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SUMMARY

A computer program called STRAW has been developed in order to assess the stress
and strain distributions in hexagonal wrapper tubes and their evolution with the time when
irradiated under fast reactor conditions. This computer program, which handles in their
three-dimensional form the swelling and creep phenomena, considers three main causes of
stressing in the tube:

(i) compatibility stresses arising from the non-uniform thermal, swelling and creep strain
fields,

(ii) pressure difference between the inside and the outside of the tube and the coolant drag
forces,

(iii) restraints to the free bowing of the tube imposed by the core clamping system.

The external constraints acting on the tube (neutron flux, temperature distribution,
pressure drop and effects of the clamping system) are all taken into account three-dimen-
sionally and with their time dependence.

The program has been extensively used to investigate the behaviour of the SNR wrapper
tubes under irradiation. The main results of this study will be presented here. The study
aims at investigating the effects of several parameters on the stress and strain distributions,
the bowing of the tube, the cross section deformations by swelling and creep, the residual
deflections after shut-down.

In a first stage the effects of creep on the tube are investigated and compared to a
situation without creep. A parametric study is then performed on the creep and swelling
rate to obtain the envelope of the results covering the zones of uncertainty of these two
phenomena.

Calculations are also reported for combination of maximum swelling rate and minimum
creep rate and vice-versa for several variations of design parameters as the tube wall thickness,
the tube length, the position of the spacer pads with respect to the core. The usefulness of
intermediate rotations during the irradiation is also discussed.

Conclusions are then drawn based on the present knowledge in the field of the material
behaviour under irradiation.
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1, INTRODUCTION.

The provislon for steel swelling In the core restraint of fast nuclear reactors is a
problem of mejor concern. Because of the power gradients in the core eand of the associated
temperature and flux gradlents in the subassemblies, the latters tend to be deflected from
their originel posltion in & tightly bound hexegonal erray. Since small gecmetry chenges
are liable to bring about large reactivity differences, the motlon of the subassemblies
must be adequately controlled by the system of core restralnt. However, this restraint
must not give rige to excessive stresses in the subassembly ducts or excessive forces on
the spacer pads. The feaslblllty of a system of core restralnt satisfying those conflict-

ing requirements has been the subject of persistent debate.

In this connection, the recognition thet irradiation - induced creep 1s in general con-
current to swelling 1s of major importence., While significently reducing the stresses in
the wrapper tubes end the forces in the core restraint, irradiation - induced creep brings
about additionel dimensional changes which must also be accommodated for proper operation

of the core end unloeding of the subassemblies.

The prediction of the behaviour of the whole core taklng into account both irrediation-
induced creep and swelling is & very difficult task. In practice, one has to proceed in two
complementary stages. The first stage consists in the description of the behaviour of eech
individual subsssembly in the actual reactor environment and the response of this subassem-
bly to the loading exerted by the core restraint. The overall behaviour of the entire core
is then predicted on the basls of the response of individual subassenblies and of the pro-
perties of the core restreint. From this information, the reactivity chenges are evaluated
and the core restraint optimized with due consideration to the requirements of fuel hend-
ling. A discussion of the design problems assoclated to thls second stage can be found in

another paper presented at this conference [2] .

The computer program STRAW [1] (STRess Analysls of Wrapper tubes) has been developed
to meet the filrst objective. This program incorporates & number of unique features which
enable a detalled description of the stresses and of the deformetlons in the wrapper tubes
under very general loading conditions and reaelistlc reactor environment. The results of a
parametric study pertaining to the core SNR - 300 will be presented in thils peper. On the
basls of the stress anslysls of representative wrapper tubes, & number of conclusions will
be drewn reletive to the system of core restreint. It will be gratifying to discover that
some of these results are also of great practical significance for the prediction of the be-

heviour of the entire core.



2, DESCRIPTION OF THE PROGRAM "STRAW".

A detailed description of the computer program STRAW has been presented elsewhere [ 1}
For this reason, only e brief survey of the mein features of this program will be glven

here,

The progrem takes into account both thermel and irradiation - induced creep, vwhile ther-
mel creep is relatively unimportant in the temperature range considered., The fermulation is
based on Prandtl - Reuss equetions which provide a reletionship between the creep strain in-
crement and the stress devietor at a given time. This involves that all celculations are
performed in an incremental wey end that the irredistion history of the wrapper tube is sub-

divided into small time intervals over which the stresses cen be consldered es constant.

The stress anelysis of the wrapper tube ls performed after each of these time intervals
It is based on the following simplifying assumptions which can be jJustified from general
considerations on the tube geometry and on the nature of the different types of stresses
listed above :

(1) Plane strain ;
(11) No shear stresses in the plenes perpendlcular to the tube axis ;
(i1ii) The stresses normal to the tube walls are negliglble,

These approximations, however, are not valid in small zones centred on the wear pads.
It 1s further assumed that the consequences of making them everywhere are unimportant as far
es the general behaviour of the wrapper tubes 1s concerned. The stress analysls of the weer

pads 1s & separste problem which 1s part of the design of the system of radiel restraint [2].

The evaluvation of the stresses for given thermal, swelling &nd creep strain flelds is
based on the strein suppresslon method. In a first stage, the tube 1s essumed frozen in
the reference configursation. By definition, the total strains in this configuration vanish
ldentically and the stresses are easily computed. The restrictions on the tube deformations
are then removed in turn, leaving only those deformatlons which ‘are compatible with the tube
geometry. In this way, the eveluation of the compatibility stresses is reduced to the eva-
luetion of three line integrals and three surface integrals of the strain fleld over the
cross-gsectlons of the tube. These integrals are performed numerically over a fine grid mesh
distributed over the tube thickness. Flnally, the stresses arising from external loading
such as the coolant pressure and the core restraint are calculated by stendard methods and
superposed to the compatlblility stresses.

The detalled inclusion of &ll major sources of stiresses ls matched by & reallgtlc des-
cription of the environmental conditions in the reactor. Methods insplred from the results
of specielized computer programs have been developed for representing the temperature and
neutron flux distributions in the tube walls in e way which autometically achieves mutual
consistency while remeining flexible enocugh for a parametric study of the influence of the
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environmental conditions. For instance, the temperature distribution in the tube wells

tekes into eccount the following factors :

(i) the coolant temperature distribution near the tube walls. The latter is based on the
flux and the power genereted in the subassembly and on the thermohydraulic charecte-
ristics of the bundle ;

(i1) the gamme-hesting in the tube walls ;

(1ii) the heat transfer between neighbouring subsssemblies.
3. DESCRIPTION OF ™HE S NR CORE RESTRAINT.

The system of core restraint of SNR - 300 1s of passive type. The subassemblies are
held down to the bottom plate by & hydraulic device which allows free rotation of the feet
within limits. The subessemblies are free stending. Two levels of radial restraint sre
provided, one below and one ebove the core region, by two me.ssive rings surrounding the core,
Almost tight compection is echieved at the level of the lower restraint during reactor ope-
ration, while the restraint on the deflections of the subassemblies at the level of the
upper load plane is mainly provided by the flexural rigidity of the outer radial blenket and
reflector subassemblies. Spacing between the subessemblies is achieved at the load planes
by specer pads ettached to the wrepper tubes., A more complete descriptdon of the core
restraint cen be found elsewhere [2] . The mailn geometrical date relevant to the present

study are gathered in Table I.
4. SCOPE OF THE STUDY

A survey of the entire core reveals that the most loaeded wrapper tubes ere those from
the central subasssembly where the fast neutron flux is maximum and from the subassemblies
located in the sixth row close to the control subassemblies which ere submitted to maximum
flux end temperature gradilents, For this reason, the central subegsembly (100) end subessem-
bly 603 have been choosen for the present study, since they constitute exemples of the most
severe condltiong for the stresses and for the bowlng deformations. The average axial dis-

tribution of temperature and of fest neutron (E > 0.1 MeV) are shown on Fig. 1.

The drradiation life of one subessembly normally lasts three cycles of 117 days each.
Reshuffling 1s not considered. The meximum fluence at the end of irradistion is 1.6 1023
nvt for subassembly 100,

The austenitic steinless steel 316 with 20 ¢ cold-work hess been teken as e representa-
tive tube meterilal for this study, although the wrapper tubes of SNR - 300 will be febricat-
ed wlth a stabllized stainless steel having somewhet different properties. The swelling is

assuned to be described by the following empirical equation [3] :
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AV/Y = 9.0 1077 (o 1t)1‘5 [ 4.028-3.712 1072 T4+1.0145 107 P - 7.879 107 ], (1)

vhere AV/V  is the volume swelling ;
o 4t 1s the fast fluence (E> 0.1 MeV) in n/en® ;
T is the temperature in degrees C.

For the irradiation - induced creep, the following equation 1s used [ 4]

< _2510%°%0 [ 1- exp< - >-| + 057 10726 Fo ¢ (2)
3 :

where is the equivelent creep strein ;
is the equivalent stress (von Mises) ;
is the average neutron energy in MeV ;

is the total flux in n/cmesec.

e w|la|m|

In eddition to the nominal velues given above, a limited range of varistion for the
swelling and the creep rates will be considered in e parametric study ; namely, for swelling
+ 60 % to - 35 % and for creep + 50 % to - 50 %. These intervals are not regarded es con-
fidence limits. The calculations reported hereafter heve been performed for five different
combinations between the swelling and the creep rates which are represented schemetically on
Fig. 2 by the points ABCDE. Finally, the qualitative differences of the wrapper tube be-
heviour in the presence of irradiation - induced creep will be demonstrated by comparing the
results with those obtained without creep (point F on Fig. 2).

5. RESULTS

5.1. Stresses.

The axial dietribution of meximum stresses et the end-of-life are shown on Fig. 3 end
4, respectively, for subassemblies 100 end 603, These figures demonstrate & number of in-
teresting propertles.

In the flrst place, the relative importence of the different types of stresses listed
in section 2 1s clearly illustrated.

(i) The compatibility stresses eppeer as & large peak in the core zone (Flg. 3). The
maximum of this peak 1s shifted below the core mid-plane, where the temperature de-
pendence of the gwelling law is larger. The major source of temperature gradlent in

the tube walls of subessembly 100 is the gemma-heating.

(11) The hoop stress due to coolant flow drag are continuously decreamsing from the bottom
to the top of the subassembly and appear on Fig. 3 as a linearly decreasing back-
ground.
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(iii) The stresses due to the core restraint are evinced by comparing Fig. 3 and & since in
the case of the central subassembly 100, there 1s no bowing by symmetry. These
stresses pesk around the intermediate loed plene because the bending moments exerted

by the spacer pads are meximum there.

It is also observed on Fig. 3 end 4 that the curves labelled A, B and E glve roughly
the same distribution of stresses. Reference to Fig. 2 shows that these cases are characte-
rized by the same ratio between the swelling and the creep rates. In other words, the maxl-
mum stresses in the wrapper tubes are roughly proportional to this retio. Thils finding is
confimed by Teble II which gathers the meximum levels of stresses for the different cases
considered. As regards the absolute figures, it 1s found from this teble that the maximum
stresses fall below the level of 20 kg/mm2 in all cases, excepted case F (no creep) and case
D (meximun swelling, minimum creep). These cases are consequently placed In Fig. 2 in & zo-

ne of doubtful feasibility from the point of view of mechanical strength.

The dependence of the maximum stresses upon neutron dose is illustrated on Fig. 5
which shows the evolution of the equivalent stress at a point loceted in the core mid-plane

as 1rradiation proceeds. These stresses are seen to be the sum of three contributions :

(1) +the hoop stresses due to coolant flow which are approximetely time independent and
amount to ebout 5 kp/mm2 f
(i1) the thermal stresses which appeer at start-up end relax in the presence of creep wlth

a time constant of the order

€
1 - -
—— . X Y ppEo (secl) (3)
T €

elastic

vhere E 1s the Young modulus and B is the coefficlent of the steady state cofponent
of irradietion - induced creep in the reletionship (2). For the cases congldered
here, the relsxation time is comprised between 450 and 1350 hours.

(1ii) 'The stresses due to differentisl swelling.

As pointed out before, these stresses depend almost excluslvely on the ratlo between
the swelling and creep rates. This is evinced here by the fact that ceges A, B and E yield
almost identicel results. Moreover, Fig. 5 shows that the time dependence of the stresses
due to swelllng is also dominated by this ratlo. Indeed, the curves labelled A, B, C, D and
E 81l follow & time dependence of the form :

elling rete ., 0.5
creep rate (ot)

On the other hand, in the absence of creep, a power lew (fbt)i'5 characteristic of
swelling is followed (curve F). This qualitetive difference in the fluence dependence of
the stresses in the presence of 1rradletion - induced creep is of mejor importance for extra-
polating the results to higher fluence.



5.2. Bowing deformations.

As pointed out before, subessembly 603 exhiblts maximum bowing deformetions because of
the large flux and temperature gradlents associated with the proximity of a control subas-
sembly. The results are shown on Fig. 6.

The upper curves refer to the bowing deflections at end-of-1ife in the hot restrained
conflguration. The deflections are taken positive in the dlrection of the core centre, It
appears that the deflections of the core zone ere directed towards the core centre for all
ceses consldered. However, the magnitude of these deflections 1s significantly reduced by
irradiation - Induced creep. Here agpin, the relevant quentity is the ratio between the
swelling end the creep rates.

The lower curves show the correspondlng free deflections in the cold stete after shut-
down. The ssme quelitetive conclusions can be made ebout the relative magnitude of the de-
flections end the beneficlal influence of creep. For the renges of creep and swelling rates
considered in thils study, the subessembly heads are always bowing outwards, eaway from the
core centre. However, for ratlos between the swelling and the creep retes smaller than for

case C, inwerd bowing would almost certeinly result.

The maximum free bowlng and restrained bowing deflections are gathered in Teble III
and compared to the situption without creep. The ebsolute figures of the free deflections
should be compared to the deflection limit of 25 mm for insertion of the subessembly by the
fuel handling equipment [2] .

5.3, Cross-sectionel deformetlons.

The redlal deformations of the wrapper tube sectlons result from two main causes :

- steel swelling ;
- irradietion - induced creep.

As regards the dimensional changes due to creep, the main driving force 1ls the inner
pressure arlsing from the coolant flow. Significent creep deformations can also be driven
by differential steel swelling across the wall thlckness or over the tube section. To eva-
luete these deformations, one must resort the integration of the total strain field over the
tube sections. An example 1s shown on Fig. 7 which represents the cross-sectional deforma-
tion of subassembly 603 et core mid-plane end at the end-of-life, for case E (maximm swell-
ing -maximum creep). This figure shows that In the proximity of a control element, the de-

formations may become rather asymmetric.

The maximum rediel deformetions are found in the central subassembly (100) where neu-
tron flux and the pressure drop are meximum. The dilation at core centre between opposite

faces 1s glven in Teble III for the different combinatlons of swelling and creep rates.
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It 1s interesting to note that about helf of this dilation is accounted for by swelling
only. The rest is distributed about equally between thermsl expansion end elestic plus
creep deformations. In other words, for the range investigated in this study, the cross-
sectional deformations are not dominated by creep. This situation mey however be reversed

for larger creep rates.

One of the requiremencs on the dilation end on the bowing of the wrepper tubes is thet
they should not exhaust the spacings provided hetween the subassemblies. An estimete of
the residual specing at end-of-life would require a more complete analysis involving the
restrained deformations of all the subassemblies along e spoke of the core. Nevertheless,
1t appears from Table IIT that the provision of sufficient spacing between the wrapper tu-

bes could become & serious problem in cases F, D end E.

5.4. Forces on the spacer pads.

If one excludes the frictional forces, there are basically two types of forces exert-
ed on the spacer pads, These ere the bendlng forces which are needed to limit the free bow-
ing of the subassemblies and the compressive forces which result from the superposition of
the bending forces over the entire core. The evaluatlon of these forces 1s & very diffi-

cult problem which is related to the prediction of the core geometry.

Nevertheless, en estimate of the bending forces can be obtsined for each individual
subassembly by assuming no displacement of the spacer pads at the levels of redial restraint
The resulting forces at the intermediate load plane are given in Table II for the different
combinations of swelling and creep. These results are qualitetively similar as for the
stresses. The forces ere seen to decrease rapidly with the onset of ilrradiation - induced
creep. They ere nearly identical for ceses B, A end E which is agein an evidence that the
relevent quantity is the ratio between the swelling end the creep rates, As for the maxi-
mum stresses, the bending forces are roughly proportlonel to this ratio end obey the seme

characterigtic time (fluence) dependence as that shown on Fig. 5.

The limit Imposed to the compressive forces is of the order of 1000 kp [2] . These
compressive forces are not simply related to the bending forces exerted on the individusl
subassemblies. However, 1t 1s not difficult to imegine that this limit can be exceeded

vwhen bending forces of the order of 500 kp as those found in cases F and D are superposed.

From the above discussion, it cen be concluded thet the meximum stresses and bending
forces are almost completely determined by the competition between the swelling and the
creep retes. One of the most interesting consequences of this property is demonstrated on
Fig. 8. This figure shows the trajectory of the vector representing the force exerted by
the core restraint on the intermediste spacer pad of subs.ssembly 603, as irrediation pro-
ceeds, In this example, the swelling and creep rates are nominel. Three different trejec-

tories are represented corresponding to three different displacements impoged by the core
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restreint to the upper spacer pad : AX = O (no dlsplacement) and AX = + 2.5 mm (displa.ce-
ments of 2.5 mm in direction X which is horizontel on the figure).

Starting with e fresh subessembly in the cold state, the irradiation history is follow-
ed to the end-of-life (8424 hrs). The forces at the beginning of irradietion are due to the
bowing of the wrapper tube in the presence of a strong thermel gradient. From there on, “the
forces are seen to Increase beceuse of the differential swelling strains which develop in
the tube wells. They are also concurrently relieved by the radiation - induced creep. The
net result is that the forces corresponding to the three different positions of the upper
spacer pads converge to the same limit efter a short time. This limilt keeps increasing be-

ceuse the swelling rate is not constent but increases with fluence.

From this example, it can be concluded that after e certain residence time in the reac-
tor under steady conditions, the bending forces become independent from the positions of the
spacer pads. The convergence time depends on the irradiation - induced creep rate and amounts
typlecally to less than one cycle (2808 hrs). After convergence, the forces are esgentially
determined by the ratio between the swelling and the creep rates.

This property has significant practical implications. In particular, the bending for-
ces on the spacer pads can be evaluated by any equllibrium configuration of the core without
a preclse knowledge of this configuration. The two complementary problems of eveluating the
behaviour of individuel wrepper tubes and of predicting the core configuretion under steady
conditions are therefore separated and simplified. For example, the equilibrium configura-

tion of the core can be obtained in three successive steges, as follows :

- Evaluation of the bending forces on the spacer pads for all subessemblies in the core as

shown above for subassembly 603 ;

- Determination of the resulting possible equilibrium configurations of the spe.cer pads.
It should be pointed: out thet this determination cen be cerried out independently for
each level of radiel restraint ;

- Evaluation of the restrained bowing deformations of the subassemblies from the new posi-
tlons of the spacer pads.

6. CONCLUSIONS.

The stress - strain anelysis of the behaviour of the wrapper tubes presented in this
paper hes led to a number of significant results pertaining to the design of a passlive core
restraint like that of SNR -300. The most important are summerized hereefter :

(1) The radiation - induced creep reduces the stresses in the wrapper tube walls and the
forces in the system of core restraint to accepteble levels, As fer es these quan-
titles are concerned, the most determining fector is the ratio between the swelling

and the creep rates ;
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(i1) For the range of swelling and creep rates investigated, the wrapper tube deforms-
tions are still domintated by swelling. However, it cen be anticipated thet for
faster creep rates a quelitatively different behaviour would result. The main pro-
blem would be assoclated to the provision of sufficient spacings between the wrapper

tube walls in the core region ;

(411) The irradiation - induced creep enables to evaluate the bending forces on the spacer
pads independently of & limited displacement of these spacer peds allowed by the co-
re restraint. Thils property can be used to determine the configuratiom of the entire

core under steady conditioms ;

(1v) On the basis of the present knowledge and characterizetion of irradiation - induced
creep and swelllng, the present study has revealed no evidence against a successful

operation of the S NR - 300 core.
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-TABLE I-
Wrapper tube dimensions :
Distance across flats 10k.5 mm
Wall thickness 2.8 mm
Tube length (approximate) 3.5 m
Axial dimensions of the core :
Core length BHO  mm
Upper blenket 40O mm
Lower blanket 40O  mm
Ge.s plenum 650 mm
Levels of the load plenes with respect to the core centre
Foot - 1930.5 mm
Lover loed plane - 675.5 mm
Upper load plene + 1092.5 mm

~TABLE II -

MAXIMWM STRESSES IN THE WRAPPER TUBES AND BENDING FORCES AT THE INTERMEDIATE

Ca.se F
Swelling nominel
Creep nomine.l
Suba.ssembly
100 58.9
603 54.0
603 kg2
Comments doubtful

LGAD PLANE AT END-OF-LIFE

D B A
me.ximum minimum nominel
minimum minimum nominal

Equivelent stresses (

23.5 12.7 1.1

27.1 1.7 9.9
Bending forces (kp)

419 178 168
doubtful feasible feasible

-~-TABLE III -

E
e ximun
maximum

1.5
10.7

189

feasible

[o}
minimum
me.ximum

9.6
6.1

78

feasible

MAXTMUM BOWING DEFORMATIONS AND CROSS-SECTIONAL DEFCRMATIONS AT END-OF-LIFE

Case F D B A E C
Swelling nomine.l maxLmum minimum nominel ma.xlmum minimum
Creep nominel minimum minimum nominel maximum me.x1imum
Suba.ssembly Meximum restrained bowing deflections (mm)

603 4.8 | 5.7 | 2.8 | 3.3 | 4.8 | 2.4

Free bowing (mm) cold stete
603 20.0 16.5 L 7.0 | 4.8 | 5.8 | 0.8

Dilation across flats (mm)
100 3.7 | 5.3 | 3.1 | 4.1 | 5.7 3.5

Comments doubtful doubtful feagible feasible doubtful fee.sible
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