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Abstract

The RBMK reactors, designed by RDIPE (Moscow), are graphite moderated and cooled by
light water. Graphite dimensions and thermo-mechanical properties change significantly in a
complex manner during reactor life due to fast neutron damage and these changes have
implications on the safe operation of all graphite moderated reactors.

A joint programme of work is being carried out between AEA Technology (UK) and RDIPE
(Russia) to assess the life of the RBMK graphite stack under normal operating conditions.
The programme has included the modelling of graphite dimensional changes due to irradiation
through reactor life and the assessment of the implications of these changes on the stresses and
deformations in the graphite stack.

Calculations have been carried out to assess the deformations of a moderator brick over a
period from start of life up to 30 years of operation. The assessments have also included an
analysis of the stresses in the bricks so that the time to brick failure could be determined.

This paper describes the RBMK core design, the data and assessment methodology used in
the analysis of the RBMK core and presents some results from analyses of the Leningrad
Unit 1 RBMK reactor.

10 INTRODUCTION

The RBMK reactors are graphite moderated and cooled by light water. The graphite core of
the RBMK consists of approximately 2000 tonnes of graphite blocks which not only act as the
moderator but also serve as a major structural component of the core. Graphite dimensions
and thermo-mechanical properties change significantly in a complex manner during reactor life
due to fast neutron damage and these changes have implications on the safe operation of all
graphite moderated reactors.

Most of the graphite moderated reactors operating today are situated in the UK and CIS. In
the UK these reactors are cooled by carbon dioxide whilst in the CIS the coolant is light
water.

During 1992, as part of a collaborative programme of work between Russia and the UK, there
was an exchange of graphite material data and assessment methodologies between AEA
Technology (Risley) and RDIPE (Moscow). In the following year a joint programme between
RDIPE and AEA Technology was proposed to investigate various safety issues relating to the
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RBMK graphite cores. To date these studies have concentrated on the assessment of the
deformations and stresses in a moderator brick under normal operating conditions.

2 0 THE RBMK CORE

2.1 Description of the core

The core of an RBMK reactor consists of 2488 channels, made up of columns of bricks each
with an axial hole for the channel tube. There are 2044 fuel and control rod channels and 444
channels around the edge of the core which are filled with graphite rods to act as the
reflector^). The entire stack is 7m high, has a diameter of 11.8m and weighs about 1700
tonnes(1). Radial displacement of the graphite stack is prevented by 156 water cooled
supporting tubes situated at the outer periphery. These tubes are welded to the lower support
structure at their base but have the freedom to move in vertical guides at the top. The core is
contained above and below by the biological shields and is radially surrounded by a
nitrogen/helium gas blanket and water tank. The pressure of the environment in the core
cavity is lower than outside(1).

Each column of bricks is independent, i.e. there is no keying system. A cup-cone arrangement
is used to join and align the bricks end to end. There are steel bricks at the top and bottom of
the column. At the base of the column the bricks are located on a spigot and at the top the
column is located in line with a hole in the upper biological shield by means of a telescopic
joint. The vertical joints between bricks are staggered in adjacent channels to avoid any
horizontal planes of weakness.

The moderator bricks have a square cross-section (248.8 mm x 248.8 mm) with a central hole
of diameter 114 mm. The basic bricks are 600 mm high although shorter bricks of 200, 300 or
500 mm height are also used in parts of the stack. Initially there is very little clearance
between the bricks, approximately 1 mm.

The fuel cell assembly is located through the centre of the moderator column. The fuel cell
assembly consists of a zirconium pressure tube into which the fuel element assembly is inserted
and through which the coolant flows. The fuel element assembly is removed before removing
the pressure tube. The pressure tube is located in the central hole of the brick by a system of
graphite split rings. Each ring is alternately tight on the pressure tube or tight in the bore of
the brick^. This arrangement is shown in Fig. 1.

To prevent oxidation of the graphite and to improve the thermal efficiency, the core is
contained in a 90% Helium, 10% Nitrogen gas mixture(1). The slots in the graphite rings are
aligned to allow the gas mixture to pass along the channel.

2.2 Behaviour of the core

During the operation of a graphite moderated reactor the irradiation dose causes dimensional
and material property changes to the graphite. During the first half of the reactor life the
graphite shrinks due to dimensional changes so that, if the process is allowed to continue, the
gap between the graphite moderator brick and the graphite rings would be taken up. Also, the
zirconium pressure tube grows due to irradiation creep further reducing the gap between the
brick and the pressure tube. This will affect the heat transfer between the graphite and the
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Figure 1 Schematic diagram of an RBMK moderator brick, rings and tube

coolant and later cause the pressure tube to be tightly gripped by the bricks. If this situation
continued the upper transitional weld would become loaded due to differential thermal
expansion between the core and pressure tube. Fluctuations in temperature could then fatigue
this joint and lead to tube failure.

A way to avoid this situation is to rebore the whole core and replace all the pressure tubes and
graphite rings. After retubing, because the graphite brick eventually stops shrinking and starts
to swell, the gap between the rings and brick will not close again. This has been carried out in
Leningrad NPP units 1 and 2.

During reactor life the non-uniform dimensional changes and thermal gradients across the
brick section generate internal stresses. These stresses will be relieved to a large extent by
irradiation creep. However, when the reactors are shut down the thermal stress component
will reappear. Towards the end of life there is the possibility that bricks may start to crack
leading to a reduction in heat transfer from the bricks to the pressure tubes and deformation of
the bricks and graphite stack as a whole. Deformation of the stack could then cause
deformation of internal core components.

3 0 ASSESSMENT METHODOLOGY

The analyses of the RBMK brick, rings and tube were performed in a number of stages. To
calculate the stresses in the core it was necessary to determine the material properties and
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temperature distribution within the graphite stack which in turn required initial calculations to
determine the damage dose and energy deposition within the graphite. The damage dose and
energy distribution were determined from the reactor physics code WIMSEAVGAM, which
was developed by AEA Technology and is used world wide(1).

The stresses and deformations were calculated using the ABAQUS finite element programme.
ABAQUS allows users to include a user material subroutine (UMAT) in the input to the code.
This subroutine may be used to define constitutive relationships between stress and strain.
Therefore, to take account of the graphite material property changes in the RBMK core and to
calculate irradiation induced creep strain, a UMAT routine was developed to describe the
material behaviour. The data included in the UMAT are described briefly in Section 4.2.

Coupled temperature-displacement analyses were used to obtain bore temperatures over a
thirty year period, including retubing and reboring at 18 years. The derived bore temperatures
were then used in planar array calculations which were used to determine the stresses and
deformations in the brick.

The planar array calculations were carried out using generalised plain strain elements. The use
of generalised plain strain elements was in agreement with results from earlier three
dimensional calculations. However, as described in Section 6.2, experience has shown that
such elements underestimate the reduction in bore diameter of the brick. Calculations give a
better approximation to the actual bore change if plain strain elements are used. This has been
observed by both AEA Technology and the Kurchatov Institute in Moscow although the
precise reason why such elements give better agreement with measurements is not fully
understood.

4 0 DATA FOR THE ASSESSMENTS

4.1 Irradiation damage and energy deposition

The damage doses were obtained using the WIMSE code which calculates the azimuthal and
radial variation of graphite and nickel flux. The damage dose is determined by carrying out a
weighted integral of the neutron energy spectrum to obtain the damage rate in
atoms/atoms/sec(1). The weighting function normally used is the Thompson and Wright
damage spectrum. The flux obtained from WIMSE, together with the fuel rating, axial and
radial form factors and operating time, allows the damage dose to be calculated.

The data output from WIMSE were in Equivalent DIDO Nickel Dose (EDND) units which
were then converted to Russian dose units (defined in terms of the total neutron flux above
0.18 MeV) by multiplying by 1.49.

The radial variation of energy deposition was obtained using the WGAM code. An ABAQUS
user subroutine, DFLUX, was then written to interpolate the data to the finite element model
for use in the heat transfer analyses.

4.2 Graphite material properties

Two types of graphite are used in the RBMK reactors. The moderator bricks are of GR-280
grade and the rings are made from GRP2-125 grade(1). These are anisotropic graphites with
densities of 1.71 and 1.85 g/cm3 respectively. The graphite crystals are anisotropic and the
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extrusion process during component manufacture tends to align the crystals so that the final
component has different properties in directions parallel and perpendicular to the direction of
extrusion. Data describing the dimensional changes, Young's Modulus, coefficient of thermal
expansion and compressive and tensile strength were included in the UMAT. Other material
properties data were included in the standard ABAQUS input.

4.2.1 Dimensional change

Dimensional change is one of the major considerations that must be taken into account in the
design of graphite cores. The dimensional changes of the RBMK graphites vary with
temperature and irradiation. During operation, after an initial short period of growth, the
graphite starts to shrink, until a second period of growth occurs. The shrinkage is greater at
lower temperatures and the shrinkage rates are different in the directions perpendicular and
parallel to extrusion. The second period of growth continues until the graphite reaches its
original volume. This is considered by the RBMK designers to be the maximum irradiation
dose to which the graphite should be subjected. At this stage the graphite will have started to
degrade. The variation of dimensional change with irradiation dose is demonstrated in Fig. 2
which shows the dimensional change data for the GR-280 grade graphite in the direction
perpendicular to extrusion.

4.2.2 Young's Modulus

Young's modulus, in the RBMK graphites, is higher parallel to extrusion than perpendicular
and increases rapidly with irradiation. The increase is higher at lower temperatures. After this
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initial rise the modulus increases at a slower rate until a peak is reached as the structure of the
graphite changes. After this the modulus starts to decrease as the structure degrades(1).

4.2.3 Coefficient of thermal expansion

The coefficient of thermal expansion (CTE) is higher perpendicular to extrusion than parallel.
With irradiation the CTE increases before it starts to decrease.

4.2.4 Thermal conductivity

The thermal conductivity of graphite is higher perpendicular to extrusion than in the parallel
direction and reduces with increasing temperature. The thermal conductivity falls rapidly with
irradiation and the reduction is larger at lower temperatures. The thermal conductivity data
were not included in the UMAT but were specified in the standard ABAQUS input as a
function of both damage dose and temperature.

4.2.5 Strength

Graphite is stronger in uniaxial compression than in uniaxial tension and in both cases the
strength increases with irradiation. The RBMK graphites are stronger parallel to extrusion
than perpendicular to extrusion.

4.2.6 Poisson's Ratio

Poisson's ratio is usually considered to be independent of irradiation conditions. However, it
is difficult to measure accurately and there is some evidence of irradiation and temperature
dependence. For the analyses of the graphite deformations and stresses Poisson's ratio was
assumed to have a constant value of 0.2 for both types of graphite.

4.2.7 Irradiation creep

Graphite subjected to irradiation whilst under stress creeps at lower temperatures than would
be expected in the unirradiated case. The ability of the graphite to creep delays the onset of
large stresses that could damage the moderator. The creep strain consists of a primary and
secondary term. The primary term is transient and recoverable after stress removal whilst the
secondary term is irreversible. The effects of both primary and secondary irradiation creep
were included in the UMAT.

4.3 Zirconium material properties

During operation the diameter of the zirconium tubes increases due to irradiation creep and
swelling. The zirconium material properties were included in the standard ABAQUS input.
The thermal conductivity, Young's Modulus and CTE were each given a temperature
dependence. Poisson's ratio was taken as 0.32.

RDIPE specialists indicated that the tube diameter at the Leningrad NPP increased by
approximately 0.08 mm per year. Therefore, in the coupled temperature-displacement
analyses a radial growth of 0.04 mm per year was assumed for the tube. Retubing after 18
years was simulated by resetting the growth to zero.
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4.4 He/N2 Gas mixture properties

To prevent oxidation of the graphite and to improve the thermal efficiency, the core is
contained in a 90% Helium, 10% Nitrogen gas mixture. The conductivity of this mixture is
important as the brick, the rings and the pressure tube are all separate components that may
have, or can develop, gaps between one another. Appropriate gap conductance values were
therefore required for the interfaces between the separate components. Gap conductances
were derived from Ref. 2 from which a conductance of 2.2x10"4 W/mm°C was determined for
a gap of 1 mm.

4.5 Heat transfer coefficients

The coefficient of heat transfer from the inner surface of the channel tube to the coolant was
taken as 0.03 W/mm2. This value was derived from data in Ref. 2 and corresponded to the
heat transfer conditions in a 3 MW channel. The coolant temperature was taken as 290°C.

4.6 Failure criteria

Graphite, as used in nuclear reactors, is a brittle material and contains inherent flaws formed
during the manufacturing process. These flaws lead to statistical theories of failure in which
the probability of failure of a given specimen is determined by the distribution of flaws and the
stress pattern that it is subjected to. Size and strain gradient effects must also be included in
the failure model and the combination of distributions of flaws and stress leads to considerable
difficulty in determining an "all encompassing" failure criteria.

In the UK, because of complex component geometries, a Remnant Strength failure criteria
based on critical failure stresses for each mode of failure has been determined based upon
maximum principal stress. The RBMK bricks were assessed using the UK maximum and
minimum principal stress criteria in which the hoop stresses were compared with the tensile
and compressive failure stresses. A second, Russian, criterion was also used for some
analyses. This second criterion was based on an effective stress that was compared with the
ultimate tensile strength. The two criteria produced similar results.

5 0 COUPLED TEMPERATURE-DISPLACEMENT ANALYSES

The coupled temperature-displacement analyses were primarily aimed at obtaining a good
temperature history for the bore of the brick that could be used in planar array analyses. The
inner graphite rings were assumed to be tight on the zirconium tube in the unirradiated
condition and, since graphite shrinks and zirconium grows under irradiation, the inner rings
were assumed to remain tight throughout the calculation. The outer rings were assumed slack
and just rested on top of their respective inner rings. The axial extent of the model covered
one outer ring and two half inner rings either side of the outer ring. This is shown in Fig. 3
which also shows the boundary conditions assumed in the calculations.

The radial extent of the brick could be chosen to represent a slice through a face or corner of
the brick. However, to be representative of the whole brick the radial extent was set to
140.37 mm so that the effectively circular cross-sectional brick of the axi-symmetric
calculation had the same volume as a real square brick.
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Figure 3 Boundary conditions for tUe axi-sytnmetric heat transfer analysis

The model was held in plain strain conditions, i.e. the axial planes were held constant. This
was considered an approximation but as noted above this analysis was primarily intended to
determine the temperature response for use in a planar brick stress analysis.

The calculation was carried out in a number of steps. These covered the initial start-up, with
the temperatures rising from 20°C to the operating temperatures, 18 years of reactor
operation, a shut-down at 18 years, the reboring operation and the replacement of the rings,
the return to the operating temperatures, a further 12 years of operation and, finally, a
shutdown at 30 years.

Calculated time histories for the temperature at two positions at the bore of the brick are
shown in Fig. 4. The two positions, shown in Fig. 3, correspond to the mid height, point A,
and bottom, point B, of the bore in the model. The temperature at the bore initially rose as the
thermal conductivity of the graphite fell with irradiation. Then as the gap between the brick
and the middle ring began to increase the brick temperature rose further as heat could not be
transferred to the ring as effectively as before. Following the rebore at 18 years the
temperature dropped due to the decreased gap between the middle ring and brick. As
irradiation continued, the brick grew, having reached turn around at about 18 years, and the
new rings, starting from zero dose at 18 years, shrank. The increasing gap between rings and
brick led to a corresponding increase in the brick temperature.

The mean of the temperatures at points A and B, see Fig. 3, was considered representative of
the bore temperature. This mean temperature history was then used in the planar array
calculations as described in Section 6.0.

6.0 PLANAR ARRAY ANALYSES

The planar array analysis was performed in two steps. Firstly the operating temperatures that
would be used throughout the analysis were derived. Then, when a suitable temperature
distribution had been obtained the actual stress analysis was carried out.
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Figure 4 Operating temperature time history for points A and B at the bore
of the coupled-temperature displacement calculation.

6.1 Heat transfer calculations

The heat transfer analysis to determine the temperature distribution in the planar array model
of the brick utilised the bore temperature history derived from the coupled temperature-
displacement calculation.

The planar array model, representing an eighth of the brick, is shown in Fig. 5. The
temperature at the bore of the brick was set to vary with time in the same manner as was
found in the coupled temperature-displacement analysis. The outer edge of the brick was
assumed to be adiabatic. The calculation covered 30 years of operation, including a shutdown
at 18 years and a temperature change due to the rebore that was included in the coupled
temperature-displacement analysis. The calculation resulted in a planar array temperature
distribution that varied over the 30 years modelled.

After 18 years the temperature at the corner of the brick, point d in Fig. 5, was calculated to
be 627°C which was in good agreement with a value of 632°C based on measurements. The
calculated temperature distribution was therefore considered to be acceptable.

6.2 Stress analysis

The stress analysis of the brick used the mesh shown in Fig. 5. Generalised plain strain
elements were used. Symmetry conditions were applied to the top and bottom edges of the
model.

The stresses in the brick were required at both power and shutdown conditions and therefore
the analyses included a shutdown after every year of operation. For each of the 30 years of
the analysis a start-up, one year at power and a shutdown were modelled. The operating
temperatures for each year were taken from the planar array heat transfer analysis and so
varied throughout life.
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Figure 5 Finite element mesh for the planar analyses

Fig. 6 shows the change in bore diameter from the unirradiated value at each shutdown up to
18 years as determined in the planar array stress calculation. The calculation showed the bore
diameter reduced by 0.86 mm after 18 years. However, this was considerably less than a value
of 1.6 mm that had been predicted on the basis of measurements from the reactor. As
described in Section 3.0 it has been observed by both AEA Technology and the Kurchatov
institute that generalised plain strain elements, as used in this analysis, underestimate the
reduction in the diameter of the brick bore. However, three dimensional calculations
supported the use of generalised plain strain elements.

Fig. 7 shows time histories of the hoop stress at the bore and edge of the brick (points a and b
of Fig. 5 respectively). Time histories are shown for at-power and shutdown conditions. The
peak on-power tensile hoop stress at the bore was 6.3 MPa and occurred after 10 years. This
was only exceeded by the shutdown stresses at the edge of the brick which reached 6.4 MPa
after 28 years, rising to 7.2 MPa at the 30 year shutdown. The step changes at 18 years in the
at power curves were due to the change in operating temperature caused by the rebore. After
21 years the edge of the brick went into tension at power and the tensile stress began to rise to
a value of 4.2 MPa at 26 years. The at power tensile stress then fell, remaining at about 3.8
MPa to 30 years. This drop and levelling off could be attributed to the shape of the 705°C
dimensional change data curve. After 25 years, the edge of the brick exceeded 705°C and so
the growth was controlled by this curve. However, the dimensional change rate data only
extended to a dose of 12.5xl021 n/cm2, which was exceeded just before 27 years at point b.
For higher doses the dimensional change rate was assumed constant. This assumption resulted
in the observed stress values.
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Figure 8 Ratio of hoop stress to tensile strength time history

Fig. 8 shows the ratio of hoop stress to tensile strength at the bore and edge of the brick
(points a and b of Fig. 5 respectively). Time histories are shown for at-power and shutdown
conditions. Fig. 8 shows that no failure was predicted up to 30 years. The ratio of hoop
stress to tensile strength reached 0.74 at 10 years but then fell again before starting to rise at
the edge of the core. The at-power ratio rose after 21 years and then levelled off at 26 years,
following the shape of the stress curve seen in Fig. 7. The ratio for the edge of the core at
shutdown rose steadily from 15 years but did not reach unity within 30 years, implying that
brick failure would not occur.

7 0 OTHER INVESTIGATIONS AND DISCUSSION

The analyses described in this paper indicated that brick failure would not occur. However,
further analyses conducted to investigate the history of graphite bricks in the core of an
RBMK reactor have shown that the resulting stresses and failure predictions are strongly
dependant on the materials property data. Although considerable data were available at lower
temperatures and doses there remained a need to extrapolate to the doses experienced by the
brick at the higher temperatures. Different assumptions on how the data should be
extrapolated led to different times at which failure occurred.

The calculated change in bore diameter was considerably lower than predicted on the basis of
measurements. However, a three dimensional analysis had confirmed that the planar array
model, using generalised plain strain elements, provided a suitable representation of the brick
when used to calculate the bore diameter. Nevertheless, further investigations have shown
that the use of plain strain conditions, i.e. when the axial bounding planes of the two
dimensional elements are restrained from moving in the axial direction, leads to calculated
bore diameter changes much closer to measurements than the use of generalised plain strain
conditions The necessity of using plain strain elements has also been recognised at the
Kurchatov Institute in Moscow. Calculations conducted at the Kurchatov Institute have
produced the same results as those carried out at AEA Technology, i.e. generalised plain
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strain underestimates the reduction in bore diameter in the graphite brick but a good
approximation can be obtained by assuming plain strain conditions. However, it is difficult to
envisage plain strain conditions unless it is a property of the polycrystalline material itself.

80 CONCLUSIONS

A joint programme of work is being undertaken between AEA Technology and RDIPE to
assess the ultimate life of the graphite stack of the RBMK core under normal operating
conditions.

A user subroutine to describe the behaviour of graphite in an RBMK reactor has been
developed for use in the ABAQUS finite element programme.

The stress in the moderator bricks was shown to reach 6.3 MPa after 10 years before
decreasing. The stresses increased again towards the end of reactor life. Although no brick
failures were predicted in the calculations presented in this paper, different assumptions
concerning the extrapolation of the dimensional change data could lead to the prediction of
brick failure towards the end of life.

Although a three dimensional analysis showed that generalised plain strain conditions should
be used in the two dimensional analyses, this assumption led to an underestimate of the change
in brick bore diameter. An assumption of plain strain conditions gave better agreement with
measurements. This finding has also been made at the Kurchatov Institute.
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