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ABSTRACT 

Beginning with the assumption that a hypothet
ical steam-explosion occurs in the pressure 
vessel of a pressurized water reactor, the 
structural consequences are investigated. A 
simplified model of an individual installation 
is used for the investigation, finite element 
and finite difference analyses of water-head 
impact conditions are described. Analysis of 
the possibility of ejection of a control rod 
drive assembly as a missile is investigated. 
Conclusions indicate that the only containment 
threatening consequence is the possible hut 
unlikely generation and flight of such a missile 
and that large, i.e, whole head sized missiles, 
appear precluded• 

Steam explosions, alias vapor explosions, alias thermal explosions, 
alias physical explosions, occur when ahot liquid comes into contact with 
a more volatile cold liquid producing rapid vapo-lzation of the cold 
liquid due to heat transfer from the hot liquid. If the vaporization 
is sufficiently rapid, high pressures are generated capable of producing 
destructive mechanical work. 

Corradini has discussed the factors governing the development of 
a steam explosion in a light water reactor (LWR.) following ahypothetical 
core meltdown. This paper builds on his discussion to explore the structural 
responses to this steam explosion, in an attempt to assess whether such an 
event poses a threat to containment. His results are used as input loads 
in the structural analysis. 

Because of the wide diversity in structural details of LWR vessels, 
no categorical statement is possible about their structural reponse to 
a hypothesized steam explosion. By its nature, structural response is 
design dependent and most often is coutrolled by details. It is possible, 
of course, to genetically discuss some effects, but for a dependable 
result one must consider a specific design. 
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In this paper, discussion will center on one design. The example 
chosen was the pressure vessel (?V) at the Zion Power Plant (Commonwealth 
Edison Co.)- Since more detailed drawings were not available, the drawings 
in the FSAR for the plant were used. The results are then both specific 
and general: specific In the sense that application to other deigns is 
limited, and general in the sense that they are not based on blueprints 
and that the analyses used simplified cross sections which are close to 
those of the prototype hut lack many of the details and In that analysis 
dimensions were based on scaled FSAR drawings-

Figure 1 illustrates the basic time regimes important in the structural 
response analysis. The time shown is that after the steam explosion i vitiates. 
Since basic rise times on the order of 50 to 350 seconds and tc *1 eveat 
durations of 5 to 10 milliseconds are typical of steam explosi ;s, the 
first region is precisely defined only for an individual event. Indeed, 
the presence of a shock wave in the normal sense of an explosive event 
is not indicated since the wave front is on the order of 5 to 00 cm 
in thickness in water, and of 25 cm to over a meter In steel. 

Two possible failue modes are conceivable In the first time regime, 
but neither is missile producing and hence were of secondary Interest. 
One is the stress wave propagating through the water surrounding the explfji-.ion 
to the vessel walls and then up the walls toward the flange area. A generic 
analysis Indicates that the potential failure mechanism In this process 
(a spalling type tensile failure at a reflection point) is precludec Sy 
the slowness of the steam explosion event. Thus, no potential contaiuw^it 
breaching mechanism can be found in this part of the time domain. 

StftEK WAVES 

Figure 1- Time Regimes of Responses 

The second is the case of a perforation of the bottom of the vessel 
as the direct effect of an adjacent steam explosion. This possibility is 
design and event specific. Therefore, no general case is thought to be 
representative, hut it is also clear that this mechanism can never produce 
missiles which might breach containment because any missile would be directed 
downward Into the reactor cavity. 



The second region in figure 1 is that during which the results of the 
steam explosion are transferred to the upper head area. Much analysis could 
be done in this region, identifying the various processes for dissipating 
the energy of or channelling the flow of that water which is thrown by the 
steam explosion- An extremely large set of different conditions may be 
conceived involving such variables as: the quantity of core remaining 
intact, the strength of the remaining core and support structure, the 
amount of unrestricted flow area remaining, the quantity of the remaining 
core and structure which carries away with the flow of water, the development 
of jets by flow restrictors, and other similar conditions-

Since many of these variables are determined by random rather than 
deterministic processes it is obviously an impossible task to quantify 
them all, let alone examine all the combinations of them, some simple 
conservative conditions were chosen for analysis. These are conservative 
In the sense that they were chosen to provide solutions which represented 
the greatest threats to containment. Figure 2 gives an extremely simplified 
schematic representation of the PV before and after core meltdown. The 
basic assumptions of this analysis are evident from the figure. The 
assumption is made that the energy of the postulated steam explosion 
Is available in the form of the kinetic energy of a "slug" of water. 
The water in the area above the explosion is assumed to move as a voidless 
mass or slug. This slug is then allowed to impact the upper internal 
structure for one analysis case and the vessel head for three other 
analysis cases. An intermediate case considering the disslpative effects 
of the upper Internal structure is identified and will be analyzed in 
the future. Representative calculations are performed for a slug energy 
of 300 MJ, which corresponds to 10% of the molten core participating 
in a 11, efficient explosion.1 

MOLTEN CORE 

Figure 2a. Status of PV Prior to 
Core Meltdown 

Figure 2b. Status of PV at Initiation 
of Steam Explosion 
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Figure 3. Finite Element Model of Reactor 
Vessel 

The first three cases consider that the water arrives at the vessel 
head having encountered no obstructions and that it forms a voidless 
slug with the volume determined by the mass chosen. For computational 
convenience the shape of the slug conforms to the shape of the head. 
Two combinations of slug mass and velocity were used, based on considerations 
discussed by Corradlni. A "large" slug and a "small" slug were used 
at appropriate velocities to represent the same kinetic energy of 300 
MJ. Figure 3 illustrates the finite element model used in the HONDO 
code for both water slug conf iguations. The flange bolts are represented 
by a two element thick ring. Figure 4a illustrates the model using the 
small water slug; Figure 5a, the large water slug. The material model 
for the pressure vessel is a bilinear elastic-plastic material with kine
matic strain hardening, which represents ASTM SA533 steel with ultimate 
tensile strength - 552 MPa (80 Ksi), yield strength « 344 MPA (50 Ksi) , 
maximum elongation (assumed at ultimate) =* 182, and Young*s modulus =• 
2.07'IQ5 MPa (30*106 psiJ.The initial conditions are given on the figure 
in each case and apply to the entire mass of water. 
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Figure 4a. 

RADIAL COOROINATt (MEIERS) 

Initial Configuration of 
Small Mater Slug Impacting 
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Figure 4b. Small Water Slug at 3.85 tn/s 
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are 5a- Initial Configuration of Figure 5b. Configuration of Large 
Large Water Slug Impacting Water Slug at 8 m/s 
at 113 m/s 

Figures 4b and 5b illustrate the deformed condition at 3.85 ms and 
8.00 ms, respectively. These times represent the times of maximum stress 
to the head; the water slug maybe seen to be in a rebounding condition, 
i.e., moving away from the head in each case. A close examination or 
overlay will confirm that the deformations at the top of the PV are 
greatest. Thus failure will occur there rather than at the flange bolts 
or elsewhere. This result is representative of any readily conceivable 
loading system, even an eccentric one, in that some local stress in 
the dome area will always be the highest, and when that local stress 
reaches the ultimate strength of the material a local failure may be 
expected. This is accentuated by the presence of stress risers such as 
the control rod penetrations. This local failure is not a missile generating 
failure, but a crack which emits a jet or a plane sheet of water. The 
impact of this sheet on the containment vessel appears to pose no threat 
to the containtaent. 

The basic question which was raised at the beginning of this project 
was whether the PV head could be converted into a missile. These results, 
then, indicate that such a large missile, like a PV head, cannot be 
generated by this event. Failure of the head will always occur in a 
local manner before the load on the flanges or bolts becomes larf*e enough 
to cause failure. This conclusion is not expected to be changed based 
on planned further analyses which will include dissipative effects and 
variations of the loading conditions. 

Another case considers a water jet or narrow, high velocity slug im
pacting the vessel head. This is based on ahypothesis of the slugs being 
forced through a narrow opening in the remaining undisrupted internal 
structure with the full kinetic energy of the entire slug. 
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RADIAL COORDINATE (METERS) 

Original Configuration of Water 
Jet Problem 

The computer model for the water jet problem is shown in Figure 6 
with a. vertical column of water 10 cm in diameter and 3.2 in long. The 
water jet problem is analyzed using the CSQ IT code (3) for two different 
impact velocities of the water column. The lower velocity of 0.5 km/s 
is based on the physical restrictions found by equating kinetic energy 
and strain energy of the v-atec The higher velocity of l.ll km/s corresponds, 
to the sonic velocity in the water column which approximates a choked 
flow condition. Closeups of the two final configurations (Figures 7 and 8) 
of fast and slow jet impacts at the time of maximum vessel stress indicate 
that no penetration of the steel shell has occurred. 
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Figure 7. Slow Water Jet a t 5.6 m/s 
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Figure 8. Fast Water Jet a t 2.4 ra/s 
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The final analysis done In this series considers whether a control rod 
assembly night be ejected. Aj>ain the full kinetic energy is attributed 
to the slug and uniformly distributed to each of the 53 control rod assem
blies. In this case an energy of 400 MJ was used, providing further 
conservatism since it represents an approximate upper bound to possible 
missile generation as discussed below. 

In order to estimate the force r<n the control rod assembly, an initial 
sawtooth force time history Is postulated with pulse length tj. The change 
in momentum is equated to the impulse, and the peak load is obtained. 

A crude estimate for the factor tr is the time required for a particle 
to travel the length of the sli'g at v = v Q. This results in a very 
long time of 50 ms. Shorter times will result in higher peak loads. 
While that may seem unconservative, it is not, since this assumption 
results in a peak load of about 6 MN which is essentially equal to 
the highest estimated Ruler buckling load of 6.6 M7J. Any higher peak 
loads should cause buckling and result in no missile generated. Actually, 
the estimated Euler load is itself conservatively high, leading to the 
conclusion that it is difficult to conceive of a loading condition of 
this type which does not" buckle the control rod mechanism. 

Nevertheless, assuming that no buckling occurs and that ejection 
is possible, we can examine the effects of such a missile, fly evaluating 
the strain energy required to break the control rod assembly loose, it 
is seen to be insignificant relative to the kinetic energy available. 
This permits the assignment of the full proportion of the kinetic -energy, 
7.0 MJ, to the assembly and results in a missile velocity of 275 m/sec 
which is also conservative in the sense that no account was taken of 
pre-fracture plastic deformation. 

Considering che effects of such a missile requires two separate 
impact calculations, since a missile shield, installed to protect against 
control rod assemblies ejected from a design basis accident, is expected 
to intercept the missile prior to its reaching the containment wall. 
For the case of a reinforced concrete shield 0.889 meters thick lined 
with 2.54 cm thick steel on the bottom side, as in the Zion plant, and 
using the various empirical penetration formulae extant in the litera
ture * * for estimation it appears that the missile shield is penetrated 
with enough energy (4 MJ to 6 MJ) remaining in the missile to then penetrate 
a reinforced concrete containment of 1.37 meters thick, lined with 1.2 cm 
thick steel. Both these equations and the necessary techniques for applying 
the are known to be conservative in this regime of velocity since the 
equations for steel and concrete must be used separately. A 300 MJ calcu
lation indicates marginal perforation by this technique. Also it must 
be realized that there are many ways to approach this part of the problem 
and vastly different results are achieved in these different ways. Ex
perimental results for steel lined concrete in the velocity regime of 
interest are sorely needed. Another approach using different ejection 
assumptions and the CSQ II code has yielded a "no penetration" result 
due primarily to missile breakup. Obviously a conclusive result has not 
yet been reached. 
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It is apparent from this preliminary investigation that more work 
needs to be done in formulating the real prohlem(s) so that the analyses 
can be conducted in more detail. The rough nature of these calculations 
precludes drawing definite conclusions but indicates areas which should 
be investigated in more detail. The basic conclusion at this time must 
be that if missiles are generated by a steau explosion event, they will 
be small, i.e., control rod assembly size rather than PV head sized; 
but were such missiles to be generated, as unlikely as that seems, a 
threat to containment is not precluded. 
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