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LIMITING CONDITIONS FOR
STRUCTURAL INTEGRITY OF COMPONENTS
UNDER FAST BREEDER REACTOR CORE ENVIRONMENT*

P.S. CHOPRA, J.H. BOTTCHER, J.D.B. LAMBERT and G.L. HOFMAN
EBR-IT Project, Argonne National Laboratory, Argonne, Illinois 60439, U.S.A.

SUMMARY

Limit analyses of structures generally focus upon the influence of a uniquely defined load-
ing condition or set of conditions upon the integrity of the structure. Components of a fast
breeder reactor core may reach the limits of their structural integrity during normal reactor
operation as a result of experiencing loads which may be significantly lower than the “limit”
loads obtained from limit analyses. The primary reasons for this are (i) the change in the ma-
terial properties as a function of fast neutron irradiation; (ii) structural deformations resulting
from irradiation-induced creep and swelling, and (iii) residual stresses set up in a component
as a result of interaction with adjacent structure undergoing differential deformations.

The present study focuses upon the influence of the fast breeder reactor core environment
on the resultant useful service'life and load carrying capability of core components of the Ex-
perimental Breeder Reactor II (EBR-II). Specific examples selected are: (i) the dynamic res-
ponse of a single hexagonal subassembly can to a potential pressure pulse resulting from a failed
fuel element cladding; (ii) interaction between a fuel element cluster and its surrounding
subassembly can; (iii) the intéraction between adjacent subassemblies, and (iv) the influence
of swelling and pressure induced stresses on the grid plenum assembly.

Results of core surveillance efforts, experimental investigations, and analyses completed
to date by several EBR-II investigators are presented. The study demonstrates the significance
of fast breeder reactor core operating conditions in determining the safe limiting conditions for
core structural components.

* This work has been performed under the auspices of the United States Atomic Energy Commission.
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1, Introduction

Like other fast test reactors, the Experimental Breeder Reactor-II (EBR-ITI) was de~
signed and built before the phenomenon of stainless steel swelling was discovered. The
gtructural components of the core may therefore swell, change shape, and otherwlse reach the
end of thelr useful life at times and stresses below those originally established by conven-—
tional limit load analysis. Such behavior results from the unique combination of thermal,
mechanical, chemical and radiation effects that constitute the core environment. Although
analytical techniques can not now predict whole core performance, the predominant effects of
the environment can be identified and their influence on the structural integrity of indi-
vidual components can be evaluated., Such evaluations, which are necessary to ensure con-
tinued safe operation of EBR-II, are illustrated by the results of investigations on the
fuel element clusters, subassembly ducts and grid plenum assembly of the reactor. Each of
these components experlences a unique set of loading conditions ranging from the high in-
tensity fast neutron flux at the core center to the low intensity epithermal flux near the
grid plenum.

The EBR-II reactor vessel environment is illustrated in Fig. 1. Sodium coolant at 370°C
is pumped into the grid plenum assembly at the bottom of the vessel, The sodium rises
through the hexagonal array of subassemblies of which the seven central rows form the core,
The sodium leaves the top of the vessel at a nominal mixed temperature of 475°C on its way
to the intermediate heat exchanger. The entire vessel, pumps, heat exchanger, storage bas-
ket, etc, are submerged in the pool of 370°C sodium that is contained in the primary tank,
The inserts in Fig, 1 illustrate the neutron flux distributions in the vessel, At the core
center the flux is 2,5 x 10]'5 n/cmz, of which 85-90% of the meutrons have energies higher
than 0.1 MeV.

Interactions Between Fuel Elements and Ducts

Differential swelling between wire-wrapped fuel element clusters end eubassembly ducts
has been observed in EBR-II, Wire-wrapped clusters have generally swollen at a higher rate
than their ducte [1]. Comsequently, mechanical interference has been encountered during the
removal and replacement of ducts on element clusters, This interference causes additional
bending stresses in the element cladding and local loads on the duct., When a wire-wrapped
cluster swells at a lower rate than its duct, which has occasionally happened in EBR-I% [2],
the cluster becomes looser with expogure. In this case elements become free to move and vi-
brate under the action of the flowing sodium, Such vibration has baen found to cause local
wear of the cladding and the duct,

These interaction loads are localized and cannot be treated in an axisymmetric manner.
The influence of the loads must therefore be accounted for with two or three-dimenaional
models in studying fatigue and fracture resistance of the components [3].

Figure 2 shows the simple structural model that was used to analyze element-duct inter-
ference [4]. The cladding of the outer fuel elements was assumed to contact the wall of the
haexagonal duct at three locatione corresponding to the spacer-wire pitch, The complience of
the inner fuel elements was representad by elastic springs at the three locations of contact
between the outer elements and their immediate inner neighbors. The influence of the axial

load on the bending stresses in a fuel element was neglected, Cladding etress, bending
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moments, and deflection were obtained as a function of several variables: (1) the axial
force exerted on the duct by the disagsembly machine, (11) the friction between the element
claddings and the duct wall, (iii) the number of elements in contact with the duct, (iv) the
spacer-wire pitch, (v) the lateral stiffness of the element cluster, and (vi) the manner of
load distribution and contact between the outer elements and the duct wall,

Figure 3 shows the relationship between support stiffness (kA,B'
(GA’B,GC), and bending stresses (UA’B,UC) for EBR-II subassembly X062 for two of the loading

kC), element deflection

configurations considered and a disassembly pull force of 2000 1b, The dashed arrows in—
dicate the stiffness and bending stresses that correspond to a 15-mil deflection, that is,
the estimated dimensional change in the hexagonal duct.

The problem of flow-induced vibration and consequent wear of fuel element cladding is
currently being investigated. Cluster-duct interactions suggest the need to minimize dif-
ferential growth between clusters and ducts., If this cannot be accomplished in a given sub-

assembly design, the design criteria must change to include interaction conditions,

3, Rasponse of Duct to Internal Pressure Pulse

An important consideration in eubassembly duct design is its responee to a pressure
pulse that may possibly result from the rapld release of fission-product gas from a failled
fuel element, Although all fuel element failures to date in EBR-II have been benign,
typically pin-holes or hairline crack, the possibility of cladding burets during transients
cannot be precluded. Thus the EBR-II Project has performed numerous pressure pulse testa on
subassembly ducts [5,6,7] and is continuing with analytical studies as well as additional
testing.,

Investigatione are being conducted within the fail-safe analysis framework given in
Table I. Correlatian of the duct test results ylelded an empirical relationship between the
permanent (ADP) of a duct, and the preseure (P) and volume (V) of fission gas in the fuel

element of the following form:
0D = A+ spyl/3 L

A 18 a "correlation" parameter and B 1s a "pressure pulse effectivenees" parameter; the
latter accounts for the way gas escapes from the element and the pressure pulse is experi-
enced by the duct, Results of the correlation are shown in Fig. 4 for a number of variables
including the type of gas, the cladding and duct material, the presence of intermal restric~
tion to gas flow, and whether pre~defected tubes or rupture discs are used to produce the
presesure pulse,

Analyses are being conducted using the STRAW code [8] to obtaln moxe accurate descrip-
tions of duct deformation and stresses. A preliminary result is shown in Fig, 5. The CREEP-
PLAST code [9], with suitable modifications, is also being used to conduct fracture analyees
of the duct.

Duct deformation, with or without the occurrence of fracture, must not impede subasesem
bly removal from the core or the motion of adjacent control or safety rods. A large frac-
ture in an embrittled duct must be avoided since fractured fragments would be difficult to
remove from the core. As a precaution, ducts with pressure~pulse protection are being used

where appropriate for high burnup subassemblies in EBR-II,
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4, Swelling and Bowing of Subassembly Ducts

Limits on the swelling and bending of subassembly ducts in EBR-II are established by
evaluating the swelling of stainless steel as a function of operating temperature and flux
profiles, the allowable clearances in the reactor, and the limited clearance availlable in

the storage basket.,

4 1 Duct Swelling

Subassembly diemetral growth (AD) in the core is limited by the space between
ducts, which 1s ~0.025-in. 1In an array of ducts, swelling in one subassembly may be offset
partly by lower swelling in other ducts in the array. The allowable swelling for a given
duct depends on the number of ducts, their individuel AD's and the cumulative AD. A core-~
wide survelllance of swelling in experimental subassembly ducts guards against the occur-
rence of local reglons of high swelling in the core. An absolute limit on diametral growth
is imposed by a hexagonal opening in the tubes of the subassembly storage basket. Storage
and retrieval difficulties were experienced with two subassemblies, X115 and X145 suggesting
interference., Result of calculations based on empirical swelling correlations, shown in
Fig, 6, indicate that the diametral growth in both subassemblies exceeded the storage bas-
ket 1limit of AD = 0,04 inch,

The length growth (AL) of a subassembly in EBR-IT is limited by the clearance be-
tween the subassembly holddown fingers in the reactor cover and the top of the subassemblies,
An initial 1imit was established from the nominal dimensions of the reactor vessel, cover
and core. The clearance at operating conditions was 0.465 * 0,390 inch (or a minimum of
0.075 inch), including the tolerance on nominal subassembly length of +0,070 inch. Length
increases of subassemblies were measured in-core by bottoming the gripper onto a subassembly
and recording the gripper shroud height. A comparison of measured and calculated length in-
creases is shown in Fig. 7. No length increases greater than "~0.25 inch have been measured,
which suggests subassemblies contact the holddown fingers at this value. Interference loads
may then cause plastic deformation of the fixture at the top of a subassembly, In labora-
tory tests, the load necessary to cause plastic deformation of the slot in the fixture was
found to be lower than the buckling load of the holddown finger [6].

In-reactor interference tests also were performed on high-fluence subassemblies
with the wide-bladed gripper of the fuel handling machine, Interference was confirmed for
two subassemblies where partial closure of the slot had resulted from pressure contact with
the holddown finger, An axial growth limlt (AL) of 0.20 inch was consequently established
for current subassemblies in EBR-II,

4,2 Duct Bowing

Subassembly bowing may influence core neutronics during reactor operation and can
cause structural damage during subassembly removal and storage, Bowing may be induced in
the core by radial thermal gradients or by a swelling gradient across the duct., Handling
difficulties due to bowing were experienced in EBR-II with an experimental subassembly that
contained a large-diameter nickel rod specimen [10]. Alignment difficulties were encountered
with the holddown assembly and although the subassembly was easily removed from the core, a
greater than normal force was required to retrieve the subassembly from the storage basket.
Thus, subassembly bow may be more limiting on operations in the storage basket than in the

core,
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An analysis was conducted to determine the amount of bow that can be accommodated
in the storage basket without mechanical interaction. The clearances at the hexagonal guilde
collar and with the bore of an individual tube, and the angle between a bar that orlents the
subassembly in the tube and the direction of bow were the three factors that were found to
govern the amount of bow which can be accommodated without mechanical interaction. The
allowable bow on a subassembly for insertion into the storage basket is shown in Fig 8, The

bowed subassembly which experienced interference 1s also shown.

S, Grid Plenum Assembly

The EBR-II grid plenum assembly has basically two functions: to distribute sodium
evenly to the core, and to position all subassemblies and ensure their mechanical stability.
Proper positioning of the subassemblies 1s achieved by the close fitting of the lower sec-
tion of the subassemblies (lower adapters) through holes in two 4-inch thick plates that
form the upper and lower bounds of the high pressure plenum (Fig. 9). Because of the low
flux and temperature in the vicinity of the grid plenum assembly, radiation damage to this
component had been discounted until recently. However, because of the small clearances be-
tween the lower adapters and the grid plate holes, changes in the grid plate dimensions need
to be conseidered.

The combination of swelling, coolant pressure and subassembly weight leads to some
traneverse displacements of the grid plates. The overall effect on the coupled grid plates
ie a relative radlal displacement of the two sets of holes and a tilting of the hole center-
lines.

Swelling in the grid plates today and to 1985 was estimated from flux calculations and
empirical swelling correlations [9) assuming a 56% plant factor for future operation of
EBR-IL. The volume changes shown in Fig, 10 were used to perform a gross area stress analy-
gis of the plenum assembly [10], Figure 11 shows the relative displacements between the
upper and lower plates for 1973, 1979 and 1985, The dashed line represents the effective
misalignment of the holes with lateral deformation of the plates taken into account, This
lateral deformation is not uniform and results in a slight tilt of the axes of the holes,
These displacements reduce the clearances avallable suggesting the possibility of inter-
ference in the near future., Additionel reduction 1n clearance as a result of swelling of
the adapters, 1s very small,

Because the grid plenum assembly is an irreplaceable reactor component its functional
integrity determines the useful life of EBR-II. A plan to gauge the grid plate alignment
hae been implemented. In additlion the diameter of the lower adapters are being reduced to
offeet the projected lose of clearance, The effect of swelling induced stresses and irra-
diation-induced changes in the fracture properties of the material on grid plenum stability

integrity and performance are currently under study.

6. Concluding Remarks

The key structural component of EBR-II 1s the grid plenum that positions subassemblies
in the core. The useful life of the grid plenum may be limited by differential deformation
of the upper and lower grid plates due to swelling which is currently being measured and
evaluated. If high stresses are assoclated with this deformation, the possibility of crack
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propagation between the locating holes must be considered, Whereas such cracke may not
cause significant flow disruption, the reduced stiffness of the structure could cause in-
creased deformations,

Ap important as the grid plenum behavior 1s the performance of the subassembly ducts in
EBR-II, Duct performance is governed by interaction with the fuel element a duct containms,
the adjacent subassenblies, the grid plenum, the subassembly holddown fingers, and finally,
after removal from the core, with the storage basket. These interactions are beilng evaluated
against the changing loading environment of EBR-II and the corresponding changes in mate-
rial properties,

The performance of a fuel element cladding will be modified by local interaction
atresses between elements and between an element cluster and the hexagonal duct of a sub-
assembly, particularly if flaws or defects exist in the cladding [3]. Premature cladding
failure may result in a pressure pulse that deforms or fractures the duct. Ducts should
therefore be designed to maintain sufficient structural integrity to allow subassembly re-—
trieval from the core and unimpeded motion of adjacent control rods, Some irradiation tests
may require additional protection against pressure pulses on the duct.

The usefulness of the storage basket in EBR-II 1s governed by its ability to contain
irradiated subassemblies, Available clearance in the basket limits the deformation which
may be permitted for a subassembly. Forced insertion, or retrieval of a deformed sub-
assembly into the basket can result in damage to the basket as well as the subassembly.

In conclusion, this study demonstratea the interactions between several structural
elements in the core of a fast breeder reactor in addition to their individual responses to
the core environment., Structural integrity and limit analyses of core components should
include these interactions., Current efforts at EBR-II are directed towards further evalua-

tion of these interactions,
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TABLE I, Ingredients of Duct Fail-safe Analysis
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