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A generic study of the safety aspects of LMFBR
roof covers under HCDA load conditions
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The response of an LNFBR roof cover to HCDA loadings iz examined using =

approach.

combined 2D/3D wodelling

A generic 3D roof design of box-type construction is adopted and analysis under zpecimen
loads carried out uzing the finite element program ADINA.

The reactor tank and all internal

components belov roof level are assumed axisymsetric with the containment code SEURBNUK-BURDYN

eaployed to follov the accident progression.

An interface betveen SEURBNUK-EURDIN and ADINA is

provided via a 2D simulant roof model, chosen to match the principal vesponse characteristics of the
3D roof, to enable any intersction effects occurring during impact to be assessed.

IRTRODUCTION

1. The roof of a pool-type LMFBR performs an
essential component support function and,
together vith the msain vessel, forms part of the
primsry containment closure. During an HCDA the
roof structure is subjected to large forces and
its mechanical response, with particulsr regard
to the prevention of leskage of radioactive
material to the environment, i3 an important
component in the assessaent of overall contain-
sent integrity. Of particular concern is the
possibility of direct pressure loading on the
roof as & result of the impact from belov of an
sccalerated coolant slug.

2. Datailed analysis of roof response is best
undertaken uaing an appropriate structural code
wvith 3D capability. Finite elesent progiams
such ass ADINA {1], WSC/NASTRAN [2], ABAQUS {3],
praferably hacked up by computed aided graphics
softvare such as UNISTRUC [&), provide the
sodelling sophistication necessary for the task.
In addition, a number of hydrodynasics codes
have been devslopad [3]} to estimate HCDA coof
loads, and to halp in the general assessment of
contsinsant strength belov roof leval. Thess
codes are very cosplex, usually restricted to 2D
axisymsatric geosetry, ond require extenalve
validation programmes [6] to ensurs relisbility.

3. Traditionally, roof loading and reponse
analyses have Dbeen decoupled, & strategy
atrictly valid only if roof responss times are
long cospared to the load times, but i
othervise adopted for convenience. Roof loads,
visa astructural load patha and by direct coolent
impact, sre first estisated under rigid roof
assusptions, and then detsiled study of the roof
response 1s undertaken independently.

&, However, the roof is & very massive
structute and could absorb considerable energy
during the period of the losd transient,
sitigating damags effects elsevhere in the
containment. A generic study of the interaction
effects 1s reported in this paper. A particular
feature of the vork is the interfacing betveen
the 20 axisymsetric resctor description adopted

belov roof level and the ID roof representation.
This 1is provided via a 2D simulant roof model,
chosen to match the non-linear rcesponse
behaviour of the 3D roof, and enables any
intersction affecta occurring during loading to
be assessed. The principal analysis tools
adopted for the study are the structural code
ADINA [1], for the 3D and 2D roof modelling, and
the conteinment code SEURBNUK-EWRDIN (7], to
follov the fluid structurs interactions.

30 ROOF MODEL

5, Since we sim to estimate the energy
sbsorbing capscity of a typical LMFBR roof
structure, and Its influence on overell
contsinment integrity, we adopt a roof model
sufficiently reslistic to be representative of
current deaign thinking but at the same time
avoiding, as far as possible, design specific
details. The modal chosen is shown in Pigure 1,

6. The centrsl plug is assumed sgtiff while
the aennular portion is a box like structure of
plate steel made up of top and bottom facing
pletes, radisl shesr webs, inner and outer
rings, and & cylindricsl support skirt. A ring
of steel-lined holes of squal radius is used to
represent the major roof penetrstions for the
pusps and IHX’s., All plates are of S0 m
thickness snd modelled using triangular 3D plate
¢lements from the ADINA 1library. The box is
completely f£filled vith concrete modelled ep 4
layers of B-cornered sclid elements matching the
steel mesh. Baceuse of mirror syssetry, only s
sector of the roof annuluz is wsodelled
explicitly,

7. The coupling betvesen the central plug
(vhich incorporates the various rotsting
shields) and the inner ring of the roof is
assuned unable to vithstand bending forces and o
simple hinge connection is usad. All other
steel connections are atiff to :imulate velds.
The assumption is made that no shear forces are
transferred betvesn the steel plates and the
concrete 1n-£111 and that the steel can slide on
the concrete surface but cannot separste from
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Figure 1 : ADINA Roof Model (3D)

it. The model is sttificially stiffened by con-
straining some nodes to move together and
spraading spplied forces to evoid local stress
concentrations wbjch deteiled design would
eliminate. Further datails of the model are
given in Raferences (8],[9]).

20 REACTOR WODEL

8. A 20 aexisymsetric representation ia
adopted for the resctor tank end for all
internal compenents belov roof level, Figure 2,
Disensions are appropriate for a commercial
plant of 1300 MV{e) capacity.
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Fgure 2 : Rasctor Calculation (Rigid Roof)

9. The primary tank §s cylindrical with a
curved base and encloses the core and support
structures, an inner tank separating the hot and
cold sodium poocla, asz well as the pumps and
IHX’s. The core support assesbly bears on the
base of the wmain vessel to which it transmits
loads resulting from the core pressurisation.
The vessel in turn transmits the loads to the
roof structure at its upper rim.

10. Hany of the simplified structures sesn in
Figure 2 are composites of actual deaign
features, and magses and atrengths are enhanced
accordingly. Thus, for example, the diagrid
assembly includes a mass contribution arising
from the core resnants, principally the radial
and axial breeder zonea. The neutron shield
assembly has mass corresponding to the outer
radial shield reflectors but strength compatible
vith e thin outer restraining barrel. The main
tank has modified material properties to take
account of the presence of nearby structures:
the curved agction above the junction with the
diagrid support includes the mass and strength
of the lover internal baffles, vhile the section

belov the junction incorporates the structural
enhancement due to an attached core-catcher
device.

11. The above core structure iz assumed
sufficiently wveak for its effects on the flow
dynamics to be ignored. The ring of IAX's and
pusps, vhich experiments indicate do not produce
strong asysmetries under HCDA conditions [10],
is vepresented in a simplified vay in which the
blockage effect i3 taken into account by use of
an annulus of porous material.

12. The eanergy source is provided by an
expanding gas bubble of initial volume matching
that of the inner fissile region of the core,
and represents s vork capacity of 1/2 GJ for an
expsnsion to the cover gas volume.

1. In the finite element representation of
the resctor model using SEURBNUK-EURDYN, all
internal components are aseenbled using thin
shell elements {(mot discernible in Figure 2).
These may ba generated automatically within the
coda and avoid unnecessary dats preparation for
those aspacts of the problem not related
directly to the calculation of the roof loads.

RIGID ROOF REACTOR CALCULATION

14. In tbe first instance va compute rigid
roof loadings for input to the 3D ADINA roof
model. Figure 3 shovs the reactor configuration
115 mpec into tha transient, as calculated by
SEURBNUK-EARDYN,

13. The bubble 1z seen to have axpanded out of
the cors barrel, this having deforsed
considerably. The accelerated sodium slug above
the bubble impacts the roof at 60 msec on the
axis of symsetry. The impact zone spreads along
the roof radius compressing the cover gas into
the uppar extremities of the vessel causing
straining.



Figure 3 : Rigid Roof Calculation (t=115 msec)

16. The calculation vas continued to 210 msec
vith the roof load histories given in Pigure 4.
At the start of the transient the core bubble
pressure i3 high and the pressure differential
across the diagrid is transmitted via connecting
atructures to produce a line load on the roof at
the junction vith the main tank; force 6 in
Figure 4. This "pull-down” force peaks early at
6 MN/m due to plastic yielding of the tank.
This wvalue should be compared with the
dead-veight load of 1 MN/m.

17. The second loading event occurs as a
consequance of the slug impact, the roof loading
being in the form of & pressure pulse of some
60 msec duration folloved by i« gradual pressuri-
sation as the aystes approa. es equilibrius.
Pressures are displayed for five differeat
radial locations in Pigure 4. Peak pressures
occur at progressively later times along the
roof radiue as the impact zone develops.

D ROOP CALCULATION

18. The dynamic response of the ID roof and
plug essembly has been carried out using ADINA
for the load functions given in Pigure 4. The
pull-dovn force transmitted by the main tank is
applied mcrogs the roof thickness at the radius
indicated in the Pigure. The pressure distri-
bution is assumed uniform at the five different
aress of the bottom plate corresponding to the
locations of the calculated slug pressurs.

19. For the plug, vhich is not included in the
finite element model, the resultant force is
simlated by an appropriste line load spplied to

the inner ring of the roof annulus. Sisilar
line lcads heve been used for tha cylindrical
atea of the pusp/IBX penetrations. Further

details of the model ars given in References

81, (91

20. Both linear end non-linear analysea have
been pertormed. 1In the non-linear regime the
ateal material Lesponse is assumed
elastic-plastic wvith a yleld criterion similer
to von NKises, wvhile ADINA‘s Drucker-Prager
material model 1s used for the concrete vith a
tension cut-off and & cep on the compression
sirength, (8].
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Figure 4 : Calculated Roof Loads

21. The results shov that the roof structure
is able to vithatand the effects of the
pull-down force vithin the lingar range, but
shortly after roof impact a wvave of plesticity
propagates from the inner ring along the

vertical shear wvebs to the support skirt,
Figure 3. There is some yielding of the top
plate, indicated in the Figure, but the bottom

plate remains unyielded throughout the loading
pericd dus to the high compression strength of
the concrete above, Some non-linear behaviour
for the concrete (cracking) is also observed.

22. For both the linear and non-linear cases
very 1ittla lateral tipping of the model takes
place (a fev percents) and the globel roof
motion appesrs to be dominated by the
fundamental radial mode.

2D EQUIVALENT ROOF MODEL

23. The absence of genuine 3D motions and the
basic modal behaviour of the roof encourages ua
to look for a simple equivalant structure in the
form of a homogenecus plate vith modiffed
material properties. For s plate of the correct
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Figure 5 : Progress of Plasticity Vave

radial disensions and of height h, the elastic
lateral behaviour will be characterised by the
tvo parameters oh and BhJ, representing inertia
and flexural rigidity, respectively. The
equivalent density ¢ 1s chosen to preserve total
asss vhile the equivalent Young’s modulus E may
be determined by matching static deflections or
periods of frea vibration. Fitting the
vibration period proves to ba more isportant as
it wvwill govern the vhole time Dbeheviour
including the elastic recovary for the pon-
linear case. This vill leave sose error in the
peak dynamic deflections.
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Pigure 6 : Matching of Plug Displacements
{Linsar Kodel)

24. Plug displaceseant histories for the
optimua linear 2D equivalence model are compared
vith those for the 30 wodel in Figure 6. In
ordar to dscouple the roof response froms sny
effects due to the support skirt, the skirt wvas
replaced by a sisple support for these calcula-
tions. The load functions are thome given in
Figure 4 1n both cases.

25. The initial dip in the plug deflection {s
due to the action of the pull-down force but the
subsequent rise is accelarated by slug impact on
the plug beginning at 60 wsec. The period of
free oscillation of the plug-roof assembly is
55 masee vhich is comparable to the pulse vidth
of the loading fumction (see Pigure 4). Results
are given for a hinged coupling between the plug
and the roof annulus, but the equivalence model
proves to be sensibly independent of the
coupling condition, [9]. The Young's modulus
for the equivalent roof structure turns out to
be very closs to that used for the concrete in
the 3D model indicative of the influence of the
concrete stiffness on the total roof atrength in
the linear case.

26. Vhen setting up the non-linear equivalence
tvo further parsseters becoms available: the
yield strength o, of the material and the strain
hardening slopa E,. The plug deflections for
the 2D and 2D models are coapared in Figure 7
for the best choice elastic/perfectly-plastic
material (B,=0); the yield strength o, being
chosen to match tha peak deflection.
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Figure 7 : Matching of Plug Displacements
{Non-Linear Model)

27. The fit is not as close as in the lipear

case, perticularly at later times, but there is
no option to change the Young’s modulus as the
rise to the peak already occurs correctly. The
finsl permsnent offset hovever, is good. Note
the factor 6 increase in peak daflaction for the
non-linear model.

26. Tha fintroduction of up to 4% strain
hardening has very little sffect on the results
implying that the residual strength of the
strycture comes from the unyilelded sections
rather than vork herdening effects elsevhers.
Tha equivalence model in the non-linear case is
more sensitive to the condition adopted for the
plug-roof coupling than for tba linesr case.
Pull details are prasented in Reference [9).

FLEXIBLE ROOF REACTOR CALCULATION

29. Refinement of the 2D equivalence wodel
vill mesn a depacture froa the simple homoge-
neous plate to a more complex heteroganeous
structure, In our case this is unnecessary
since the divergenca from tha 3D results occurs
after 170 msec (sse Fig. 7) vhen the impact
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Figure B : Reactor Calculation {Flex Roof)

loading is complete. Ve can therefore examine
the fluid-structure intersction effects occur-
ring during the loading peried wusing the
existing model.

30. The flexible roof resctor configuration is

given in Figure 8. Belov roof level the
arrangesunt is as before for the rigid roof
case, but the roof and plug are nov modelled
explicitly using axisymmetric triangular
elements from the EURDYN library, and the
support skirt, made up of shell elements, i=
also included.

31. The SEURBNUK-EURDYN calculation vas
carried to 200 msec. The chronology of events
before roof impact is almost identical with the
rigid roof calculstion. The downvard displace-
ment of the plug due to the action of the
pull-dovn force paaks at about 40 msec and then
thera is partial alastic reccovery before alug
impact occurs at the plug centre at 60 msec.
The high impact pressures further accelerate the
roof assembly producing a peak plug displacesent
of 96 mm at =160 msec. A sketch of the
plug-roof coupling at mgximum strain is given in
Figure 9.
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Figure 9 1 Maxioum Plug-Roof Separation

32. The principal post-loading evant is the
straining of the upper cylindrical portion of
the main tank, occurring first near the junction
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vith the roof but then spreading downvards. The
reactor configuretion at the final step in the
calculation is shown in Pigure 10 corresponding
to ¢ maximum bubble vork of 550 M).
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Figure 10 : Flex Roof Calculation (1=200 msec)

FINAL REMARKS

33. It has been shown that under the dynasic

loads expected wvith HCDA phenomsena it is
possible, for the purposes of fluid-structure
containment analyses, (0 represent the roof of a
pool-type LMFBR with an axisyssetric model
degpite actual 3D design features due to
penetrations, radial vebs, the sandwviching of
concreate in steel, and despite non-linesr
saterial behaviour. This is due to the lateral
rigidity of the structure vhich limits azimuthal
variationa, and the dominance of the radial
fundasental wmode during loading. It has been
demonstrated that a homogensous plate with
sisple non-linesr material properties is
sufficient to match the principal response
characteristics of the roof sodel adopted in
this study. Thers appesars to be little need for
a mors coaplex model.

34. Equivalent material properties are found

by comparing 2D and 3D rasponses:

{1) Density iz chosen (o preserve mass;

(2) Toung’s modulus is adjusted to match the
paricd of the linear rasponses, (the valus
found is closa to that used for the
concrete demsonstrating the influence of tha
concrete stiffnesg on the linear motion);

(3) Matcrial yield strength is chosan to match
the amplitude of the non-linesr responsa,
(no strain hardening).

33. Concerning ovsrall conteinsent bashaviour,
the folloving observations can be made:

The roof model appears to be realistic, the
saximm roof deflection (96 mm for s mechanical
enargy relsase of 550 MJ) calculated using the
squivelent roof wmodel, vhen appropriately
sceled, agrees vall vith the deflection measured
in the MARS experisent (11}, & 1/20th scals
sock-up test perforsed in Prance in support of
the Suparphenix safety analysis. The maxiaum



horizontal separstion betveen the piug and roof
upper surfaces, 40 mm in Figure 9, may have some
consequencas for soma plug retention designs
involving shear key arrangements. More detailed
wodelling of the plug-roof coupliug system is
hare indicatad.

35. As remarhed earlier, the transsission of
the pull-down force to the roof early in the
translent is limited by axial yielding of the
main tenk, vhich in our case has thickness 25 mm
and is the only load bearing structure in
contact with the roof, see Fig. 4. The transfer
of the shear load to the support skirt, and
hence to the resctor vault, via the radial wveb
netvork is accomodated within the linear range
of the steel. If hovever, there are additiomal
load paths to the roof via inner tanmks, bafflesx
or pusp shrowds, much larger forces may ba
transferred and tha integrity of the roof

structure under shear loads may need closer
exanination.
37. Due to the large strength and inertia of

the plug-roof assembly, taking secount of rool
flexibility leads to only marginal reduction in
the total coof load (2.5%) compared to the rigid
roof case, This result implies that it is
feagible to perform detailed structural analyses
of the roof in isolation from the rest of the
containment using rigid roof loadings:- the de-
coupled approsch.

38. Hovever, in the overall assesspent of
containsent strength, and mechanical damage to
structures belov roof level, it is necessary to
include the effects of roof Elexibility.
Figure 11 compares hoop strain histories for the
cylindrical section of the main tank for the
flexible and rigid roof calculatjons, The
reduced final strain for the flexible roof case

illustrates the significant znergy absorbing
capacity of the roof, even for modesat roof
displacements.
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Figure 11 : Uppar Vessel Hoop Strains

39, Thus results from tha vork completed s0
far show that in RCDA ssfety anslyses detsilad
assessment of tbe strength of the roof structure
can procesd adequately using rigid roof loads,
but in the genaral assessment of containment
integrity for wveaker etructures belov roof
lavel, account must be taken cof the enargy
absorption dus to roof movement in order to
reduce conservatiss.
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The origin and magnitude of pressures

in fuel coolant interactions

W. HEER, D. JAKEMAN, B.L. SMITH

Federal Institute for Reactor Research, Wirenlingem, Switzerland

A number of smell scele experiments to simulate fuel coolant interaction (FCI) effects have been
carried out using Freon and vater. Contrary to the predictions of mogt current FCI models, only mo-
dest pressure transients are observed within the interaction region itself but large pressure spikes,
near to or above critical Freon pressure, are seen at the boundaries of the region. Similar pressure
amplification effects have been noticed in parallel experiments involving two phase mixtures., It is
suggested that in both cases a water hammer type effect is the cause of the pressure spikes. These
observations could form the basis of pew thinking in FCI modelling.

INTRODUCTION

1. In spite of the attention paid to fuel
coolant interactions (FCI’s) and the consequen-
ces of them in fast reactor safety philosophy,
the underlying physical principles of the inter-
action are still not fully inderstood. An exa~
mination of same aspects of the problem has been
carried out in simple geometries in the context
of a number of small scale experiments. Parti-
cular attention is paid to the origin of high
pressures commonly associated with FCI's,

INTERACTIONS WITH FREON AND WATER

2. To study the behaviour of FCIs, Freon, si-
mulating the coolant, iz poured into e narrow
tube partielly filled vith water at B0 °C simu-
lating the molten fuel. The type of Freon used
is C1CHF (boiling point: -40.8 9C, crit. tempe-
rature: 96 OC, crit, pressure: 4.9 MPa). A square
aluminium tube {inner width: 3 ¢m) is used but
square Perspex tubes sre also employed to give
an additional visual display. Pressure transients
are peasured at various locations along the
length of the tube by piezo~electric pressure
transducers (Kistler 6§03l or 603B) and recorded
by a 12 channel memory transient recorder. To
facilitate interpretation, flash photographs are
teXen and, for selected tests, high speed czine
photography (S000 r/s} is also used.

3. Out of 110 tests carried out 91 tests pro-
duced & significant interaction. Common to all
tests is the appearance of & quasi-gtable pre-
mixing zone of several c¢m length at the upper
end of the water column. The zone remains in a
churping state for about V2 s before the inter-
action spontenecusly starts and rapidly spreads
over the entire premixing zons. Although every
test shows individual features in its pressure
trace there is nevertheless surprisingly good
consiatency betveen groups of tests selected ac-
cording to vhere the interaction started. Two
types may be identified, those in which the in-
teraction started near the bottom of the inter-
action region {type 1) and those ip which the

interaction started near the top (type 2} Fig. 1
showva a typical set of preasure traces for each
type. Some 1T % of the interections vere nf type
1, 37 % of type 2. In the remaining tests the
interactions started at an intermediate point,
and in these cases type 1 behaviour was cbserved
above the starting point and type 2 behaviour
below, Type 1 interactions propagate upverds with
an average velocity of 120450 m/s (min. 60 m/s)
and a pressure pulse of average size 0.720.2 MPa
(min. 0.35 MPa, max. 1.0 MPa}, Type 2 interac-
tions, propagating downwards, have essentially
the same behaviour within the interaction region
itself (average velocity: 150280 m/s.min. velo-
ecity: S0 m/s, average pressure 0.7:0.2 MPa) but
as E0on ag the pressure waves reach the lowest
trangsducer positions (< 60 mm) high pressure
spikes up to 6 MPe are observed. Photographs ta-
ken at various times during the interaction in-
dicate the pagsage of the vave front. Fig. 2 is

8 good example in which a type 2 interaction
started near to pos.b and had reached pos.2 vhen
the fleash lamp was triggered. The interaction
propagates down to pos.]l where the large pressure
gepike is produced, The Figure shows also a reflec-
ted vave similar ip amplitude and velocity to the
initial wave and superimposed on it. This be-
haviour is associated with the bottom edge of the
interaction region lying betveen pos.l and 2. The
Freon eeen in the photugraph below pos.l did not
react in this case. Below the interaction region
the pressure spike is transmitted through the va-
ter and is itself reflected at the bottom of the
tube. The separation of the downward end reflec-
ted pears at pos.l suggests a velocity of about
1000 m/s, vell in eacess of the propagation
speeds vithin the interaction region above. The
preseure traces further indicate that only 30 %
of the peak heights at pos.l are due to superpo-
sition.

b, ‘The generation of prescure spikes can be
explained in the folloving way. Pressure vaves
passing through the essentially two phase inter-
action region accelerate (and compress) the



