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CORE SUPPORT STRUCTURES FOR GAS COOLED REACTORS

W.O. LIVSEY,
GEC Reactor Equipment Lid., Whetstone, Leicestershire, United Kingdom

ABSTRACT

The change of style of core support for gas cooled reactors is reviewed and the effects
of the adoption of the prestressed concrete reactor pressure vessel is outlined. The system
of core support for the nuclear power station, currently under construction at Hartlepool is
considered in some detail and method of analysis presented. Finally the prospects of core

support for higher temperature gas cooled reactors is considered briefly.
1. INTRODUCTION

Core support structures for gas cooled reactors have changed with the development of
reactor types, and also with improved styles of the reactor pressure circuit, mostly
associated with the advent of pre-stressed concrete reactor pressure vessels, (P.C.R.P.V.).
This paper outlines this development up to the present style adopted for the "B.N.D.C."
advanced gas cooled reactor currertly being constructed at Hartlepool, and goes on to present
this design in more detail. Finally, the prospects of core support for the "third generation

of gas cooled reactor”, the high temperature gas cooled reactor, are considered.
2. STEEL VESSELS

The "first generation" of gas cooled reactors is represented by a series of nuclear
power stations utilising magnox fuel, beginning with Calder Hall and followed by a series of
civil stations. The earlier of these stations employ & steel reactor pressure circuit in
which a steel pressure vessel housing the core is connected to the steam generators by means
of flexible ductwork. Vertical fuelling channels are used exclusively, and in all cases
except for the station at Hunterston, top fuel charging is employed. This results in a
cylindrical core, which gives the best space utilisation when housed in a cylindrical vessel
as at Calder and Berkeley. (See figure 1), However, a cylindrical vessel is subjected to
twice the primary membrane stress in the hoop direction compared with that of a sphere of the
same diameter. As reactor sizes increased, difficulties in the welding and inspection of
thicker plate resulted in vessels becoming spherical as at Hinkley Point and Sizewell (see
figure 2),
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It is necessary to provide a level base from which to build the core, and in order to
effect this, a support grid is commonly used, with support plates set level at the top of the
grid. Such a grid is sometimes formed by an orthogonal grillage of beams as at Berkeley, or
by a space frame as at Sizewell. (see figures 1 and 2). Because of the great weight of the
core and moderator it is expedient to transfer this load as directly as possible to the
foundations. In the case of a cylindrical vessel, the proximity of the vessel wall to the
edge of the support grid causes difficulties, and brackets supporting both the grid and
vessel are welded on each side of the shell knuckle. (see figure 1). In the case of a
spherical vessel it is simpler to take the load through the vessel shell, and there is a
considerable incentive to support the core at a diameter other than at its extremity, the
grid design being more economic. This is accentuated by the increasing core sizes
accompanying the switch to spherical vessels, and a typical support system is that at
Sizewell, (see figure 2). In all cases, support of the grid at a single common radius is
imperative in order to prevent straining due to thermal differential expansions between the
grid and vessel.

In order to obtain the straightest fuelling route:possible between the vessel and core,
it is advantageous for both to expand as steel. To this end the core is keyed radially to a
steel structure for its full height and spigotted to the steel baseplates. Due to transient

temperature effects and pressure dilations of the w 1, it is ry to permit relative
movement to take place between the core support grid and the vessel, and also between the
vessel and the founations. Roller mounting is usually adopted for the grid; rollers,
rockers or skirt mounting for the vessel.

3. CONCRETE VESSELS

The first generation of gas cooled reactors continued with the introduction of pre-
stressed concrete reactor pressure vessels. In order to preserve the safety features of this
system, it is essential to contain the whole pressure circuit within the pre-stressed volume,
and since the limitations on vessel thickness are no longer applicable, the boilers are
placed inside the vessel, an annular arrangement around the core generally being chosen. It
is necessary to protect the boilers from a high irradiation dose, and this is achieved by the
introduction of an annular shield wall between the core and the boilers. Thus the major
vessel internal components to be supported now consists of three items, core, shield wall and
boilers, compared with the core only in the case of the vessel of a steel pressure circuit.
This offers 4 possible alternatives for a support system, and whilst the shield wall and core
are commonly supported from below in all reactors, the boilers are suspended from the roof of
the vessel at Oldbury. At Wylfa, all three are supported by a single structure, the boilers
being overhung in order to place the support radius near to its optimum position (see figure
3).
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With concrete as a medium of construction, the cylindrical versus spherical vessel
shape controversy reappears with certain differences. Although the cylindrical portion of a
concrete vessel is approximately twice the thickness of a sphere of equivalent diameter, the
flat ends of such vessel become disproportionately thick, and even though concrete is a
fairly cheap structural material, the multiplicity of refuelling penetrations each with its
own cooling system becomes expensive and difficult to construct. Thus it is in the vessel
top cap that a spherical pre-stressed concrete pressure vessel has its main advantage over a
cylindrical one. Such a vessel is constructed at Wylfa despite the obvious difficulties
asgociated with the pre-stressing of a spherical vessel. A cylindrical vessel is conastructed
at Oldbury and is fully described by Lakin [1].

Vessel concrete must be kept cool, and because of this the best fuelling route is
obtained by permitting the core to expand as graphite, since graphite has a lower coefficient
of expansion than steel, and hence offers a better line up with the concrete vessel, which i
virtually immobile. ’

With the core support structure at Wylfa, advantage is taken of the additional space
created below the core by the vessel shape, to place the bottom shield within the depth of
the support structure and to prop the core from this structure. This avoids gas flow through
the bottom shield with an attendant pressure drop, enables the core support structure to be a
simpler fabrication of radial members forming a "spoked wheel® construction, and the props
provide a device for permitting the core to expand as graphite without gross scuffing of
graphite across the whole of the support plates. The props are effectively large spheres in
action and are the forerunner of the props used for the station at Hartlepool, which is
considered later.

4. A.G.R.'s

With the exception of the prototype built at Windscale, the "second generation" of gas
cooled reactors, the advanced gas cooled reactor, utilities the P.C.R.P.V. for reactor
containment, and operates at higher temperatures.

The prototype reactor pressure vessel has several interesting features with respect to
vessel and core support. These are not discussed here in detail because of the relatively
small size of the reactor.

The first civil A.G.R. at Dungeness B incorporates a cylindrical P.C.R.P.V. of similar
shape to that at Oldbury but with a smaller diameter because of the smaller core required in
an A.G.R.
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Due to the requirement of re-entrant gas flow to the core, a steel pressure shell is
necessary across the vessel above the core isolating an upper plenum called a hotbox. Since
this shell expands as steel and is in close proximity to the core, it-is now necessary for
the core to expand as steel thus reverting to the type of steel restraint structure around
the core as is necessary for steel pressure circuits.

5. HARTLEPOOL NUCLEAR POWER STATION

For the Hartlepool nuclear power station, an advanced gas cooled reactor, a unique
type of P.C.R.P.V. has been developed, in which the boilers are “podded” within the concrete
walls of the vessel, thus dispensing with the internal shield wall between the core and
boilers and facilitating boiler erection and removal. The station is fully described
elsewhere, including details of the reactor pressure vessel by Burrow & Williams, and the
core by Tyrrell Walker & Lawson [2]. For convenience, the outline of the vessel internals
and core support system is shown on figure 4. This style of vessel results in a much
smaller internal diameter and advantage is taken of the smaller pressure movements of the
bottom cap to prop the core directly from the base of the vessel, using a multiple array of
props. This results in a saving in hardware costs compared with a support grid for the core,
and at the same time reduces the overall height of the vessel, thus effecting a further
saving.

As explained previously, the core is required to expand as steel, and therefore the
plates must act as a rigid disc and at the same time remain concentric within the vessel
vault. Self centring is accomplished by means of three radial keys fixed to the vessel wall
which permit relative concentric movement between the disc and vessel. These keys incorporate

spherical rockers in order to keep frictional forces to a minimum.

Clearly, it is neither practical nor economic to make the core support plate disc in one
piece; on the other hand it is preferable to manufacture it in a=z few pieces as possible.
The choice is dictated by plate width limitations in manufacture and the solution chosen is
as shown in figure 5. Also shown in this figure are the fuel channel positions and the plate
support positions. (props). Peripheral lugs are provided in order to locate the 16 vertical
stanchions of the core restraint structure. A minimum prop to prop pitch of two fuel
channels pitches is necessary in order to obtain access to the underside of the core, and
within this limitation a triangular support pitch is chosen in order to minimise the plate
thickness. This triangulation is not equilateral because of the square pitch of the fuel
channels, and therefore has an equal.height to base length. Joint straps are necessary
across the edges of separate plates in order to ensure that the plates act as a single unit
in the horizontal plane. These are designed to permit a small degree of freedom in the
vertical plane, so that loads écting on one side of the joint do not cause overstressing in

the connector.

The core restraint structure is built up of a framework of intersecting beams linked by
means of ties to the peripheral moderator bricks. This structure is not considered here,

except inasfar as it affects the core support system.
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Horizontal and vertical loads are imposed on the core support plates. The horizontal
loads are those due to unevenness in support plate levels, vessel distortions during service,
core/fuel stringer interactions, and forces generated by the differing response of the
restraint structure and support plates to core inlet gas temperature variations. These
forces are not large in comparison to the cross section of the plates and hence induce only
nominal stresses in the plates. However, they are significant with respect to the connecting
strap design. In addition to the difference in thermal response of the restraint structure
relative to the core support plates, there is also a difference in the response between the
perforated and unperforated regions of the plates, i.e. the core and reflector regions of the
moderator. Thus a temperature differential is created between these regions, and the forces
generated across the joint straps due to the thermal straining are unacceptable. This problem
is overcome by means of accommodating movement at the joints in the unperforated region of
the plates; the smaller zone. This detail is illustrated on figure 6. Several additional
straps are included in the design as a safeguard against the failure of a single connector.

The vertical loads imposed on the support plates are due to the dead weight of the fuel
stringer, moderator, restraint structure and shielding. Additional loads due to the
accidental dropping of a fuel stringer or control rod may occur at any fuel channel or
control rod position, which are interstitial between channels. These dynamic loads are dealt
with by considering an equivalent static load acting over a realistic time interval, since
the instantaneous peak load is of very short duration. Additional stresses are caused by the
temperature cross fall through the plate thickness and also due to movements of the bottom
cap of the vessel, caused by pressure, and creep of the concrete. Bending stresses due to
the vertical loads create alternate hogging and sagging between support positions and account
is taken of the direction of bending for the two additional stresses stated, in aggregating
stresses at a particular point. The determination of the plate stresses due to these out of
plane loads and forces represents the greater problem in the stress analysis of the support

plates.

Analytical solutions for perforated plates supported at the boundary have been obtained
by several authors, covering both square and triangular pitch. A solution for an
unperforated, continuously supported plate with a uniformly distributed load and rectangular
pitch of supports also has been obtained by Timoshenko and Woinowsky Krieger [3]. However,
the problem presented by the plate geometry and loading as given above is unique and is
typical of many practical arrangements for which no analytical solution is available from
existing theory. This offers a challenge to the more academically minded in extending the
range of solutions available for flat plate design, particularly with continuous supports.
Obvious gaps in existing theory appears to be the triangular support of continuous plates and

perforated plates with non uniform loading.
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For the particular problem of the Hartlepool core support plate, several methods of
analysis are possible; the more obvious of these are finite element methods, a grid system
of elastic beams, equivalent unperforated plates, and experimental methods including
photoelastic techniques and strain gauging. Of the methods available, a grid system of
equivalent elastic beams using a KDF9 computer is selected, backed up with a strain gauge
test on a + scale model. This combination is chosen because the load due to a dropped fuel
stringer is large in comparison with the uniformly distributed load, and thus a small part of
the plate cannot be treated in isolation, since the boundary conditions are not known;
further, the practicability of establishing the loading for a photoelastic method is in
doubt.

It was decided to consider whole plates as loaded, and since the edge support of all
touching plates is of similar geometry and further since the outer unperforated region of the
plates is not subjected to drop loads, a single inner rectangular plate is selected for study
as representative of the maximum plate stresses within the support system. This is shown on
figure 7, with the major holes and the support positions indicated., Additional holes for
numerous small penetrations exist but are not shown for the sake of simplicity. An average
value of section modulus is obtained by taking several cross sections and averaging these to
give that for an equivalent rectangular beam of constant cross section. Thus the round holes
may be considered to be replaced by square holes leaving an equivalent grillage of constant
cross section. Account is taken of corrosion in determining these sections. The imbalance
of load at the narrower edge beams produces a torque on these beams and the dynamic load
produces a further torque on the four adjacent beams. These torques are included in the
simulated beam loadings. Misalignment of the support points due to build tolerances is also
taken into account., The dropping of a fuel stringer only is considered, since this is about
4 times the equivalent static load of that due to dropping a control rod. Four positions are
selected for the dropped fuel stringer; these are marked ABC & D on figure 7.

A dropped stringer at B is typical of a position near to the plate centre, whilst AC and
D are chosen in order to obtain the maximum stresses in the plate. It will be noticed that
the plate is symmetrical about a diagonal and that the cormer A is overhung from the supports.

The resulting stresses-are factored according to the modulus of the original beam at any
section considered. To these stresses are added those due to vessel floor movements and
femperature crosafall in the plate thickness, which are calculated assuming an equivalent
solid plate with sunken supports; these stresses are of a minor order of magnitude. The
resulting maximum stress at any point is about ¥ of the 0.2% proof stress of the material at
the operating temperature. The reactions of the supports are read directly from the computer
output and are given on figure 7. These show clearly the effect of the addi tional drop loads
on the continuously supported plate, some reactions reducing in a "wave" effect along the
plate.
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In keeping with the general design philosophy of the reactor in which the failure of a
single component of all components of a multiple type is postulated, the complete loss of
function of any single support is considered, even though this is extremely unlikely. This
may be due to the failure of a steel component of the assembly or to a local failure of the
supporting concrete adjacent to the vessel liner.

The computer programme was rerun, removing the critical supports in turn, local to the
dropped stringer position, and the stresses recalculated including the additional stresses
due temperature and vessel movements as before. The necessity of considering the whole plate
is even more marked in this case. These stresses are just below yield at the outer fibres of
the plate, at the positions of peak stress. This is the criterion chosen as that determining
the plate thickness.

The quarter scale model tests were carried out for both the uniformly distributed load
and the uniformly distributed load plus discrete loads at points ABC and D. These tests were

for all supports in positions; no tests with missing supports were carried out.

The loads were imposed by means of a 30 ton testing machine, 1In the first test, the
point load of tie machine ram was transmitted to the model via a flexible medium. Figure 8
shows the arrangement. In the second test the load due to dead weight of the core components
is transmitted directly into the supports via props above the support points. Thus the loads
bending the plate are the point loads representing the equivalent static loads of a dropped
fuel stringer only. The dead weight load was imposed to prevent the plate lifting at support
points. The total stress due to vertical loads is therefore the sum of these two tests.
Figure 9 shows the arrangement of the second test; jacks were used to apply the point loads.

The results of these tests are disappointing in that considerable scatter in the
stresses exists when compared with the theoretical stresses obtained. However, the average
stresses are in good agreement with predicted values, giving a fair degree of confidence in
the theoretical results. 1In retrospect, it is not difficult to see why the test results .did
not give an accurate distribution of stress. Although the stresaes on a scaled model are
identical to the original, deflections are much smaller, and this fact, coupled with the
difficulty of ensuring even load distribution on the 16 support points simultaneously, must
give rise to inaccuracies. Further the greater reactions at supports local to discrete point
loads, must cause higher local brinnelling of the spherical support points, thus causing
additional discrepancies for the next point load test.

The support struts are spherical ended, of a diameter equal to their length and thus
form a portion of a sphere. The curved surfaces are provided by means of hardened pads
inserted into and retained by each end of the prop. These cater for the rolling contact
stresses. These Hertzian stresses are in accordance with previous experience on this size of
roller. The reistance of the hardened pads to the shock loading that results from a dropped
fuel stringer of control rod, has been demonstrated by tests, and proves to be satisfactory.
Their hardness is 650 V.P.N. and no visible indentation occurred after these tests. The
stresses in the rest of the support strut are of a low order and buckling is impossible under

any loading.
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To summarise the Hartlepool core support design, the sizes chosen represent the optimum
with respect to plates sizes, thickness and support positions, consistent with the
conservative principles chosen. However, the merit of the design lies in the degree of
diversification of the multiple prop concept, which together with the safe acceptance of a
single support prop or connecting strap failure, ensures freedom of the support system from
catastrophic failure, which can never be completely guaranteed in an all welded structure,
subject to irradiation and possible impact loads, even though the materials, workmanship and
inspection are of the highest possible standards.

It is concluded that the design philosophy of the core support, which includes a degree
of redundancy for multiple items of plant, and which is an extension of the general
principles adopted for the station, plays an important part in making the Hartlepool N.P.S.
one of the safest in the world.

6. H.T.R.'s

the "third generation" of gas cooled reactor, the high temperature reactor, is the next
stage in the development of gas cooled systems. It utilises coated particle fuel and helium

as a coolant gas.

The design of large stations is still in the formative stage and there are several
alternative designs of reactor circuit. An extension of the Hartlepool style of P.C.R.P.V.
is possible and is currently favoured. The core is smaller becauge of the operating
conditions and the use of helium as a coolant, and a fewer number of boiler pods than
Hartlepool is probable.

Core support is affected in two ways. Firstly, in order to preserve on load refuelling,
downflow of the coolant through the core is essential. This puts the core support structural
components in the outlet gas stream which is in the region of 800°C. This rules out steel
components as a supporting medium, unless a special gas cooling flow is arranged for the
structure. Secondly, since no hotbox is required, it is no longer necessary for the core to
expand as steel and therefore the radial connection of supports is unnecessary, and thus
support may be in individual units.

Clearly problems exist in material selection for these operating conditions, and also in
providing a suitable shock absorbing facility in the support to counter accidental dropping
of core components. However, in providing a propped core system directly from the vessel,
the inherent safety of the Hartlepool type of core support is retained, and it remains, as
for many other advanced reactor types to solve the engineering problems of high temperature
operation,
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DISCUSSION

Q M. BENDER, U.S. A.

What experimental work has been done to affirm the structural analysis ? Is in-

reactor instrumentation planned to affirm structure behaviour in service ?

W.O. LIVSEY, U.K.

Quarter scale model tests have been carried out as described in the paper and
illustrated on figures 8 and 9. This work affirms the general stress levels as calculated.
No instrumentation to measure strain is planned since results over a long term would be
unreliable in the high temperature environment of the reactor. Thermocouples only are

provided.

Q G.R. WAYMIRE, U.S. A,

You mentioned that finite element analysis could not be utilized for support plate
work. What is the basis for this conclusion ? ‘

A

component, and also because the worst position for such a drop load is unknown, too many

W.O. LIVSEY, U.K

Because no symmetry of loading exists for the fault case of a dropped core

elements would be required over the whole plate to give any meaningful results.



