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Abstract

Control rods in the Savannah River Site's K Reactor are contained within
housings composed of scven channels (‘septifoils’). Each septifoil is suspended
from the top of the rcactor and is normally scated on an upflow pin that
channels coolant 1o the septifoil. Forced flow to the septifoil wouid be
eliminated in the unlikely cvent of a septifoil unseated upon installation, i.e.,
if the septifoil is not aligned with its upflow pin. If this event were not
detected, control rod melting and the interaction of molten metal with water
might occur. This paper describes a methodology used to address the issue of
steam explosions that might arisc by this mechanism. The probability of
occurrence of a damaging stcam explosion given an unseated scptifoil was
found to be extremely low, The primary reasons are: (1) the high probability
that melting will nov occur, (2) the possibility of material holdup by contact
with the outer scpiifoil housing, (3) the relative shallowness of the pool of

water into  which molten maitcrial might fall, (4) the probable absence of a



(3]

trigger, and (5) the relatively large cnergy release required to damage a
ncarby uct assembly. The methodology is based upon the specification of
conditions prevailing within the septifoil at the time molten matcrial s
expected to contact water. and upon information derived from the available

experimental data base. supplemented by rccent prototypic experiments.
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Introduction

Control rods in the Savannah  River Site's K-Production Recactor arc
containcd within housings called septifoils. Each septifoil (Figures 1 and 2) has
space for seven rods suspended [from the top of the reactor. At least two of the
seven rods, including the, central rod, are completely withdrawn prior to  full
power operation. The rods remaining in the core during operation are subject
to neutron and gamma heating such that cooling is required.

Cooling  water s supplied o individual septifoils via one inch lines
connected o upflow pins upon which the septifoils must be seated (Figure 3).
The septifoil outer housing is solid except for slots located just below the 1op
shicld of the rcactor. When the septifoil is scated properly forced flow enters
the scptifoil through the upflow pin, exits through these slots, and mixes with
the moderator in the reactor tank.

Forced flew. through the scptifoil would be climinated if the septifoil were
not scated upon its upflow pin (Figurc 4). Such an cvent is extremely unlikely,
especially in light of current installation and inspection procedures. However,
the possibility of an unsvated scptifoil is still considered part of the design
basis for the reuactor and must be analyzed accordingly. With the loss of forced
flow, cooling ix possible only by nuatural convection. While calculations
indicate that nuatural convection would be adequate to cool the control rods
within the septifoil, cn(;ugh uncertainty  remains that ovcrheating  and
melting of control rods must be considered. Of primary importance is the
possibility that « dJdamaging stcam cxplosion, resulting from the contact of
molten control rod muicrial and  water within the scptifoil, lead 1w propagation

of melting to ncarbv tucel uasscemblics.
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The term  steam  eaplosion refers o the rapid cnergy transfer that may
occur when o hot (luid (such as a moliecn metal) is rapidly mixed with ..ater.
Experiments  huave  shown  that mixing alone is insufficient o cause an
cxplosion; the system must be triggered by a pressure pulse that causcs the
brcakdown ot the vapor lilm surrounding the hot fluid. The pressure pulse
may originatc lrom without the system (an cxternally triggered explosion) or
from within the system (2 spontancously triggered cxplosion). In either case.
local brecakdown of the vapor [film propagates rapidly through the mixturc
until a significant amounmt of matcrial is involved.

At present it isx not possible to predict with certainty when an cxplosion

will be triggered. Experiments have looscly determined what conditions favor

triggering. The cxperimental data basc is sparse, however, especially with -

regard o Al-Li alloys. the material of which the control rods are fabricated.
Conclusions drawn f{rom the data basc arc suspect and, for the present case,
prototypic cxpc.rimcm,\' were deemed  necessary.

This paper describes work  done 1o quantify the probability that a
damaging stcam cxplosion result from an unscated septifoil. This probability
was obtained by cxamination of the cxpected progression of thc accident and
by comparing predicied conditions to those found experimentally to favor the
triggering  of stcam  cexplosions.  Protolypic cxperiments were  performed 1o
strengthen the conclusion drawn from the cxperimental data base. The aim of
this work was o determine if a stcam cxplosion resulting from an unscated
septifoil in the K-Production Reactor might be excluded from the rigorous
treatment required of design basis accidents. Such cxclusion would follow from

an cxtremely low probability of occurrence.
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Method

Events resulting from  reactor operation at power with an unscated scptifoil
are difficult to predici. A conservative calculation is  precluded by the
complexity of (he situation. Reasonable cstimates of conditions prevailing
within the septifoil as a function of time have been made but much
uncertainty rcmains. was decided, therefore, to use a ‘'mechanistic tree'
approach 1o the problem. With  this approaéh. conditions necessary for the
initiation ol u steam caplosion are considered sequentially, the result being
the probability that all conditions prevail, i.c.. the probability that a stcam
explosion occurs. For a sicam explosion to oceur, molten material must contact
water. The rods must. thercfore, cxperience critical heat flux (CHF) and melt,
the melt must not be arrested by freezing on cooled surfaces or other rods, and
a triggering mechanism must oceur. Furthermore, the interaction must result
in sufficiecnt cnergy  release 1o damage ncarby asscmblics before  substantial

core damage would occur.

Occurrence of CHF uand Melting

With the climination of forced flow, cooling of the control rods occurs by
natural circulation. Natural circulation cooling was analyzed using a simple
steady state model. and using the Transicnt Reactor Analysis Code (TRAC)
(reference 1). The analytical modcls predict that boiling will occur in the
septifoil housing, and that a two-phase mixture will be discharged from the
holes at the top ot the housing. Melting of the control rods is prevented if

nucleate boiling i~ waintained on the surface of the contro’ rods. On the other

shn ol
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hand, if the control rods exceed critical heat flux and transition to film
boiling, the rods will probably melt. -

Many cmpirically derived correlations for CHF in flow boiling exist in the
litcrature. ‘Muny ol the corrclations, such as that presented by Katto
(reference  2) indicate that nuclcate boiling can be supported at very thigh
vapor void fractions. corresponding o very high septifoil powers. Thesc
correlations  were  gencerally  derived from  data taken in  uniformly heated
circular tubes. Corrclwtions published by Mishima (references 3 and 4) and El
Genk (refcrence 53, however, suggest that geometry has a profound cffect on
CHF. in particular., the Mishima correlation indicates that for an annular
gecometry hcated on the inside surface, premature dry-out occurs at a low void
fraction, associated with the establishment of film flow on the unhcated outer
surface.  The scptifoil gcometry is very complex, but incorporated a large
amount of unhcated surface.  The Mishima correlation was thercfore applied to
the analytical r.CSLlll.\ lor septifoil cooling.

The results of the simple steady-state model indicated that CHF did not occur
below approximately S50 of historical rcactor power in an unseated septifoil.
This study cmployed the homogencous two-phase flow model that was found to
be more conscrvative than cither the Martinelli-Nelson model (reference 6)
or the drift-flux modcel. |

A dciailed three-dimensional TRAC model was used to model the scptifoil at
40% of historical reactor power. The TRAC code predicted a complex oscillatory
flow pattern. TRAC did not predict the occurrence of CHF. The TRAC code
cmploys the Biasi corrciation  (reference 7). This  correlation does not,
however, account for the geometrical effects that are apparent in the Mishi.hm

correfation. The TRAC results were therefore compared to the Mishima
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correlation.  The Compartson - concluded ll".;u‘rﬁargin existed between the €40%
power case and CHF. This tended to suppon the simple analysis. -

Because  dhe  analysis held  significant  wnccrtainly,  an experimert  was
conducted on o sub sewde model of the SRS reactor septifoil. The model
consisted of w lour-loot section of an uctual septifoil housing complete with op
and bottom fidings. Elecircal  heaters were .~;:ubstitul‘(:d‘ for the control rods.
Che.o test results indicated an  unsteady oscillatory flow similar to the TRAC
predictions, but CHF and transition to film boiling wvecurred at a power level
betow that unticipated based on the simple one-dimensional analysis of the test
fixturc using the Mishima CHF correlation. A detailed examination of the test
fixture fed o the conclusion that the results were likely an artifact of a
discharge geometry that was not prototypic of the septifoil in the reactor.
Insufficient instrumentation  was  available on the test to confirm these
conclusions. however. The test results can be matched by globally increasing
the two-phasc t'hm resistanee of the septifoil in the simple steady-state model
by a Jarge Tactor Application of this modification to the analysis of the
septifoil in the reactor reveals that CHF s still avoided in an unscated septifoil
up o 31% of historical rcactor power,

The foregoing gives u high probability thar the septifoil is coolable at the
proposcd operating power  of 30% historical power. This probability is

estimated to be on the order of 99 in 100,
Holdup Beciwuse of Contact with Cold Surfaces
I control rods within the septifoil can not be cooled by natwral convection,

melting and  relocwion ol control rod materiad muy cnsue. Cooling is  still

possible il good thermual contact is made between the rod and the septifoil
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housing. Comucl‘ may occur because of swelling below the melting point or
bridging of the gap between the rod ard the housing by molten -material
cxtriaed ‘lhmugh cracks in the housing. (The cladding has a higher melting
point than the Al-Li alloy windin the rod.)

Prior to rcaching iix melting tlemperature, a control rod may undergo
substantial  swelling  as  its  (emperature  increascs. chlling results  from
volumetric expansion ax gases within the rod expand. The assumption of a
coolable geometry via control rod swelling alone (without melting) is unlikely
unless the rod and housing arc able to mold themselves together in such a way
as to increase the surface arca for heat transfer. However, control rod
swelling will be accompunicd by clad cracking followed by melting of the
inner corc ol ihe control rod and cxtrusion of wmolien or foamed material
through the cracks in the clad. Contact of this material with the outer housing
of the septifoil will incrcase the ecffective heat transfer arca and  will,
thereforc, incrc‘usc the  likelihood that a c¢oolable geometry will be assumed.
Limited data exist. however. concerning the cxtent of swclling and clad
cracking for conirol rods under accident conditions; predictions are difficult.
It is cstimated that material holdup and cooling because of swelling and
cracking will occur approximately one third ot the time. This judgment is
based upon the caperimental evidence concerning sw:lling and experiments

with irradiated fucl which show the postulated behavior.
Molten  Muaterial  Falling  into  Wauter
If the control rod is not cooled and held up by conmtact with the septifoil

housing, it will probubly fail at a point ncar the point of maximum heat

gencration  and  separale into two  picces: one remaining in place; the other,
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falling to the orifice plaic at the bottom of the septifoil. Molien material is
cxpected to relocale in a continuous strcam or in a serics of drops from the
bottom of the hanging portion of the rod (Figure 5).

Molten material contacting  the piece of falien control rod will freeze
before it can wravel u targe distance down the side of the rod. Remelt of the
celocated material will occur only if the fallen piece of control rod melts. This
picce of control rod. il not cooled by residual water, will melt in much the same
way as the intact control rod except scparation of the piece into two smaller
picces will not ocecur. The Tlallen piece will cuandle beginning at its top. Within
a few centimeters.  sulficient material  will  relocate  producing  sufficient
contact arca with the outer housing 10 cool the system.

TRAC calculations were performed to  estimate the thermal-hydraulic
conditions within the septitoil in the case where melting occurs. To induce
melting, a fully blocked septifoil had to be assumed. These calculations,
performed at .2i)‘f'; historical power (the proposed operating power), show the
void fraction 1o be high at clevations above ~ 1 m from the orifice plate
because of vigorous boiling. Therefore, a portion of control rod extending
initially more than ~1 m below core midplane will extend above the ‘'surface' of
the water after it has fallen. Material rclocating from the bottom of the
hanging portion of control rod will be prevented from reaching the pool. at
least in a manncr luvoring rapid mixing, and a stecam cxplosion will not occur.
A stcam cxplosion is possible only with rods whose positions arc such that they
extend no more than ~ | m below corc midplane during normal opcration or
with rods cxiending more thuan ~1 m below core midplane when the reactor
power profile has a peak below core midplane. Technical spccificatia;ns
regarding the positioning of control rods during operation restrict to onc the

possibic number ol rods not cxtending more than ~1 m below core midplanc.

e
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Based upon an cxumination of  past recactor power profiles and control rod
positions, the likciiwood that a control rod be in a position for which _a stcam

explosion is possible is put at 20%

Probability of Triggering

Given that molien muterial has contacted waer, the probability of stcam
explosion initiation can be estimated from the cxisting experimental data base.
The aluminum indusiry  and  others have conducted numerous cxperiments
over the yecars (sce. c.p.. references 8-10). Most have been 'pour' type
cxperimenls wherein molien material has been poured into a stagnant pool of
water. Experiments huve been performed with and without the application of
external triggers. The results of untriggered cxperiments are  thought to be
most applicablc 10 the current situation although a few plausible triggering
scenarios have “been investigated by G. A. Greene during the course of this
work.

The important variables. as indicated by the data basc, are the temperature
of the melt relative to ity melting temperature, the height and temperature of
the pool of wuater into which the melt is poured, the diameter of the stream of
molten malterial. the condition of the surface of the water container, and
whether certain altoying  clements,  cspecially  lithium, are present in the
molten  material.  The probability of stcam cxplosion initiation has been
observed 10 increase as the melt superhcat is increased: decrcase as the pool
depth is increased: increase as the stream  size is increased; dccrease as the
waler temperature i~ increaseds incrcase as the wettability of a contacling

surface is increased: and incrcase as the Li content of the melt is incrcased.

Wl
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The cffect ol melt superheat on the triggering of sicam cxplosions was found
by Long (rclerence 1) to be strongly coupled to the pool depth. -

The available experimental results  indicate that non-externally triggered
stcam cxplosions with aluminum alloys arc very rare without the assistance of
a submerged surfuce. In a typical cxplosive cxperiment, molten metal t(raps
water against a submerged surlace and, it is hypothesized, the vaporization of
this trapped watcr provides the trigger for the ensuing explosion., If one
ignorcs the possibility of stcum explosions initiated before the melt reaches a
submerged surfuce und the possibility of initiation upbn impact with the pool
surface, the likelihood of stcam cxplosion initiation can be cxpressed in terms
of the likclibood that molten material contact a submerged surface and the
likelihood that an intcraction involving the surface trigger the explosion. If
molten material cun be prevented from rcaching a submerged surface by
freezing, aided possibly by fragmentation as it falls through the water, a steam
cxplosion can l;c considered  very unlikely

The superheat of the melt, the depth of the water, and the sizc of the strcam
of molten material dircetly affect whether the matcrial will contact, before it
freczes, the bottom ol the vessel into which it is poured. Melt superheat in the
present situation is low because of the relatively low hecat gencration rate
within a control rod and ihe absence of a mecchanism by which the melt could
bc held up and hcated. The maximum value for superhcat was calculated 10 be
32°C based upon the free tall of material through the power gencrating region
of the corc. The depth of the water pool has been cstimated to be ~1 m and the
size of thc strcam cntering the water is constrained (o the size of the septifoil
channel (~ 2.5 ¢m). The distance of travel of the molten material through ;hc
water is a function ol these three factors as well other factors such as local

hydraulic conditions and the thickness and  propertics of the oxide film
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surrounding the material. In Long's experiments, slightly superheated
aluminum would not explode unless dropped into a shallow pool (< 15 c¢cm - 25
cm depth). In addition, cxplosions were not observed, regardless “of the
superheat, when the strcam diamcter was less than 6.4 cm - 7.0 cm. Assuming
the Al-Li alloy used here behaves in a manner similar to Al, it seems very
unlikely that moliecn matcrial produced during this event will reach and be
triggered upon the surface at the bottom of the septifoil. The effect of the
presence of Li will be discussed later.

Perhaps a morc likcly scenario is for molten material to be triggered upon
the surface of a picce of fallen rod or upon the vertical wall of the channel.
The aluminum surfaces within the septifoil are not thought to be especially
conducive to steam ecxplosion initiation. There is some experimental indication
that aluminum surfaces may be less conducive to triggering than steel
surfaces (reference 12), upon which most of the data is based. However,
septifoil surfaces will be oxidized, and therefore wettable to some degree, but
the cxtent of wecitability has not been determincd.

The TRAC calculations predict water temperatures ranging from 50°C to
70°C at the bottom of the septifoil to saturation at the surface of the water pool.
Steam explosions involving aluminum are much rarer at temperatures above
~60°C (references 11 and 12). Only water residing in the bottom of the septifoil,
therefore, has a tcmpcrature favorable for triggering. Material descending
through the pool is cxpecied to solidify before encountering this water.

Conflicting ecvidence cxists regarding the effect of lithium on steam
explosion triggering. A limited number of experiments performed by one
group pointed to a marked increase in the likelihood as well as tle violence ‘of
steam explosions when Al-Li alloy with a Li concentration similar to that in

SRS control rod matcrial was used compared to the likelihood and violence of

‘‘‘‘
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explosions occurring with purc aluminum. These experiments used a large
quantity of material (50 1b) poured in a large streamn (8.3 cm). They calculated
that in one test thc cxplosion occurred, without the aid of an external "trigger,
before the melt rcached the bottom of the containcr.

Higgins (reference 13), however, reported no spontaneous explosions in a
limited number of 1cests involving Al-Li  of considerably higher Li
concentration than present in a control rod. The samples were 150 g and were
poured in 2.5 c¢m streams. These tests arc more prototypic of the present
situation than the uforementioned Al-Li tests. Although the melt temperature
for these tests was not specified, it is thought to exceed the superheat expected
in the reactor, making stcam cxplosions more likely in the experiments than
in thc present sitvation.

A large number of tcsts involving Al-Li similar to control rod material
were performed by Page ct al. (reference 14). All but a few tests were
externally triggered. A stcam cxplosion occurred in none of the tests that were
not externally triggercd. The molten material was poured in a small stream of
unspecifiecd diamcter and was of the order of a Kg in mass. The mechanical
energy output from cach extcrnally triggered explosion was measured with
the aid of crushblocks. The experimenters observed an exponential increase in
the yield as a tunction of the lithium content of the melt

Based on the forcgoing, the likelihood that a steam explosion is triggered
when molien  control rod maricrial reaches water within the septifoil is
estimated to be quite iow, on the order of 1 in 100. This estimate involves
considerable unceriainty cspecially with regard to the propensity for
triggering - upon surfaces other than that at the bottom of the septifoil and
with regard to the cffect of lithium, Because of these uncertainties,

experiments were deemed necessary to lend support to the probability



14

estimate. Attempls were made to make the tests as prototypic as possible with
respect to the conditions cxpecied to prevail at the time of the accident.

Experiments were performed by G. A. Greene at Brookhaven National
Laboratory, D. H. Cho at Argonne National Laboratory, and L. S. Nelson at
Sandia National Laboratorics. A range of conditions and configurations were
examined corresponding (0 best estimates of the conditions and modes of
contact of molten malterial with water during the hypothetical event.  Various
triggering scenarios were examined by G. A, Greene.

The experiments at Argonnc (reference 15) involved pouring streams of
control rod material into an actual scptifoil with web insert. A total of five tests
were donc. In onc test, material was poured into a single channel of the
septifoil in a strecam of 1.4 cm diamcter resulting in a total mass of 0.4 kg
delivered at a ratc of ~0.3 kgfs. In the other four tests, molten material was
poured into five cxterior channels of a septifoil in a stream of 1.2 cm diameter
and at a rate of 0.9 kg/s. In one of these tests, a total mass of ~0.5 kg was
delivered; in cach of the other three, a total mass of ~0.8 kg was delivered. . In
all five tests, the superhcat of the melt was kept under ~50°C and the water
temperature was kept at 85°C. Also in all five tests, a piece of control rod was
positioned benecath the pool surface, in each channel, to simulate the fallen
portion of a failed rod. Thc height of water above the tops of these pieces was
set at 12,7 cm or 33 c¢m. In none of the tests did a steam explosion occur
although overpressurizations on the order of 0.1 MPa were observed.

A total of fifteen tesis were done at Brookhaven (reference 16), again using
an actual scptifoil and web. Of the fifteen tests, seven involved postulated
external triggers: the pouring of the melt into a thermally stratified pool, t}}e
pouring of thc melt into a two phase pool, and the dropping of a solid rod in an

adjacent channel of the scptifoil simultancous with the entry of molten
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material into onc channcl. ’l‘hé timing of the falling solid rod was varied. In
the majority of the tests, from 75 to 100 g of material was pourcd into a single
channel of the septifoil in a jet of 0.635 cm diameter. The pool depth was varied
from 30 cm to 100 c¢m: the water temperature, from 33°C to 100°C. A stcam
explosion was not observed in any of thc tests. Transient overpressurizations
ranging up to 18 psig were observed in a few iesis.

The tests performed at Sandia National Laboratories (refercnce 17) used
globules of molten Al-Li of mass in the range: 1 g to 10 g. These tests were
intended to simulatc a scenario in which molten material falls from the bottom
of a rod, not in a continuous stream, but in a scries of drops. In twenty five
cxperiments, a spontancous cxplosion was not obscrved cither as the drop fell
through the water or upon contact with the bottom of the chamber. Aluminum
and stainless stecl chamber bottoms were used. The septifoil wall and web are
composed of aluminum. The stainless steel surfaces were used in an attempt to
gauge the difference between steel and aluminum.

The experimental results described above support the original conclusion
that a steam cxplosion is highly unlikely during the postulated accident. It is
recognized that a limited number of experiments were performed and that
considerable uncertaimy exists in the modeling of the accident sequence. The
1 in 100 probability assigned to this level of the tree is considered to be a

reasonable best-cstimate of the irue probability.

Potential Steam Explosion Magnitude
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The criterion assumed I'olr propagation of this event to a nearby fuel
assembly is the collapse of the outer wall of that assembly by the shock wave
created by the cxplosion. For a nearby fuel assembly to be affected by an
explosion, the outer scptifoil housing must first be failed by the cxplosion.
Failure of the septifoil housing is assumed if its ultimate stress is exceeded. The
ultimate stress cquals thc hoop stress which is estimated by

o =cpR cquation 1

where ¢ is the sonic velocity of aluminum (0.2 X 106 inches/second); p, the
density of the housing matcrial (2700 kg/m3); and R, the radial velocity
imparted (o the housing by the impulse of the cxplosion.

The radial velocity can be cxpressed as

R = p(At)/(2ph) cquation 2

where p is the peak overpressure from the explosion; At, the duration of
the impulse; and h. the thickness of the housing.

The peak pressure from an explosion occurring within a tube can be
cstimated with the ecquation (reference 18):

p = 500W/R3 cquation 3

where W is thc TNT weight equivalent in pounds for the explosion; R, the
tube radius in ft; and p, thc pressure in psi.

For o = 50,000 psi, equation 1 gives a radial velocity of 1060 ips. For R = 1060
ips, dt =2 X 10 -6 s and h = (.5 in, equation 2 gives 12,500 psi as the overpressure
required to fail the scptifoil outer housing. According to cquation 3, with R =
0.14 fi, the cxplosion magnitude in units of TNT weight equivalent required to
fail the housing is 0.08 Ib. This weight of TNT equals 160 KJ of cnergy released
in the cxplosion.

Given that an cxplosion has occurred of sufficient energy to fail lﬁc
septifoil outer housing onc -asks the question: does an cxplosion of this

magnitudc threaten a ncarby fuel assembly? Part of the output of the
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cxplosion will be dissipated ‘in rupturing the septifoil housing. The energy
required to tcar away a scgment of the housing can be estimated by

U=oceV cquation 4 -

where o is the ultimate stress; €, the ultimate strain; and V, the volumé of
the material. For o = 50,000 psi, ¢ = 0.05 and V= 2 in3, equation 4 gives an energy
of 0.6 KJ, less than 1% of the energy output from thc explosion. Therefore, a
negligible amount of cncrgy it lost in rupturing the septifoil outer housing.

A ncarby fucl assembly housing if the shear stress acting on the outside of
the housing exceeds its ultimatc shear stress. The shear stress given by

T = qL/h cquation 5

where q is the radial pressure; h, the housing thickness; and 2L, the length
of the region under radial pressurc. For an ultimate shear stress of 20,000 psi. a
housing thickness of 0.05 in, and L = 2.03 in, the same as the housing radius,
cquation 5 gives q = 500 psi. An overpressure of 500 psi is therefore required to
fail the outer housing of a fuel assembly.

The closcst fucl assemblics are 7 inches away from the center of the
septifoil. Using the scaling laws for overpressure as a function of distance
from the initiation point of an explosion (reference 19), an explosive output of
~160 KJ would rcsult in an overpressure of 500 psi at a distance of 7 inches
from the initiation point, i.c., the output required to fail a nearby fuel
assembly is approximatcly thc same as required to fail the septifoil -housing.
Therefore, if the scptifoil outer housing is failed by a steam explosion, so will
the outer housings of ncarby fucl assemblics and the definition of accident
propagation defined abovc as damage to a nearby fuel assembly can be defined
equivalently as failurc ol thc scptifoil outer housing.

The cnergy release from a steam explosion is proportional to the maés

participating in thc cxplosion. An cnergy output of ~ 50 KJ/Kg has been
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observed with 3 weight pcrcénl lithium aluminum (reference 3). This output
COFl’CSp()ndS‘ t0 ~ 3 Y% thermodynamic cfficiency, a value typical of the
elficiency observed by others. The participation of 3.2 Kg of molten material is
required to fail the outer housing of a ncarby fuel assembly, assuming an
output of 50 KJ/Kg. Calculations based on adiabatic heatup and relocation of
material by gravity indicatc that the maximum amount of material that may be
molten at any onc time is on the order of hundreds of grams. Therefore, it is
very unlikely that damage to a ncarby fuel assembly will accompany a stcam
explosion within u scptifeil. The probability that propagation occur, given the

occurrence of a stcam cxplosion, has been put at 1 in 100.
Resultant Probability of a Damaging Steam Explosion

The event tree for an unscated scptifoil is shown in Figure 6. The questions
along thc top of the figure represent the considerations cxpressed in the
preceding discussion., Three branch probabilities clearly dominate: coolability
by natural convection, sclf (riggering, and propagation. The cumulative
probability for the occurrence of a damaging steam explosion is extremely
low. The uncertainty in these numbers is huge, perhaps an order of magnitude
for each of thc major contributors to the overall probability; therefore, an
estimatc of the upper bound on the cumulative probability of propagation is
1.4 E -4/Rx-yr/rod. Il thc control rod positions and power profiles are assumed
to be such that any onc of three rods in a septifoil may produce a steam
explosion (sce the discussion under Molten Material Falling into Water), a very
conservative assumption, thc upper bound estimaic becomes 4.2 E -4/Rx-yr.

The frequency of occurrence of an unseated scptifoil has been calculated 'to

be 2.4 E -6/Rx-yr. The ANSI criterion for exclusion of an cvent from design
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basis is 1E-6 core mcli/Rx-yr (reference 20). This criterion and the analysis
described in this paper were used to arguc for the exclusion from design basis
of stcam cxplosions resulting from an undetected unseated septifoil, Using the

upper bound conditional probability from above, the total probébilitfy of

initiation of a damaging sicam explosion during the unseated septifoil event is

1.0 E -9/Rx-yr. well below the ANSI criterion.

Conclusion

Based upon the work described in this report, the exclusion from the design
basis of stcam explosions during the unseated septifoil event is justified. The
initiating cvent probability is ncarly low enough te support exclusion without
the neced for further analysis. The extremely small value obtained for the
conditional probability ol a stcam explosion given an unseating cvent puts the
total probability three orders of magnitude below the probability required by
the ANSI standard. It was concluded, therefore, that K reactor could operate at
30% of historical power without an inordinate risk from sicam cxplosions

during a possiblc unscated septifoil event.
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