HU ma MAco8uil UKUO 13 BUMOKY NPAKMUYHO He
PO3PI3HAEMbCA. Bnaus yux noxubox Ha 3HA4eHHs: umpam menyioHoCis Ha 8x00i ma uxoodi 3 aKkmugHoi 30HU CMAE OLIbW NOMIMHUM.
Oonax maxcumanvhe 3HaveHHs yux eiominHocmell ne nepesuwye 7 % 0na eumpamu Ha 6x00i 8 akmusHy 30HY. Binbws cymmesi
siominnocmi (nopsioky 10—15 %) cnocmepizaromocs npu po3paxyHkogiti memnepamypi 006010HOK Meenie.

Knrwouosi cnoea: npocpamuuii KoMniexc, pieHaHHA 2i0OpOOUHAMIKU; PIGHAHHA HeumpoHHOI Kinemuku, ko0 «FLOWD», kinyeso-
PI3HUYesa anpoxcumayis

Introduction coolant flow is broken down into elemental volumes
(cells), which are combined into interconnected structural
“FLOW?” code uses semi-rigid calculation model. elements. The number of structural elements is

All the structure of the primary circuit along the path of  determined by the necessity for consideration of all
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circuit elements being under different operating
conditions and simplification of calculation model as
maximum as possible. The operating loop combines all
operable loops. Such model is applied, if all operable
loops are under similar conditions. The code allows to
simulate up to four calculated loops being under different
conditions (cooling water supply, power supply to reactor
coolant pumps, connection of pressurizer and etc.) In any
case the last calculated loop always corresponds to the
emergency one and next to last calculated loop is used
with “weight” equal to the number of remained loops, all
of them being under similar conditions [1-5].

A degree of break-down of each structural element is
determined by the objective of the calculation, but it is similar
forall operable loops, geometrical and hydraulic characteristics
of operable and emergency loops can be different.

In simulating the reactor pressure and collection
chambers characteristics of each cell of these elements
are assigned separately in connection with complexity of
geometry of reactor chambers [1].

Cold pipelines can be included into any cell of
RPC and hot ones - into any cell of RCC, respectively.

Pressurizer can be connected to any element of hot
pipeline of the first operable or emergency loop.

In the emergency core cooling system, the
following is singled out: passive unit - water
accumulators being under gas pressure (maximum
number of accumulators — four) and active unit -
emergency injection pumps (maximum number — 12).

Both active and passive elements of ECCS can be
connected to any cell of cold and hot pipelines of any
loops and directly into reactor chambers.

Cells are connected with overflow lines which are
characterized by pressure loss and sluggishness.

RCP sets can be included into any cell of cold
pipelines of loops [1].

This calculation model allows to simulate leak
from any element of the emergency loop or chambers of
the reactor. In this case coolant leak either from one cell
or, in case of double-ended outflowing, from two cells,
being adjacent by the model, is provided for.

Each steam generator over the secondary circuit is
represented by one special elemental volume wherein a
calculated element of the varying volume is singled out.
In this element coolant parameters above the steam-water
mixture level are simulated [1, 3-5].

Steam lines are presented by one calculated
volume connected with steam space of steam generators.
Operation of feedwater supply system, turbine stop
valves, steam dump valves, safety valves on steam
generators, quick-acting shut-off valves is simulated.

The number of calculation volumes in the loops
and chambers of the reactor is up to 100.

In the core there can be considered up to five
channels, one of which simulates leaks (channels without
fuel rods). The number of calculated volumes over channels
height is up to 12, ten of them are over the heated part.

Integration step of thermohydraulic equation
systems is limited by the length of minimum element of

the calculational model, so it is necessary to take into
account this factor in compiling the calculation model.
By the same reason artificially excessive values (to have
possibility to simulate the certain conditions) of pressure
loss coefficients shall be avoided [1].

List of the main calculated parameters

The results of calculations made by code package
“FLOW? are recorded into three files [1]:

- file in which in the process of calculation with the
time step assigned by the user instantaneous values of all
parameters required for restart are recorded successively.
This file can be also used for visual display by KORR
module of RP parameters (RP elements) during moments
of time fixed in this file;

- file with tables of time variation of separate RP
parameters. It is used by KORR module in plotting time
variation of these parameters;

- file in which all input data assigned by the user and
tables with all main calculated parameters in all elements
of the calculational model are recorded in the form
convenient for the user. Recording of tables with the
results is performed in the process time interval
determined by the user.

Basically, tables of time variation of any parameter
(temperature, pressure, specific enthalpy, void fraction,
coolant flow rate, temperatures of metalwork and fuel at all
calculated points and etc.) calculated in code package
«FLOW» can be recorded. Total number of recorded
parameters shall not exceed 150, though this limitation can
be easily changed in any direction. However, as a result of
experience of using code package “FLOW” in performing
design calculations for NPP with VVER a specific list of
these parameters was mainly composed taking into account
the requirements of guidelines [1,6-14].

Code “FLOW” provide for recording tables of the
following fixed parameters [1]:

1) nodal values of time;

2) values of pressure differential on the core;

3), 4) values of pressure at core inlet and outlet,
respectively;

5), 6) values of specific enthalpy at core inlet and
outlet, respectively;

7), 8) values of boric acid concentration at core inlet
and outlet, respectively;

9) values of relative power in fuel;

10) pressure in the pressurizer;

11)...13) values of water volume (liquid phase) in the
primary circuit, reactor and the reactor pressure chamber,
respectively;

14), 15) values of mass and energy fluxes of the coolant
flowing through break (breaks) in the primary circuit;

16) values of heat flux minimum departure from
nucleate boiling in the core;

17) values of fuel maximum temperature;

18) values of total cooling water flow from ECCS;

19), 20) values of coolant flow rate at core inlet and
outlet;
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21) values of heat flow from fuel rod claddings to the
coolant;

22), 23), 24) values of average density of the coolant,
average temperature of fuel and maximum temperature of
fuel rod claddings in the core, respectively.

Parameters 3) — 9) are also intended for using as
boundary conditions during analysis of thermal-and-
hydraulic situation in separate assemblies (channels) of
the core by code.

Further in evaluating the calculation results the
values of parameters, which are wusually used in
substantiating safety of RP with VVER, will be taken as
the main ones [1]:
coolant pressure in the primary circuit;
coolant temperature in the secondary circuit;
coolant temperature at the core outlet;
coolant temperature at the reactor inlet;

- - minimum value of heat flux DNB,;

- maximum value of fuel rod claddings temperature;

- maximum value of fuel temperature;

- maximum value of depth of fuel rod claddings
oxidation;

- quantity of oxidized zirconium in the core;

- reactivity in the core;

- mass discharge from the primary circuit;

- energy ejection from the primary circuit.

In substantiating the methods, the following
problems can be chosen:

- analysis and substantiation of numerical schemes
stability, sensitivity to input data and determination of
error in numerical solution of the system of equations;

- check of programs capability in the field of
application;

- programs testing by solving special problems and
by comparison with calculation results of the other
programs;

- comparison of calculation results with the results of
experiments.

In this section the results of solution of the first
problem — substantiation of numerical schemes stability,
sensitivity to input data and determination of error in
numerical solution of the system of equation — are
presented [1].

Verification of codes by the results of experiments
is given in [10].

In code package “FLOW” energy and coolant
hydrodynamics equations, neutron kinetics equations and
equations of heat conduction in metalwork and fuel rods
are solved together. Processes described by these
equations are characterized by different time constants
and during calculation different degree of time and space
discretization is required.

So, hydrodynamics equations taking into account
coolant compressibility (“FLOW?” code) with the use of
explicit numerical schemes impose restriction on
integration time step [1]

I Az~0,001s. (1)

Equation of motion for incompressible coolant —
restriction

ATSL,A%O,OI S. 2)
&
Energy and mass equations - respectively
restrictions
Ar< L Ar~01s. 3)
2.ldl
Ars D ATOIs. )
DIG-il+|o
Equations of heat conduction —
S p-
Afs%,mo,l s. (5)

Neutron kinetics equations —

AT < ;, A7~0,0001 s. (6)

Equations use the following symbols given in
Table 1 [1].

Table 1 — The symbols for the equations in this
work

Symbols Clarifications

c Isoentropic sound velocity in coolant

¢, Metal heat conduction

Coolant flow rate in junction (summation
G for all junctions being adjacent the given
calculated element)

Enthalpy flow in junction (summation for
all junctions being adjacent the given
calculated element)

@

Prompt neutron life

Spatial coordinate step (length of nodes)

Coolant mass in the node

Thermal flow to coolant in the considered
node

Internal energy of coolant in the node

Total fraction of delayed neutrons

Thickness of calculated layer (spatial
coordinate step in metal

Metal heat conduction

Metal density

Coolant velocity

Pressure loss coefficient

Blow|=he > o (T © [T~

Time integration step

It is clear from the equations that values of typical
time for different processes vary within the wide range
(from 0,1 to 0,0001 s) and solution of the system of equations
required combination of different numerical schemes [1].
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For example, the last restriction is stricter and it
required the usage of the special method of integration.
The first restriction also resulted in introduction into code
“FLOW?” of subroutines implementing algorithm of
implicit method for solution of the system of
hydrodynamics equations in the primary circuit together
with the usage of explicit scheme.

The objective of the work

The objective of the work is demonstration of
stability of numerical schemes used in “FLOW” program
and its modules, assessment of error of numerical
solution for nodalization.

Substantiation of finite-difference approximation of
code “FLOW”

Initial differential equations in partial derivative
of the law of conservation of mass, energy and
momentum are reduced to the system of usual differential
equations on the basis of spatial approximation with the
use of integro-interpolation method. Approximation was
performed by integrating the initial differential equations
in partial derivatives within the limits of each elemental
volume of division by spatial coordinate [1].

The wusage of integro-interpolation method
provides fulfilment of laws of conservation on
computational mesh as a whole (conservatism of
approximation method) and the second order of
approximation by spatial coordinate.

The figure represents cells Vi, Vj, Vi, V, with
centres of mass Zi, Z;, Zx, Z,, respectively, Arrows
designate directions of coolant movement under steady-
state conditions. Variation of flow area and local pressure
loss are considered to be concentrated at the points of

cells junction (in figure Zi , Z]- s Zy, Zl). l; — length of

i-element in direction of axis Z;; H; — length of projection
of i-element to the vertical; G; — coolant flow rate through

junction at point Z i3 Gi — coolant flow rate at point Z; —

in the centre of mass of cell V;.

The systems of wusual differential equations,
obtained as a result of spatial approximation of Cauchy
problem, are integrated with the use of any of the
following methods: special method based on the usage
of the implicit scheme in combination with Neuton
method; Euler-Cauchy method of the second order of
accuracy with automatical choice of  integration step.

Calculation of the accident conditions with break
of the main coolant pipeline (MCP) at the reactor inlet by
“FLOW” program was carried out with the use of
calculational nodalization models. Nodalization (four-
loop) corresponds to break-down of the primary circuit
which is recommended for the design projects. The
necessity for performance of calculation of a variant with
three cooling loops is caused by: requirements of testing
the algorithms of both control programs and subroutines
of package “FLOW” as well as requirements in large
number of calculational sections in substantiating finite
difference approximation [1-5].

Curves, reflecting variation of desired variables,
obtained in calculations with the use of four-loop
nodalization model are given in Fig. 1-3, in this case the
limiting error of integration (£=0,0005, or 0,00025, or
0,0001), controlling the actual choice of time step is a
parameter. Calculation of the transient with MCP break at
the reactor inlet is carried out before reaching the steady-
state conditions of cooling in the core which takes place
after 140 s (if to trace the transient by pressure — Fig. 1
and by fuel temperature — Fig. 3), or after 100 s (by
maximum claddings temperature, Fig. 3) [1].

As is well seen in Fig. 1 and 2 effect of limiting
error of integration in “FLOW” code on pressure values
at the core outlet and mass discharge from the leak is not
practically distinguished. Effect of these errors on the
values of coolant flow rates at the core inlet and outlet
becomes more noticeable. Still, maximum value of these
differences doesn’t exceed 7 % for flow rate at the core
inlet. More substantial differences (of the order of 10-15
%) are observed in the course of calculated temperature
of fuel rod cladding, Fig. 3 [1].

&

P.Pa

=

EK FM% I B e

Fid
hid

40 80 120 T & 160

NH-E=00005, [J-%=000025, - &= 0.0001
Fig. 1 — Effect of limiting error of integration on pressure
at the core outlet

Effect of spatial discretization on the behaviour of
the most sensitive parameters such as temperatures in the
centre of fuel and temperatures of fuel rod cladding at
different elevations of the core is shown in Fig. 4 and 5
[1]. In general, equidistance shall be noted in the course
of curves of fuel and cladding temperatures during the
whole transient, that shows stability and convergence of
algorithm of calculation. Available variations of
calculated temperatures of small amplitude are caused by
its crude approximation with the use of crude calculation
mesh and differences, connected with it, don’t exceed
100 °C, that is equal to not more than 10 % within the
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given range of temperatures variation. The general trend
is some overestimation of temperatures during
calculations using more crude mesh: as a rule, all curves
(with a smaller number of sections) go higher. The
considered accident conditions with MCP break result in
variation of the desired parameters within the wide range
and are characterized by large non-linearities resulting in
high requirements for the used algorithm of calculation.

40E+3

| s
B&@*M

M kg

E’Qeaﬁe

3.0E+5

o

20E+5 I
1.0E+5 /

0.0E~0.
0 40 80 120 s 160

Ao 2 =0.0005, [J-% = 000025, < - €= 0.0001

Fig. 2 — Effect of limiting error of integration on the
calculated mass discharge from leaks
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Fig. 3 — Effect of limiting error of integration on maximum
calculated temperatures of fuel and fuel rod cladding

The presented results show quite adequate behaviour
of the desired variables, stability and convergence of the
obtained results in decreasing parameters of spatial-time
discretization of the calculation mesh.

2000

1600

I p— —

o
A
19 R
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4 | T Il
s s VR N s
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10 calculated sectioms over the height
------ 3 calculated sections
Fig. 4 — Temperatures of fuel in the centre and fuel rod
cladding in different sections over the height
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1600

n 1 Ial/\ [=} -\;l L
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10 calculated sections over the height B0O-:z

£ calculated sections over the height

Fig. 5 — Temperatures of fuel in the centre and fuel rod
claddings in the central and upper sections Kr=1,74

BICHHUK HTY "XIII" Ne 1 (19)



CEPIA "HOBI PIIIEHHA B CYUACHUX TEXHOJIOI'LAX"

ISSN 2079-5459 (print)
ISSN 2413-4295 (online)

The next series of calculations showed the effect of
nodalization of the primary circuit and the model of water
supply by ECCS pumps on the calculation results of these
conditions. The design (four-loop) variant of calculation of
the accident conditions with MCP break at the reactor inlet
shown above was taken as the initial one. The core was
simulated by 10 sections and error of integration was
accepted to be equal to € = 0,0005. Transfer to three-loop
variant of nodalization model of calculation with different,
alternative variants of water supply from ECCS pump as
well as with increased number of calculated sections in
loops has been considered.

Fig. 6 demonstrates behaviour of the same
calculated parameters that are mentioned above. In this
case the main design variant with water supply by one
pump of ECCS to the second loop and by one pump to
the emergency looppractically coincides with a version of
supply by one pump (equally) to the second and third
loops and by one pump to the emergency loop, but as
filling of serviceable loops by water from ECCS pumps
occurs slower, the process of the core cooling is slightly
protracted, see Fig. 6.

2000
ToC

1600

1200

800

%\
AR
\J\&&\,\ oA e ]

| e

n an on 10 -, 140

400

A - four loops water supply by ECCS pump into the
second and emergency loops, 16 (17) sect. s -in
each loop;

O - the same, but ECCS water, supplied into the second
loop, is supplied into the second and third loops;

& - three loops, ECCS water supply into the second and
emergency loops;

O- the same, but 24 sections — in each loop (in
emergency loop — 25).

Fig. 6 — Maximum temperatures of fuel and fuel rods
cladding

In case of three-loop nodalization model of
calculation with increased water supply from ECCS to the
second (two pumps, loop has “weight” 2) loop and by one
pump to the emergency loop (symbol - ¢) the process of
core cooling takes place more actively. In the variant with
the same scheme of water supply by ECCS pumps, but with
the increased number of sections by a factor of one and a
half in the loops (symbol - O) cooldown takes place,
practically for the same time, but there are noticeable
differences in behaviour of temperature curves, Fig. 6. These
differences reach 20 %, but they are not fundamental as they
appear in the process of fuel rods cooling at values of
cladding temperatures being about two times less than
maximum values. At the stage of fuel rod heating-up and in
the area of maximum values of temperatures (the first 25 s
of the process) differences in temperatures don’t exceed 1
%. In general, comparison of the main and two last variants
show good convergence of the results with the increased
number of calculated sections in the loops.

Analysis of stability by input data

Numerical stability by the input data is provided by
conservatism of the used difference schemes, stability of
the used numerical schemes and calculated processes
(natural mechanism of self-regulation), continuity and
differentiability of the right parts of differential equations.
Exceptions are equations simulating operation of the
systems of protection and interlockings where breaks are
possible in the right parts of equations due to assumptions
of “instantaneous” opening of some valves (for example,
on the pressurizer), “instantaneous” connection of separate
systems (for example, systems of standard make-up of the
primary circuit) [1]. Presence of such breaks decreases an
order of approximation of differential equations by a
difference scheme and reaching the conditions for
actuation of such systems, naturally, qualitatively affect the
calculation results and it is apparently not difficult to
invent such conditions when little variation of any input
parameter, for example, pressure in the primary circuit
under nominal conditions will result in qualitative variation
of solution due to either opening or failure to open of the
safety valve on the pressurizer.

However, such factors as actuation of the
mentioned systems of protection and interlocking, which
qualitatively affect the processes in the plant, are the
subject of special study in the project and in choosing the
conditions for their actuation much higher values of
tolerance and conservatism than errors in calculations of
parameters given in [1] are provided for.

Conclusions

The results of solution substantiation of numerical
schemes stability, sensitivity to input data and
determination of error in numerical solution of the system
of equation are presented.

In code package “FLOW” energy and coolant
hydrodynamics equations, neutron kinetics equations and
equations of heat conduction in metalwork and fuel rods

BICHUK HTY "XIII" Ne 1 (19)



ISSN 2079-5459 (print)
ISSN 2413-4295 (online)

CEPIA "HOBI PILIEHHA B CYYACHUX TEXHOJIOI'AX"

are solved together. Processes described by these
equations are characterized by different time constants
and during calculation different degree of time and space
discretization is required.

The stability of numerical schemes used in “FLOW”
program and its modules, assessment of error of numerical
solution for nodalization, is demonstrated. Initial differential
equations in partial derivative of the law of conservation of
mass, energy and momentum are reduced to the system of
usual differential equations on the basis of spatial
approximation with the use of integro-interpolation method.
Approximation was performed by integrating the initial
differential equations in partial derivatives within the limits
of each elemental volume of division by spatial coordinate.

The wusage of integro-interpolation method
provides fulfilment of laws of conservation on
computational mesh as a whole (conservatism of
approximation method) and the second order of
approximation by spatial coordinate.

Effect of limiting error of integration in “FLOW”
code on pressure values at the core outlet and mass
discharge from the leak is not practically distinguished.
Effect of these errors on the values of coolant flow rates
at the core inlet and outlet becomes more noticeable.
Still, maximum value of these differences doesn’t exceed
7 % for flow rate at the core inlet. More substantial
differences (of the order of 10—15 %) are observed in the
course of calculated temperature of fuel rod cladding.

List of abbreviations

DNB - departure from nucleate boiling

ECCS - emergency core cooling system;

MCP - main coolant pipeline;

NPP - nuclear power plant;

RCC - reactor collection chamber;

RP - reactor plant;

RPC - reactor pressure chamber;

VVER - water-cooled water-moderated power reactor.
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