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CALCULATION OF VVER-1000 CORE BAFFLE
TEMPERATURE DISTRIBUTION FOR IT'S SWELLING
ASSESSMENT

B.B. ®@inonos, FO.C. ®inonosa, A.P [Jybux., A.B. bozoan. Po3paxyHoK TeMIepaTypHOro moJisi BAropoaku peaxkropy BBEP-1000
s aHanizy il po3myxanHsi. B poGoti mpencrasneno cmpomeny CFD-mopmens oxonmomkeHHst BHroponku peakropy BBEP-1000,
Po3po0iIeHy ULt TOANBLIONO aHali3y BEINYHMHH ii 00’ €MHOT0 po3iyxaHHs. Tak K SBUILE PO3IMYXaHHSI € OCHOBHIMOOMEXKYIOUNM (paKTOPOM
IpY NIPOJOBKEHHI TepMiHy ekciutyartauii eHeproonokis 3 BBEP-1000, a Mozmeni po3nyxaHHs Iy)Ke YyTJIMBI 0 TEMIEpaTypHOTo HOJS B
MeTali, HOro BU3HAYCHHIO MPUALIIETHCS 0c00IMBa yBara. B naniit po6oTi NpomoHyeThest MiXiA i3 3aCTOCYBaHHAM 3aC001B OOYHCIFOBAIBHOL
rinpogunamiku (CFD), mo mo3Boisie BpaxyBaTH JIOKAIbHI TiIPOJHHAMIUHI OCOONMBOCTI IOTOKY TEIUIOHOCIS, a TaKoXK a3HMyTallbHi
PO3IOIIM XapaKTepHUX mapameTpiB. Po3pobiieHo aHamiTHYHY MOZIEIb JUIsL OLiHKY XapaKTepUCTHYHHX napamerpis crpomenoi CFD-moxerni,
10 JI03BOJIsiE OOTPYHTOBAHO 3BY3HTH 1i Mexi. Po3paxyHKoBa MOJIeNb OXOJIOKEHHSI BUTOPOJIKH, 1110 0OMeXkeHa i1 BUCOTOr0, Mae 60-TpaaycHy
CHMETpIiI0 Ta BKJIFOYAE AKTHBHY 30HY, BHIOPOJKY, IIAXTY, CIPOILICHY IEOMETpil0 3’€JHYBAIBHUX IIMHIBOK Td OMHBAIOYHIl TEIIOHOCIH.
AKTHBHA 30Ha TIpeJCTaBIICHa y BHIJIA/AI CKBIBAJIGHTHOrO TOMOTEHHOTO TiJa 3 ypaxXyBaHHSM HPOCTOPOBOTO pO3MOAiNY 00’€MHOTO
SHEeproBUJIiIEHHs. Buroponka posrisiaeTses sIK MOHOJNITHE TiJIO, B SIKOMY BPAaXOBaHO O0’€MHi E€HEPTOBHAUICHHS 3a PAaXyHOK ramMma
BUNPOMIHIOBaHHS. TaKoX, B MOJEI BPAaxOBaHO LMPKY/ALII0 OXOJOXKYKUOrO TEIUIOHOCIS 4epe3 MPOTOYKM B Taifkax, 10 JO03BOJSE
oTpUMAaTH OiNbII pealbHe TeMIlepaTypHe moie mmuiboK. OTpuMaHi KoeilieHTH TEIIOBiAnadi Ta TEMIepaTypu J00pe y3TOJDKYIOThCS 3
AHAJITUYHOIO OI[IHKOIO Ta JArOTh OiNbII NMpHitHATHI pe3ynbTaTu B mopiBHAHHI 3 RELAPS. OTtpuMane mose Temmnepatyp BUKOPHUCTAaHE IS
OLIHKHM TNpOIIeCy po3myxaHHs. Uepe3 MEHII KOHCEPBATHBHI PE3y/IbTaTH TEMIICPATYPHOTO IOJIsI BEMHYMHA PO3IYXaHHS BUTOPOIKU CYTTEBO
3MeHIIyeThesl. Po3pobiieHy Mojiens B TOAANBIIOMY BJOCKOHAJICHO Ta BHKOPHUCTAHO JUIS PO3PaxXyHKY 3MiHM TEMIIEPAaTypHOTO IOJS IpU
MPOTiKaHHI TPEeJCTaBHUIBKOTO IIEPEXiJHOrO MpOLeCy IOpPYIIEHHS YMOB HOpPMallbHOi eKciulyararii. Pesynmpratnm MopemtoBaHHS
HECTAI[IOHAPHOTO MTPOLIECY BUKOPHCTAHO MPH OLIHII HEOOXiTHOCTI pO3paxyHKy Ha Iporpecyrody GopMo3MiHy.

Knmiouosi crosa: CFD-monenroBanns, BBEP-1000, Buropoxa, TeMieparypHe Ioje, po3ilyXaHHs MaTepiary

V. Filonov, Y. Filonova, Y. Dubyk., A. Bohdan. Calculation of VVER-1000 core baffle temperature distribution for it's swelling
assessment. This paper presents simplified CFD-model of VVVER-1000 core baffle cooling to address swelling problems of the reactor inter-
nals. Swelling is the main limiting factor in the reactor core internals long term operation of VVVER-1000 nuclear units. The material irradia-
tion-induced swelling and creep models are very sensitive to temperature distribution in metal, thus a more detailed analysis of the core baf-
fle metal thermohydraulic cooling characteristics is required. In this paper, an approach with computational fluid dynamics (CFD) using is
proposed. It allows us to consider local hydrodynamic coolant flow characteristics, as well as azimuthal distributions of characteristic param-
eters. An analytical model was developed to obtain characteristic parameters of simplified CFD-model, and consequently reasonably narrow
its limits. Computational model is limited by the height of the baffle and performed using 60-degree symmetry, which included: core, baffle,
core barrel, simplified geometry of connecting studs and coolant domains. Core is simplified as a homogeneous body with considering of
spatial volumetric energy release. Core baffle is presented as monolithic body with considering of gamma-ray heat generation. Model takes
into account cooling flow of the coolant through the nuts grooves, which allows obtaining a more realistic temperature field in studs. Calcu-
lated convection coefficient and temperature are in good agreement with analytical model, and give a more convenient result comparing to
RELAPS5. Obtained temperature distributions were used to estimate baffle swelling process. Due to the less conservative results in tempera-
ture distribution swelling and creep deformations significantly decreased. Developed model was further improved and used to calculate baf-
fle temperature field changes during the representative transitional process of normal operation conditions violations. Results of transient
process simulation are used in assessing of progressive form-change calculating need.
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Introduction

Possibility of lifetime prolongation for the NPPs with VVVER-1000 reactors is a critical task for
Ukraine. The main limiting factor in the long-term operation of power units is the phenomenon of
PVI’s (pressure vessel internals) radiation swelling under the action of high-energy neutron flux. Ra-
diation swelling and creep processes models are very sensitive to the temperature distribution in the
metal, if the temperature changes within 30 degrees, the swelling value changes 2.5 times.

To estimates the baffle progressive form change, transient calculation of the baffle temperature
field during the representative abnormal operation is also necessary.

The determination of the temperature field consists of two sub-tasks: estimation of radiation en-
ergy release and solving the thermal conductivity problem. Previously, there was uncertainty in the
estimation of radiation energy release, which completely leveled the difference in the formulations of
the thermal conductivity problem. The methods for radiation energy release evaluation have improved
over the time, and recently do not differ significantly. Due to this fact uncertainty in the temperature
field estimation becomes essential. At current stage, three-dimensional formulations of the complete
baffle model are considered, but there is uncertainty in the boundary conditions, which are estimated
in the RELAP system code.

Analysis of recent publications and problem description

In recent years the use of CFD analysis has become widespread in calculations to clarify the dis-
tribution of thermal and hydraulic parameters in the reactor [1] and to obtain profiles of the coolant
temperature distribution during the transient processes [2, 3]. It must be noted that the core is repre-
sented in the form of a porous body [1, 4]. In order to predict temperature distribution in the core baf-
fle metal, CFD analysis is used only for PWR reactors of a different type (not for VVER’s) in order to
predict the temperature embrittlement processes of structural elements [5]. However, with regard to
the baffle swelling problem, which is currently an important industry issue, there are uncertainties in
preliminary solution of the temperature problem and, as a consequence, there is a need in development
of improved approaches.

The purpose and objectives of the study

Therefore, the purpose of this work is to develop an improved approach for the baffle metal tem-
perature evaluation during operation at the nominal power level for further calculations of swelling, as
well as during transient process of abnormal operation for estimation of the progressive form change and
cyclic loadings. The use of CFD to solve this problem allows us to take into account the local hydrody-
namic features of the coolant flow, as well as the azimuthal distributions of characteristic parameters.

Preliminary analytical estimation

At the stage of problem formulation and defining the CFD-model boundaries, the approach of
preliminary analytical estimation of necessary boundary conditions was developed. It allowed us to
narrow the boundaries of the model and reduce the need for computing resources. The distribution of
coolant flow through PVI, as well as the upper limit of HTC values from the baffle inner surface (in
the assumption of equivalence to annular channel, taking into account the direction of heat flux) were
determined analytically. This paper provides general information on the approaches used, a more de-
tailed description is provided in [6].

Analytical model and evaluation procedure description. The evaluation of thermal hydraulical
properties was carried out by the method of determination the average and maximum loaded core in
one-dimensional approximation (determining axial coordinate). The maximum loaded fuel assembly
has characteristics (mass flow rate and energy release amplitude) that are proportional to the energy
release unevenness coefficients (for heat flux — Ky, for mass flow rate — K;). Unevenness coefficients
are assumed to be equal to the maximum values that can be observed during normal operation.

The model takes into account the core volume with a 5 mm gap between the peripheral fuel as-
semblies and the baffle inner surface. It is assumed that each fuel assembly forms an isolated prismatic
volume, thus mass transfer of the coolant between fuel assemblies is not considered. The main as-
sumption of the analytical model is the equality of pressure in the outlet cross section. The pressure
distribution along the height of the core is assumed to be linear.

EHEPTETHUKA



ISSN 2076-2429 (print)
ISSN 2223-3814 (online)

Proceedings of Odessa Polytechnic University, Issue 1(60), 2020 37

In order to validate the model, quantitative parameters are monitored, it is a necessary condition
for the correct calculation, especially: the fuel core temperature (during normal operation it should not
exceed 1600 °C), reserve to the boiling crisis of the first kind in the maximum loaded fuel assembly
and coolant heating value.

The minimum value of the reserve to the heat transfer crisis in the maximum loaded cell is 1.56,
the maximum temperature of the fuel core is 1512 °C. Such results indicate the adequacy of analytical
model. Coolant heating is equal to 29.5 °C, which does not exceed the TVSA project limits (also valid
for TVS-WR). The results of the estimation are applicable for the normal operation regime, without
accounting for the measurement errors.

Determination of the coolant mass flow rate distribution in the PVI channels

Estimates of flow rates were performed using empirical and semi empirical expressions, account-
ing for coolant flow specific. An equality of static pressure drop across all hydraulic elements in the
reactor was made as a basic simplifying assumption. The core, the baffle and the annulus between baf-
fle and core barrel were represented by a simplified equivalent hydraulic scheme. Each channel of a
specific group, that takes into account the adjacent channel in the core basket belt and the annular
space between the baffle and the barrel, can be represented by the geometric similarity in a simplified
form of their real geometry. This approach allows to distinguish between different groups of pressure
drops, namely loss on entrance, friction loss, expansion and contraction of the flow. The resulting
mass flow rates are used in the CFD-model as inlet boundary conditions.

Estimation of HTC values from the baffle internal surface. To determine the distribution of
HTC from the baffle inner surface, the core (in equivalence to a simple system) can be treated as:

— smooth-walled circular channel, which is cooled by coolant with cross-section averaged velocity;

— equivalent circular channel with considering of core friction surface and with cross-section av-
eraged coolant velocity;

—annular channel, taking into account the direction of the heat flux and with cross-section aver-
aged coolant velocity.

It is interesting to note that similar estimations of the HTC from the baffle inner surface to the cool-
ant, carried out in RELAPS5 gave an average value — 14500 W/(m? K). This value was compared with the
results obtained during the analytical evaluation (assuming the equivalences listed above). The closest
values are obtained in predicting the equivalence of a smooth-walled circular channel (using an equation
similar to Dittus-Boelter's formula in RELAP5 [7]). This indicates that the flow characteristics in the
core are not taken into account, which leads to underestimated values of HTC in RELAPS results.

For further calculations the upper limit of HTC value was obtained from estimation, where the gap
between the peripheral fuel assemblies and baffle inner surface is schematized as an annular channel con-
sidering the direction of heat flux (received minimum/maximum value — 29382/31898 W/(m?K)).

Reactor baffle cooling three-dimensional CFD-model

CFD analysis is necessary to clarify the temperature distribution in the baffle. It permits to:

— take into account the influence of the heat generation (gamma+neutron) in the reactor internals
on the distribution of thermal hydraulic characteristics at the baffle boundary;

— obtaine a temperature distribution in the connecting studs of the baffle rings, and the threaded rod;

— consider the energy field distribution influence on the most heated baffle cross-section position.

The resulting edge effects decrease the maximum temperature due to the presence of thermal conduc-
tivity in the axial direction and also the axial profile of the heat generation distribution in the baffle metal.

Model description. The CFD model has a two-plane 60-degree symmetry. Geometry is limited
by the baffle height in the axial direction. Our three-dimensional CFD modeling has some geometric
simplifications and physical assumptions:

— The core is represented as a porous body. Porous body integral characteristics and intensities of
heat transfer are estimated by the analytical model.

— The baffle is presented as monolithic body, in which there are no cooling fins. Thermal re-
sistance in the contacts is neglected.
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Fig. 1. General view of the baffle cooling CFD — model
geometry 1 — core barrel fragment; 2, 4 — cooling
channels; 3 — coolant in the circular gap; 5 — core

(porous body); 6 — coolant in threaded rod (flowing
part); 7 — threaded rod; 8 — stud; 9 — core baffle

— The cooling channels cross-sectional area
changes and, consequently, the actual vortex
structure of the flow is disregarded, as this will
unreasonably increase the calculation mesh densi-
ty. Mass flow rate of the coolant through the
channels determines the coolant speed, as previ-
ously estimated analytically (with local pressure
losses).

— The coolant is considered to be a single-
phase mixture, the content of a gas phase, which
can occur during water radiolysis processes, as
well as the vapor phase (up to 0.5...1.1 %) in the
presence of hypothetical abnormal thermal-
hydraulic processes [8] are disregarded.

— Changes in the thermophysical properties
of the internals steel under influence of radiation
degradation are also ignored.

It should also be noted that there are physi-
cal assumptions that are impossible to account
due to the absence of extensive and intensive pro-
cess characteristics (for example, consideration of
the actual thermal resistance between the baffle
rings). The general view of the CFD model is
presented in Fig. 1.

Boundary conditions. The boundary condi-
tions for the calculated model are of Dirichlet

type for the pressure and mass BC and also of the Neumann type for thermal conditions. Energy re-
lease in the core is equal to 104 % of nominal power level.
Boundary conditions specifications for the external surfaces of the model are shown in Fig. 2.

—)—z""" "mass" BC at the Inlet (mass flow rate)

Zvt g rfiyrce” BC at the Outlet (static pressure)

'

e SYMMetry

2 -~ contact interface

—3-"heat" BC (temperature, heat transfer coefficient)
g3 opening (allows eddy flow reversal)

-~

Fig. 2. Boundary conditions of simplified baffle cooling CFD-model

Mass boundary conditions at inlet and pressure boundary conditions at the outlet were applied to
all groups of cooling channels. For the core, in addition to the mass and pressure BC, the porous body
parameters were: the porosity coefficient — 0.5815, the specific pressure loss coefficient (hydraulic
resistance coefficient, which corresponds to the core height unit) — 4.28 1/m, the specific heat ex-
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change area (heat transfer area divided by the volume of the porous core domain) — 183.9 1/m and the
distribution of the heat transfer coefficients. In the baffle, internal sources of heat generation having an
amplltude of 8.5...9 W/cm® were specified. Additionally, heat generation of about 0.9...1.1 W/cm®
was set in the core barrel, to get a more realistic temperature distribution. Outside of the core barrel,
conditions of a third type were used, namely — the temperature of the coolant and the heat transfer co-
efficient, calculated in RELAPS5.

Computational mesh. The boundary layer defines the processes of energy dissipation and heat
transfer intensity, so special attention was paid to its discretization. To estimate the discretization, we
used semi empirical dependencies, neglecting the edge effects in the channels. The thickness of the
first boundary layer element was determined from the following expression:

y+V( pref 1T(X)) . y+V( pref 1T(X))

4P pene (g PW g
\/ p(pref’T( )) ( )L \/ p(pref'T( )) ( )L

The coefficient k, that characterizes the height growth degree of each subsequent boundary layer
element, must not exceed 1.5. Then, the number of the boundary layer divisions can be determined
based on the sum of the geometric progression, as well as the boundary layer total thickness y.

For a two-parameter turbulence model of the k-¢ family which has analytic wall functions, the
appropriate value of y* should not exceed 300 [9].

In the model, functions of energy sources (radiation energy release in a metal due to attenuation
of a gamma-ray flux) are spatially dependent, therefore insufficient to determine the quality of the
boundary layer. It is also necessary to investigate the sensitivity of the model on different meshes [10].

Calculations for four mesh discretization variants were carried out. Independent results from
mesh discretization were achieved in calculations for mesh#3 and mesh#4 [6]. Therefore, Mesh#4 was
chosen for further calculation because it generally has less elements, but better discretization in baffle
and studs. A detailed description of the calculation meshes characteristics and the comparison of ob-
tained results are given in [6].

Results of baffle temperature field calculation at nominal power level (considering 4 % error)

According to the results, the maximum loaded cross section is at the level of 3.325 m from the
bottom end of the baffle. Temperature distributions in the baffle cross sections are shown in Fig. 3.
The maximum temperature in the baffle metal reaches a value of 368.9 °C.

y(X) =min

()

0.2 [m 0.5 [m]

369.0 0.88 [m] ) 1.1[m] ,\L
362.5 - > 3 o N 9 = X o
H > ~

| 356.0 1.5 [m] ! 1.94 [m]
- 3495 AT TR P - IR
£ 343.0 F 4 - Y
3365 2.5 [m] 2.99]m]
| 0. - m . TR ’
| 330.0 \ P P o e e -
3235 3.325 [m] ) 4[m]
3170 . R, /m\
F 310.5 .
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291.0 i =
[C] Temperature (@]
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Fig. 3. Temperature distributions in the most heated () and other baffle cross-sections (b)

General temperature ranges for other characteristic elements of the model, such as the outer sur-
faces of the baffle and connecting studs are shown in Fig. 4.
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The maximum temperature of the studs is 340°C
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Fig. 4. Temperature distribution on the outer surfaces of characteristic elements

The results show the presence of reliable heat transfer from the studs by circulating coolant (Fig. 5),
the temperature of which reaches the maximum value of 322 °C in contrast to the UJV ReZ re-
sults [11]. This difference is explained by the presence of grooves in the nuts of studs in our model,
whereas in [11] a stagnant zone around the studs is postulated and the boiling of the coolant
is achieved.

The results of CFD analysis correspond with analytical estimation, which used the boundary con-
ditions from RELAP. Comparison of obtained average values of heat transfer coefficients and coolant
temperatures in channels is performed in Table. The main differences are related to the consideration
of spatial features of heat transfer processes. When comparing the heat transfer coefficients, the main
difference is caused by different reference temperatures and the influence of the heat flux on the tem-
perature function profile in boundary layer. Similar estimations of the HTC from the baffle inner sur-
face to the coolant, which were carried out for Ukrainian NPPs in RELAPS5, are insufficient. It can be
explained by comparison of the average HTC value obtained in RELAP5 (14500 W/(m? K)) with es-
timations based on empirical formulas.
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Fig. 5. Distribution of the velocity field as well as the coolant streamlines,
which provides reliable heat transfer from the connecting studs
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Results of CFD-analysis, were used for baffle swelling calculating.

Strength assessment. Calculated temperature fields of the baffle are less conservative compared
to the RELAP data and also are more detailed, in particular for the studs. However, the final results of
the baffle calculation are the values of volumetric swelling, equivalent creep deformation and equiva-
lent stresses, which determine the baffle material degradation and affect load capacity of the PV1 ele-
ments. Therefore, a comparison of the listed target functions will be representative.

Table
A comparative analysis of average values of HTC and coolant temperatures in channels
Analytical estimation CFD (average) OKB “Gidropress” RELAP
HTC, . HTC, j HTC, R HTC, R
wim?k) | T wimeky | T | wimeky | TG | wimeky | T°C
Channels of 1
group 1914 305 2194 293 1800 310 4796 292.7
(54 ch.)
Channels of
2.4 groups 3819 305 2260 294 3500 300 4799 292
(30 ch.)
Channels | 1 2835 305 2835 307 4723 302.5
4900
of 3 group 300
(6 ch.) 2 1100 305 1993 293.5 4768 296.2
Annular chan-
nel between 4675(bar.) 4391 (bar.) 2842(bar.)
baffleand | 4675(baf) | <O | a182(baf) | 220 | 9800 | 290 | opo6haty | 29%
barrel
mesfgg COTe 1 29000 305 29000 | 309 | 43000 | 310 14593 | 336.9

The swelling calculation is based on the formula [Omméka! WCTOYHHMK CCBIIKH He
HaiineH., 13]:

S,=c-F™-exp[-r-(T,, - T,)?], (2
where S, — «free» swelling [mm/mm], F — the dose of neutron irradiation [dpa], T,, — metal temper-

ature [°C], as well as the coefficients: ¢ =1.035-10* n, = 1.88; r = 1.825.10* °C™%; T,= 470 °C. Equa-
tion (2) is the simple law of swelling, also called the law of free swelling. In general, swelling also
depends on stress f, (o) and equivalent plastic deformation f, (e ) :

S=5,-fi(og)- o)), 3
fi(og)=1+ P(l—m)'Germ'Geqv 4)
fa(e,) =exp(-n, - [dzp,), (5)

wherec, — hydrostatic stress,c,, — equivalent von-Mises stress, ¢ equivalent plastic defor-

P —
ep

mation, and also in Eq. (4)-(5) the following coefficients are used: n,=0.15, n,=8.75,
P =8-10-MPa . Thus, the full calculation on the Eqg. (3) is quite complex and requires simultaneous
consideration of the irradiation-induced swelling, creep and plasticity effects. Analysis of (2) shows, that

temperature is one of the determining factors because the dependence between swelling and temperature
is exponential and, even a slight change in it, results in significant differences in swelling value.

* reference temperature for the HTC estimation, bar. — barrel, baf. — baffle
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Comparison of calculations based on RELAP data (see Table) and obtained from CFD calcula-
tions is shown in Fig. 6. It should be noted that the neutron irradiation dose is assumed to be the same.
Two-dimensional model of the most loaded baffle cross-section using hypotheses of a plain strain state
is created. The problem is substantially nonlinear, so load was increased slowly (with the step —
1/1000 of the fuel campaign time) to achieve better convergence of results.

Fig. 6 compares the results obtained for the predicted lifetime. Obtained values of volumetric
swelling and creep differ 1.5...1.6 times even with a slight difference in temperatures for a 2D-model
(the difference in maximum temperatures does not exceed 10 °C). Difference in equivalent stresses is
less. The correct values of the studs temperatures are very important as their strength is one of the lim-
iting factors for the long term operation. Such a difference in the target parameters is obviously signif-
icant for the lifetime extension of the Ukrainian NPP units.
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Fig. 6. Comparison of the main calculation results, on the left - based on CFD analysis, on the right — based
on RELAP data: equivalent von-Mises stress, MPa (a); equivalent creep deformation, mm/mm (b); volumetric
swelling, mm/mm (c)

Simulation of the baffle cooling during transient process

To perform calculations of cyclic strength and estimate the possible baffle progressive form
change, transient calculation of the baffle temperature field during the abnormal operation is carried
out. A regime with maximum changes in pressure and temperature gradients across the baffle thick-
ness is selected for analysis.

In order to minimize computational time, we simulated a part of the transient process. The upper
time limit of the calculation is determined based on the following requirements:
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— the average static pressure in the primary circuit is stabilizes (while the pressure drop remains
unchanged);

— the temperatures at the core inlet and outlet are constant (coolant flow is persistent);

—the time limits of calculation regime include all characteristic events that affect the energy re-
lease and heat transfer from the baffle elements (emergency protection — 130 s, shutdown of the
MCP's — 755...950 s);

— the independence of average and maximum baffle metal temperatures on time is achieved.

The execution time of the first three criteria is determined on the basis of RELAP input data
(temperature and pressure changes at the boundaries of the core and inlet flow rate). The last criterion
is monitored during calculations.

Boundary conditions estimation. Developed calculation model is geometrically and physically
simplified. The time-dependent BC’s (values of the coolant mass flow rates through PVI, as well as
the heat transfer coefficients from the inner baffle surface) were formulated using analytical estima-
tion. The necessary initial data for preliminary analytical estimation were taken from the RELAP5 cal-
culation data. It is assumed that each time step from RELAP data characterizes the pseudo-steady state
of the general transient process. The inputs to the analytical estimation are: static pressure at the core
outlet, pressure drop in the core, coolant temperature at the inlet, and mass flow rate through the core.
Coolant heating value in the core selected as an analytical solution adequacy criterion.

After emergency protection operation, the power generation in the core decreases to the level of
residual energy and in an hour ranges from 1 % to 1.5 % of the nominal power level. In order to ac-
count for the emergency protection action in the calculation model, the energy release in the core is
multiplied by the time-factor. This time-factor characterizes the decrease in the energy release in the
porous body model.

Since the pressure drop as well as the average velocity of the coolant in the core vary over time,
changes in the pressure loss factor (PLF) are also taken into account. The result of the analytical BC's
estimation is the time-dependent values of the mass flow rates through the baffle cooling channels and
the HTC from the fuel rods and from the baffle to the coolant from the core side (Fig. 7).
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Fig. 7. Time dependent BC’s obtained by analytical estimation: mass flow rates(a);
HTC from the baffle to coolant from the core side (b)

Transient calculation results. CFD calculations are made using the mesh#4. The initial distribu-
tion of thermal hydraulic parameters for all domains corresponds to the results obtained for the reactor
nominal power level (considering 4 % of measurement error). Radiation energy release in PVI's metal
was multiplied by the decrease factor after the emergency protection operation (with/without consider-
ing of 25 % error).
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Figures 8 and 9 show the obtained changes in the baffle temperature, with the reduction factor of
radiation energy release after the emergency protection operation. The steady-state and transient calcu-
lations were performed using ANSYSS.
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Fig. 8. Temperature distribution of the baffle during abnormal operation regime: axial distributions of the
maximum temperature (a); change of maximum baffle temperature during transient process (b)
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Fig. 9 shows the maximum stresses during the abnormal operation regime. The obtained results
allowed to prove (in accordance with [14]) the absence of the need to calculate the progressive form-
change.

Conclusions

This paper presents a simplified CFD-model of VVVER-1000 baffle cooling during operation at the
nominal power level to address swelling problem. Developments of approach with preliminary analytical
estimation of necessary boundary conditions allowed to simplify and narrow the model boundaries.

The calculation model has a 60-degree symmetry, which includes: a simplified core in the form
of a porous body with regard to the volumetric energy release, the metal of internals (baffle, threaded
rods, studs and barrel) taking into account gamma heating and the coolant. Model geometry is limited
by the height of the baffle. Analyses of the mesh discretization in the boundary layer and calculations
on four mesh variants with different spatial discretization were made. Since independent results from
mesh discretization were achieved in calculations for mesh#3 and mesh#4, mesh#4 was chosen for
further calculation because it generally has less elements, but better discretization in baffle and studs.
According to the results, the maximum loaded cross section is at the level of 3.325 m from the bottom
end of the baffle. The maximum temperature in the baffle metal reaches a value of 368.9 °C. The reli-
ability of heat transfer from the stud’s metal was also investigated. The results show the presence of
reliable heat transfer from the studs by circulating coolant with estimated flow rate of 0.1...0.15 m*/h.
The temperature of coolant around the studs reaches the maximum value of 322 °C, so the boiling of
coolant is not reached due to the absence of a “stagnant” zone around the studs.

The obtained temperature distribution in the baffle is less conservative, compared with the previ-
ously used results, so it was used for baffle swelling calculating. Due to the reduced conservatism in
temperature distribution calculation, the estimated values of volumetric swelling and creep deformation
decreased 1.5...1.6 times for the two-dimensional model. The calculations for the full three-dimensional
model will be even less conservative, especially in terms of assessing the strength of the studs.

To perform calculations of cyclic strength and to clarify the need of the baffle progressive form
change estimates, the developed CFD-model was enhanced to estimate the temperature field during
transients. The most representative regime of abnormal operation with maximum changes in pressure
and temperature gradients across the baffle thickness was selected for analysis. The procedure for es-
timating the boundary conditions was adapted to obtain the time dependent values of mass flow rates
through the cooling channels and HTC from the baffle inner surface. The reduction of volumetric en-
ergy release in the core due to the emergency protection operation in the chosen transient regime was
also accounted. The obtained changes in the temperature distribution over time allowed us to estimate
the maximum stresses during the representative abnormal operation regime. The obtained results
showed (in accordance with [14]) the absence of the need to calculate the progressive form-change.
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