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ABSTRACT
Reactor internals are key components of all nuclear power plants. One of their main aging mechanisms
is fatigue. Specific component of VVER-1000 reactor internals is the core baffle. It is made
of austenitic stainless steel.
On the one hand, the core baffle is significantly heated within its volume by gamma radiation during
reactor operation in nominal regime. On the other hand, the core baffle is cooled by the reactor coolant
flowing along its inner and outer surfaces and through the vertical cooling channels. As a result, the
non-homogeneous temperature field arises even during the steady state in nominal regime. Every
change of the reactor power leads to significant change in gamma heating and thus contributes to cyclic
loading of core baffle. Many cycles of this type occur during the lifetime of the nuclear power plant.
Moreover, during the reactor lifetime there are many transient regimes with changes in temperature
of the coolant. Changes in temperature field lead to variation of thermal stresses, which leads to fatigue
damage of the component.
The fatigue assessment of VVER-1000 core baffle consists of several steps:
1)
Calculation of spatial distributions (across the core baffle) of both neutron dose (in d.p.a.)
and internal thermal sources due to gamma heating (in W/m3).
2)
Thermal-hydraulic calculations of the coolant temperature and heat transfer coefficients on the
surfaces of core baffle.
3)
Calculation of temperature and stress fields.
4)
Calculation of fatigue usage factor.
The paper describes both the approach and the results of the above mentioned analysis.
INTRODUCTION
VVER-1000 core baffle is made of austenitic stainless steel 08Kh18N10T. The core baffle serves
as external shroud of reactor core consisting of fuel assemblies. Its purpose is to form the core, reduce
the coolant by-pass of the core and also reduce the neutron flux to the reactor pressure vessel.
It consists of several rings joined together by bolts. The outer surface of the core baffle is of cylindrical
shape, the inner surface is angled, following hexagonal shape of fuel assemblies on the periphery of
reactor core. The corners between facets of the inner surface are of very small radii of curvature
(1 mm), creating thus large stress concentrators and causing (possibly) the fatigue damage. To reduce
the heating of the core baffle body, vertical cooling channels are drilled in its wall and also horizontal
grooves are manufactured on its outer surfaces. The core baffle is fixed to angled belt of core barrel by
means of 6 tubes. View on core baffle installed in core barrel and its cross-section is given in Fig. 1.
Photos of part of core baffle before installation and from visual inspection of operated core baffle are
given in Fig. 2.
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Figure 1. General view and cross-section of core baffle and core barrel.

Figure 2. Part of core baffle before installation (left) and view from visual inspection of operated core
baffle (top part with cooling channels and containers for surveillance specimens - right).
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CALCULATION OF SPATIAL DISTRIBUTIONS OF NEUTRON DOSE AND INTERNAL
THERMAL SOURCES DUE TO GAMMA HEATING
Core baffle due to its position very close to the reactor core is significantly affected by the neutron and
gamma irradiation. For the purpose of different types of core baffle assessment (fatigue, brittle
fracture, swelling) detailed knowledge of distribution of neutron dose and internal thermal sources due
to gamma heating is necessary. These calculations were performed by TORT 3D code, see Rhoades
and Mynatt (1994). Detailed 3D model of reactor core, reactor internals (core baffle and core barrel)
and reactor pressure vessel including all water volumes was created using 121×78×48 elements in
radial, tangential and axial directions. Due to reactor symmetry, only 60º segment was modelled.
Neutron sources in reactor core were determined based on data from previous nuclear power plant
operation. The calculations were performed separately for each of all 26 previous campaigns. Based
on the results for several latest campaigns prediction for future operation was performed until potential
60 years of operation.
For fatigue assessment, only the internal thermal sources are important. Example of the results for
cross-section in the distance 1 m from core bottom for one selected campaign is given in Fig. 3. It is
seen, that maximum internal sources are close to inner surface of core baffle.
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Figure 3. Internal thermal sources [W/cm3] due to gamma heating in 60º segment in cross-section of
core baffle (figure geometrically distorted)
THERMAL-HYDRAULIC CALCULATIONS OF THE COOLANT TEMPERATURE AND
HEAT TRANSFER COEFFICIENTS ON THE SURFACES OF CORE BAFFLE
For determination of boundary conditions for heat transfer problem it is necessary to calculate the
coolant temperature and heat transfer coefficients (their variations in time) for both inner and outer
surfaces of core baffle and for the cooling channels. For this purpose thermal hydraulic (TH) model of
the whole nuclear power plant (NPP), including primary circuit, secondary circuit and emergency core
cooling system was used. System TH code RELAP5 was used for the calculations. Additionally to
conventional RELAP5 models of NPP, the core by-pass (incorporating also gap between fuel
assemblies and core baffle, cooling channels and gap between core baffle and core barrel) was
modelled in detail. Totally about 30 TH calculations were performed for different normal, upset and
emergency regimes. Example of calculated time variation of coolant temperature at inner and outer
surfaces of the core baffle for large break loss-of-coolant accident (LOCA) regime is given in Fig. 4.
CALCULATION OF TEMPERATURE AND STRESS FIELDS
Temperature and stress fields are calculated by finite element method (FEM) on a 2D model of core
baffle horizontal cross-section. Very fine mesh was used in the vicinity of inner corners between facets of
angled inner surface. Generalised plane strain model was used for the mechanical task. Beside of this, a 3D
model of the entire core baffle, including bolts and tubes (modelled by beam elements), was constructed to
calculate the forces and moments in bolts and tubes for their fatigue assessment. ABAQUS FEM code
was used for the calculations. The 2D and 3D models are presented in Figs. 5 and 6, respectively.
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Figure 4. Fluid temperature at inner and outer surfaces of core baffle for large break LOCA regime.

Figure 5. 2D model of core baffle cross-section.

Figure 6. 3D model of core baffle (inner and outer view).
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Examples of results of the heat transfer calculations are presented in Fig. 7 for steady state in full
power operation (the non uniform temperature field arises due to internal heat sources) and in Fig. 8
for large break LOCA regime at the time moment 81 s, where the maximum stresses were calculated.
For the same regimes, the Tresca stress fields are presented in Figs. 9 and 10.

Fig. 7 Temperature field (in ºC) for steady state in full power operation.

Fig. 8 Temperature field (in ºC) for large break LOCA, time 81 s after break.
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Fig. 9 Stress field (in MPa) for steady state in full power operation. General view and details.
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Fig. 10 Stress field (in MPa) for large break LOCA. Time 81 s after break. General view and details.
It is seen from Figs. 9 and 10 that maximum stress appears in the inner corners between facets of the
inner surface (see points No. 1 - 4 in Fig. 10), where are significant stress concentrators.
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THEORETICAL APPROACH TO CALCULATION OF FATIGUE USAGE FACTOR
The fatigue assessment was performed based on the Russian "Standards for Strength Evaluation
of Components and Piping of Nuclear Power Plants“, PNAE G-7 002-86. Main steps of low-cycle
fatigue calculations according to this standard are as follows:
1) Establishing sequence of stress tensors in all assessed points
Sequence of all operating regimes which occurred in the NPP from the beginning of its operation till present
was established based on NPP records. Based on this sequence and based on the stress fields calculated in
the previous step, sequence of load cases was constructed. Within individual transient regimes, those
time steps were selected, where the significant local maxima or minima of the stresses were found.
2) Converting the stress tensors to scalars
In PNAE G approach, the scalar values are called „equivalent stresses“; they are similar (but slightly
different) to the „stress intensities“ according to ASME approach. The PNAE G approach is based on
the maximum shear stress (Tresca stress). However, the sequence of Tresca stresses cannot be used
directly, as it cannot properly describe changing of tensile and compressive stresses in time.
Nevertheless, PNAE G provides a procedure how to deal with changing of principal directions in time.
3) Taking the effect of plasticity into account
Low-cycle fatigue is in reality caused by changing strains, not stresses, but it is a habit to express the state
of loaded body conventionally in terms of stresses. Moreover, the fatigue curves are also expressed
in terms of „S-N curves“ (allowable fictitious stress in dependency on number of cycles). When assessing
highly loaded bodies for LOW-cyclic fatigue, usually the critical points are in plastic state (above yield
stress), namely in the stress concentrators. Neglecting the plasticity could lead to non-realistic results.
To take the plasticity effects into account, PNAE G standard uses „principle of equivalent energy“
(or Glinka approach). The basic idea is to start with linear elastic solution (based e.g. on FEM) – the
„Hook`s stress“ σH and corresponding strain εH = σH /E. Then such a point at the stress-strain curve is
found which corresponds to the same strain energy (i.e. to the same area below the stress-strain curve),
as was reached in the elastic status. This point is reached at some strain ε. In PNAE G, the stress-strain
curve (dependency of true stress σ on true strain ε in elastic-plastic behaviour) is supposed to be in the
power form, depending on the yield stress, ultimate strength, Young modulus and reduction of area.
Finally, so called fictitious stress σF = ε.E is then used for the fatigue assessment. The approach
is illustrated on one example in Fig. 11.
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Fig. 11 Equivalent energy approach for establishing the fictitious stress; example.
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The above described approach for establishing fictitious stresses is suitable only for the case
of monotonic loading. In the general situation with varying loading (which is common for fatigue
assessment), PNAE G gives complicated algorithm for establishing individual hysteresis loops. The
kinematic hardening theory is taken into account within this algorithm.
4) Splitting the sequence of stresses into cycles and half-cycles
The sequence of varying fictitious stresses is then split into individual half-cycles. To be consistent
with hysteresis loops taken into account in establishing the fictitious stresses, the rain-flow algorithm
is used.
5) Calculating the number of allowable cycles for all stress cycles
The basic assessment of fatigue according to PNAE G is done by using formulae, prescribing the
dependency of allowable amplitudes of fictitious stress on number of cycles. PNAE G fatigue
formulae are based on the theory, not on statistical evaluation of fatigue tests results. The formulae
depend on material properties (yield stress, ultimate strength, Young modulus and reduction of area).
This is significantly different approach than that one used in ASME, nevertheless the resulting
dependencies are similar. Safety factor on stress, nσ, and safety factor on number of cycles, nN,
are then applied to the dependencies. The usual values of safety factors for pressure components are
nσ = 2, nN = 10, but in some cases smaller factors can be used. For the case of reactor internals, as they
are loaded only by thermal stresses, PNAE G allows using safety factors nσ = 1,5, nN = 3.
6) Calculating the (cumulative) fatigue usage factor
The cumulative fatigue usage factor is calculated according to the formula
k

Ni
i 1 N 0 i

a

(1)

where k is the number of different types of stress ranges, Ni is the number of occurrences of the stress
range of i-th type, [N0]i is allowable number of cycles of the stress range of i-th type established based
on formulae mentioned in point 5).
RESULTS OF CALCULATIONS OF FATIGUE USAGE FACTOR FOR CORE BAFFLE
Fatigue calculations were performed for several nodes of FEM mesh of core baffle. The maximum
fatigue usage factor in the core baffle body was found for point № 3 (see Fig. 10). In Fig. 12, there are
presented hysteresis loops for point № 3, i.e. the dependencies of fictitious stress on true elastic-plastic
stress, for the entire operating history (both experienced to date and predicted). In Fig. 13, there are
presented the fatigue usage factors for point № 3 for all determined strain half cycles, drawn in the
dependency on fictitious stress amplitude, mean fictitious stress and number of half-cycles. The colour
shows the particular value of fatigue usage factor for fictitious stress range of individual type. The values
of fatigue usage factors (both cumulative for the individual fictitious stress ranges and - in parentheses
- for one half-cycle) are attached to significant fictitious stress ranges. Based on the evaluation of these
figures, it can be concluded that maximum fictitious stress range occurs in regime large break LOCA
(supposed to happen once in the predicted phase of NPP operation) with usage factor 0,006 for one
half-cycle. However, maximum contribution to the cumulative fatigue usage factor brings regime
“increase of reactor power from zero to nominal power” due to high number of its occurrences. For
this regime, the usage factor for one half-cycle is 0,00027 and, consequently, for 720 half-cycles the
cumulative usage factor is 0,1977 (see Fig. 13).
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Fig. 12 Hysteresis loops for all operating regimes.
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Fig. 13 Fatigue usage factors for all stress half-cycles, (fictitious stresses in MPa).
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In addition to this, fatigue usage factors were calculated for threads in bolts and tubes. The stresses in
threads were obtained by multiplying the stresses, calculated in beam elements representing bolts and
tubes in the 3D FEM model, by stress concentration factor in thread defined in PNAE G standard.
The resulting values of cumulative fatigue usage factors are presented in Table 1.
Table 1: Cumulative fatigue usage factors in core baffle.
Position
Point №1 core baffle
Point №2 core baffle
Point №3 core baffle
Point №4 core baffle
Thread in bolt
Thread in tube

Fatigue usage factor for
predicted 40 years of operation
0,0021
0,0082
0,28
0,028
0,69
0,11

Fatigue usage factor for
predicted 60 years of operation
0,0024
0,0115
0,39
0,034
0,94
0,15

CONCLUSIONS
Core baffle is important part of VVER 1000 reactor internals. Fatigue assessment of the core baffle
was performed. At the first step, internal thermal sources due to gamma heating were calculated using
TORT code. At the second step the system thermal hydraulic analyses of the whole NPP unit were
performed using the RELAP5 code with the aim to determine fluid temperature and heat transfer
coefficient in volumes surrounding the core baffle for all operating regimes. Based on these results,
temperature and stress fields in the core baffle were calculated. Finally, the cumulative fatigue usage
factors were calculated at the selected locations of core baffle. All resulting values of cumulative
fatigue usage factors were acceptable (i.e. below 1), but in some cases only small margin was found.
Fatigue of reactor internals, especially of the core baffle, can be a limiting factor for potential new way
of reactor operation - "power manoeuvring" - with frequent changing of reactor power.
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