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Item 1: 8 ETA Tests

-

Resoonse 1*

] . These tests are quite similar to the COIL and CC tests (1) sponsored by
the U.S. Nuclear Regulatory Commission (USNRC) at Sandia National Laboratories
(SNL) several years ago. The COIL and CC tests concentrated on sustained steel,

interactions with limestone concrete.,

,

The BETA test are being done by the KfK in Germany. Early results of the
BETA tests that have been made public include a motion picture or video tapei st.owing the upper surface of the melt during sustained attack on concrete.
Because an image can be seen without aerosols evident, it is often suggested1

;- that no aerosols were generated during the melt / concrete interaction. A
question frequently posed is why are there no aerosols during this interaction:

yet aerosol production is clearly seen in analogous tests done in the COIL or
CC tests as well as many other tests of core debris / concrete interactions done
for the USNRC. Frequently, the clear implication made in posing the question
is that there must be something " wrong" with the American tests or the methods
currently used to estimate aerosol generation.

t'

The question as posed is not easily answered. First of all, the BETA;-

tests are of relatively recent origin. Very little data has yet been made
available. Most important of these data would be quantitative evidence of'

the aerosol production (or the lack of it) in addition that which can be7 ,

! gleaned by inspecting a photograph record of the test. Secondly, modeling of
[, the BETA tests might be possible were some essential data available. Among
i the data that are essential are melt temperatures and the composition of the' concrete. Compositions of the concrete are needed in some detail since the

most volatile constituents of concrete (such as sodium oxide and potassiumo
' oxide) are present at quite low levels. The volatile constitution of con-

crete is inadequately expressed by the term siliceous concrete or (and
I incorrectly for German concretes) basaltic concrete. Without these data a

| quantitative comparison of aerosol generation would be speculation.,

!

On another front, the question addresses the larger issue of mechanisms
involved in ex-vessel source term estimation done with the VANESA model. The
primary mechanisms of aerosol formation considered in this model are:

.

(1) vaporization of species.fror, the melt into the sparging gas.4

(2) ' mechanical entrainment of melt droplets into the sparging gas.
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Videotape records of the BETA tests suggest both mechanisms should be opera-
tive in these tests. What then might be the estimate of aerosol production
during the tests obtained from the VANESA model?

The complication in obtaining an estimate of aerosol production posed by
the current absence of melt composition data, concrete composition data and
melt temperature data have been noted above. Another complication is that
heat input to the melts involved in the BETA tests goes into the metallic
phase. The overlying oxide layer is cooler and is heated by conduction and
convection from the metallic phase. This is exactly opposte to a reactor
accident case and violates an assumption in the VANESA model.

Ignore for the purposes here the complications above. Advice from inves- J
tigators associated with the BETA tests is that melt temperatures are low - in
the vicinity of the stainless steel liquidus. Assume here that this tempera-
ture is between 2000 and 1900K. Assume further that the concrete is made of
basaltic aggregate (it is not, but this is an understood concrete). Then the
VANESA model would predict an aerosol generation rate of 0.009 to 0.003 g/s.
Typically, the aerosol so predicted is composed of:

Component Percentage Component Percentage

Fe0 0. 5 w/o Al 0 0.02 w/o2 3

Cr20s 0.01 w/o Na20 5.3 w/o
Ni 0.09 w/o K0 93 w/o-2

Ca0 0.69 w/o SiO 0. 7 w/02

Of course, if any of the assumed inventories of melt constituents are in error,
both the aerosol composition and the aerosol generation rate would be affected.

Quite clearly, as best as can be ascertained from the available data,,

VANESA predicts low aerosol generation rates for the BETA tests and low rates
are apparently observed. This should add some credence to the validity of
the VANESA procedure.

Item 2: Explain bubbling during core debris interactions with concrete.

Response 2

One of the first, most significant, observations made in USNRC-sponsored
research on core-debris interactions with concrete was that gases bubbled up
through the melt. It had been presumed at the time of the Reactor Safety
Study that gases would pass around the melt because of the ferro-static head
provided by the melt. Because gases bubble up through the melt, they can
vigorously react with the melt. Thus unlike what was assumed in the Reactor
Safety Study, vigorous ex-vessel production of flammable gases such as H and2CD is a prominant feature of seve"e reactor accidents.

-

The gases produced during core debris attack on concrete are H O and CO2 2ge7erated by pyrolysis of concrete constituents. The release of these gases
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affects thermal transport in the concrete and the ability of heat to be trans-
ported from the core debris to the concrete. Macroscopic data have shown for
instance that heat' to the concrete is reduced by a factor of five between
siliceous and limestone concrete as a result of higher gas generation rates in i

the case of limestone concrete (2). Further, the gases provide a vastly
increased surface area for the vaporization of modestly volatile species from ;the melt. These volatile species, once cooled after escaping the melt, form'

aerosols.

Needless to say, details of gas behavior have been of intense interest
for modeling core debris interactions with concrete. In response to this
interest, research programs sponsored by the USNRC have taken several steps toprovide more detailed data:

5
.

(1) Melts after solidification have been sectioned to ascertain if
useful information can be derived from trapped structures.

(2) Acoustic studies during melt / concrete interactions have been con-
ducted. '

(3) The attack of melts on concrete have been monitored by x-ray and
gamma ray image intensification to show in real time the behavior of
the melt and gas bubbling.

Sectioning of melts has had mixed utility. In some cases bubbles have
indeed been trapped in the frozen melt. These bubbles are ellipsoids with a
long dimension of between 1 and 2 cm.(2). In other cases, no bubbles have
been trapped in the solidified melts (1).

Acoustic studies of melt / concrete interactions were conducted by reflect-
ing a sonic wave off the melt / concrete interface (8,4,s). These studies yielded
data that was not uniquely interpretable. On the one hand, phase inversions
were observed that were indicative of a continuous interfacial gas film. On
the other hand, intermittent " noise" in the signals was indicative of isolated
bubble formation. (Incidently, the acoustic monitoring technology was given
to KfK.)

The most useful technique for examination of bubble behavior was the x-rayimage intensification (*). Tests monitored by x-ray show isolated bubbles
seemingly formed at preferred locations that may be the result of Taylor
instabilities. Heat fluxes to the concrete are high in these regions of pre-
ferred bubble generations. The bubbles are so called " wobbly e111psoids"(7)
with maximum dimensions of 1-2 ca. Inspection of bubble shapes superimposed
over plots of Eotvos, Reynolds, and Morton numbers (see Figure 1) shows that
only modest changes in melt properties can cause bubbles to vary between
wobbly ellipsoids and spherical caps.,

Results of the studies of bubble formation during core debris attack on
concrete seem entirely consistent with bubbling during so-called oxygen " blows"
during steel making by the basic oxygen furnace (80F) method. During 80F steel-
making, pig iron is decarburized by directing an oxygen strea.n at the melt *

surface. Carbon monoxide bubble nucleate in pores of the refractory material. -

useJ to confine the melt. These bubbles are typically 1-2 cm~in diameter and

3
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Fig. 1 Shape regimes for bubbles and drops in unhindered gravitational motion
through liquids.
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have usually been characterized as spherical caps. During the " blow," several *|
~

tons of a 100-200 ton mass are lost. The lost mass is carbon and volatile |
constituents of the melt such as Mn and Fe. The broad data base on oxygen I

" blows" was used extensively in the development of the VANESA model.

, Item 3: Explain layering in light of bubbling.

Response 3

Another, early, important observation of the experimental studies of core
debris interac; ions with concrete sponsored at SNL by the USNRC was that melts
stratified according to density into oxide and metal phases. The hypothesis
used in developing the Reactor Safety Study model was that the melt was _

thoroughly homogenized (the so-called " homogeneously heterogeneous" approxima- -
-

tion.) Stratification was repeatedly observed in a variety of tests and is,
again, consistent with the experience in the steel industry. Stratification
is not perfect. An interfacial regime has been found after sectioning some
melts (2) that suggests some intermingling of phases near the interface. This
zone is typically no more than 2-3 centimeters deep.

Many scier upon viewing films of melt / concrete interactions and
the violent melt .ation by sparging gases, are not persuaded of stratifica-
tion. Fortunately, the stratification has also been clearly visible in tests
monitored by image intensification. There seems no doubt then that stratifi-
cation of the melt into layers is not undone by the effects of gas generation.

Another source of confusion concerning stratification has been created by
the recent BETA tests of steel /concrga3 nteractions. These tests use a long,t i
narrow concrete crucible. I. Catton seems to have been the first to nota
that frozen material composed of both oxidic and metallic phases may be a
unique feature of the extreme aspect ratio of the crucible. He suggests that
gases generated at the walls and the base of the crucible cause the melt to
" chug". Material from the mixed zone be~ tween the oxide and the metal layers
freezes on the cooler concrete walls during chugging. The frozen material does
not couple effectively with the inductive heat source because the metal phase
is a distributed particulate. Consequently, as the test progresses, more and
more material freezes on the walls. Post-test, it can appear that there was
rather vigorous mixing of the melt and oxide. Professor Catton's suggestion
would explain why declining power inputs are consistently observed over the,.
course of the BETA tests.

i

Wall effects and the like have been observed in NRC-sponsored tests even,

at aspect ratios (height-to-diameter) of one. For this reason the NRC-sponsored'

research has gravitated toward the use of concrete crucibles in which only the
base is concrete and the walls are an inert refractory material.<

o

i Stratification of the melt has been observed mostly in tests which used a
, '

simulant as the oxide phase. The New Small Scale (NSS) tests done at SNL, which:
' involved prototypic corium melts, also demonstrated stratification. In these

tests, three layers were observed. At the bottom of the crucible was a dense
and Zr0 . At the top of the crucible was .oxide layer composed primarily of UO2 2,

; a light oxide layer composed primarily of molten concrete. Between the two
oxide layers was a stainless steel layer.*

4
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It is upon the basis of observations from the x-ray monitored tests and
the results of the NSS tests that the layer structure was devised for CORCON.
The model allows distinct layers with or without a mixed interfacial region.
The interfacial region, at the option of the user can be extended to include
the entire melt volume so that, in effect, one has a well-mixed melt. Options
for interfacial mixing are seldom invoked simply because there are insufficient
data to defend.a description of the interfacial zone.

The relative orientation of layers is continuously interrogated in the
course of CORCON calculations. Calculations are usually initiated with the
fuel oxide phase more dense than the metal. As concrete ablates, condensed
products of concrete decomposition are incorporated into the oxidic melt reduc-

_ing its density. Eventually, the oxide layer becomes less dense than the metal ;
layer and the two layers reverse positions (layer flip). This is modeled as
an instantaneous position exchange. Obviously this is not correct. Rather
than a sudden " flip" there will be a period during which the oxide and metal
phases have very similar densities. During this transient period agitation
by gas bubbles would be sufficient to cause the melts to mix and be a " homo-
geneously heterogeneous" mixture. As concrete ablation continues the oxide
phase becomes even less dense. Test data show that stable stratification
would be re-established.

Two issues of current concern to those developing models of core debris /
concrete interactions are:

(1) is the oxide phase of a core melt initially more dense than the
metal phase?

(2) how extensive is metal entrainment into the oxide phase as a result
of gas bubbling?

Modeling in CORCON and most conventional density analyses suggest indeed.

that the oxide phase of a core melt is more dense than the metal phase
initially. Recent analyses of condensed phase equilibria suggest that this
may not always be true. The analyses also show that the procedure used in the
WECHSL code to enforce the metal to be more dense than the oxide may be in
error in some cases. This is an area of ongoing research.

Laboratory research with simulants has suggested that gas bubbling will
cause significant entrainmer.t of metallic melt into an overlying oxidic melt
phase. This entrainment vastly increases the heat transfer between the oxide,

and metal phase. One of the important differences between CORCON mod 2 and
earlier versions of CORCON is a heat transfer coefficient for interfacing melt
layers that recognizes the enhancement caused by entraining.

Entrainment has recently been critized.(') The arguments opposing entrain-
ment are that while it is observed with simulants, it will not occur with proto-
typic melts. Empirical evidence suggests that when entrainment is included,
predicted melt temperatures are too low. Both the empirical evidence and the. .

entrainment arguments have been criticized. Again, this must be considered
.an area of ongoing research.

1
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Item 4: The TURC Tests.

Response 4

It is recognized that the descriptions of ex-vessel core debris inter-
actions have been based on experimental data derived from steel melts.
Steel constitutes but a portion of the core melt. Perhaps the more important
portion of a core melt is the oxidic phase. In response to this concern SNL
has developed the technology to prepare large-scale (>200 kg) melts of UO -Zr02 2or more complex mixtures of UO - Zro - Zr. Those experiments, called the2 s
TURC tests, have been the first tests to utilize this techne-)gy to investigate
core debris interactions with concrete.

A series of 4 TURC tests were run. The objective of the tests was to -

determine if there were significant differences between the behavior of
metallic melts and the behavior of oxidic melts during attack on concrete.
The test series was then formulated to begin with two metallic melt / concrete
interaction tests. Metallic melts were prepared by metallothermic and by

i furnace methods. These two tests, TURC 1T and TURC 1SS, constituted a touch-
stone to the vast array of metal melt / concrete interaction studies. The third
test, TURC 2, used a melt of UO2 - 25w/o Zr0 . The last test in the TURC2

- series, TURC 3, used a melt of UO - 25w/o Zr0 - 10w/o Zr. Test TURC 2 and2 2
TURC 3 are the only large-scale urania melt / concrete interaction tests.

The TURC tests have only recently been completed and both reduction and-

analysis of the data from the tests are still underway. Some preliminary con-
clusions are:

(1) There are substantive differences in the behavior of ov.idic melts
and metallic melts during attack on concrete.

(2) The gas-film model used in COR, CON and WECHSL to model heat transfer
from the core debris to concrete cannot be universally correct.,

(3) Interfacial crusting is insignificant for metals attacking concrete
but is of dominant influence for oxidic melts attacking concrete.

(4) Relief of interfacial crusting by incorporation of ablated concrete
is simulated too rapidly by CORCON mod 2.

(5) All CORCON mods predicted well the test behavior in TURC 1T which
used a Thermitically generated melt. The CORCON mods underpredicted
concrete erosion in the test with a furnace prepared stainless steel
melt and overpredicted erosion with an oxidic melt.

Melts used in the TURC tests were doped with elements that would be radioactive
in a real reactor accident. The tests were extensively instrumented for aerosol
production. Again, only limited results of the aerosol measurement are avail-
able at this time. Among these early results are:

(1) Geometrical data on the evolved aerosol are consistent with VANESA -

predictions.

1
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(2) Tellurium release was extensive in all tests as would be predicted
with the VANESA model

(3) Molybdenum release was extensive and this would not be predicted by
VANESA.

Enough aerosol size data have been collected that the developers of the
VANESA model are confident of the model's size predictions. The TURC tests
seem to enforce this confidence.

Aerosols evolved during the TURC tests contained substantial amounts of
molybdenum. Extensve Mo release was also observed in the smaller NSS tests
that used corium melts. Unfortunately, the VANESA model predicts negligible -

Mo releases. As yet there is only speculation over the causes of the erroneous '

predictions.

The TURC tests provide valuable data that will greatly assist in the
refinement of the models of ex-vessel core debris interactions. The TURC testspresage a second test series, the SURC tests. In the SURC tests, currently
planned to be a series of 6 tests, uranium dioxide melts will be sustained
while in contact with concrete. The SURC test will begin in the spring of 1985
and continue through October.

Item 5: T,he SWISS (Sustained Water Interaction with Stainiess Steel) Tests.

Response 5

Many hypothesized severe reactor accidents ~ involve not core debris / concrete
interactions but combined core debris / concrete / coolant interactions. The SWISS
tests were done at SNL to examine the effects of coolant on core debris / concrete
attack. The tests are somewhat similar to though smaller than the BETA tests
and the COIL tests. A 45 kg metallic melt is prepared to a known temperature.
It is then deposited into a concrete crucible and sustained with induction,

heating. After a period of 1-20 minutes water flows over the melt at a rate
of 11 gallons / minute. Two SWISS tests were done in September. A third will
be done this winter.

Primary results obtained from the SWISS tests are:

(1) Addition of water did not alter attack on the concrete by the molten
steel.

(2) Addition of water inhibited but did not halt aerosol production.

The.first of these results casts doubts on scenarios in some probabilistic
risk assessments in which it is assumed that injected water will ipso facto
quench, fragment and halt attack on concrete. To date, authors of these prob-
abilistic studies have chosen to cling to their hypotheses which are unsupported
by data and to ignore results of the SWISS test calling them "too small".

The second of the SWISS test results confirms a prediction by VANESA that ~

overlying water pools. mitigate ex-vessel release. The confirmation, is however,
only qualitative. The SWISS tests suggest that the VANESA model may underpre-
dict the extent of mitigation by as much as a factor of 10. The SWISS results

7
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also show that models of ex-vessel release based on surface temperatures such ~

as that developed by IDCOR cannot be correct because the release was observed
even after surfaces were cooled to water saturation temperatures.

1 Techniques developed in the SWISS test series will be applied to the SURC
tests described above. In some of the SURC tests water addition during melt /
concrete interaction will be examined.

| Item 6: Measurements of Lanthanum 0xide Vapor Pressure

Response 6

Lanthanum oxide is assumed to vaporize into the gaseous species La(g),
'

La0(g), LaOH(g) and La(OH)2(g). Thermochemical data used in the VANESA calcu- _>$-

.-
lations were all taken from secondary sources. Data for La(g) were from the

; compendium:
.

Hultgren, Orr, Anderson and Kelly, Selected Values of Thermodynamic
Properties of Metals and Alloys, J. Wiley and Sons

Data for the other lanthanum species were from the compendium:

D. D. Jackson,
UCRL-51137 Lawrence Livermore Laboratory

! Livermore, CA. ,1971

Recently, an improved collection of data for monoxide vapor species has appeared:

J. 8. Pedlegand and E.- M. Marshall, " Thermochemical Data for Gaseous
Monoxides," J. Phys. Chem. Ref. Data, 12 (1983) 967.

The VANESA model has not yet been revised to include these more recent recom-
mendations.

Primary data sources abound for the species La0(g). Free-energy functions.

for gaseous species are nearly always derived from spectroscopic data. Some
; sources are as old as 1928 an'd as recent as 1974. Dissociation energies and

the like are nearly always taken from Knudsen effusion and mass spectroscopici

work. The most recent review of data for La0(g) recommends the primary source:
'

R. J. Ackermann and E. G. Rank, J. Chem. Thermodynamics, 3 (1971) 445.

! Item 7: Describe how Pu is represented in VANESA.

Response 7
i

f, Plutonium is not explicitly treated in VANESA. Rather, the vaporization
is assumed to be adequately represented by the vaporization of Ce0 . Cerium2
dioxide is assumed to have vaporized into the gaseous species Ce(g), Ce0(g),
Ce OH(g) and Ce(OH)2(g). Both cerium and plutonium form a vapor phase dioxide,

. which is, like many other gaseous species, neglected in the VANESA model. .

! Results obtained with VANESA are then lower bounds on the true vaporization
; since some gaseous species are neglected.

1
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The importance of pug (g) can be quantified. A plot of the contribution .

2
of Pu0 (g) to the metal-bearing gas Pu(g), pug (g), and Pu0 (g) is shown in the2 2enclosed figure. Pu0 (g) is quite important when the P /P ratio is low2

H HO2 2(or equivalently the oxygen potential is high). However, when this ratio is
low, so too is the absolute pressure of plutoniu:n-bearing gas. Pu0 (g) makes2little contribution to the vapor for high ratios of P to P This ratioH H02 2is, of course, quite higher when Zr is present in the melt. That is, when Zr
is present, the release of the refractory species is important.

Both PUO2 and Ce02 can be nonstrichsometric. That is, they can have
actual compositions Pu0 , and Ce0 _ where x is a function of the oxygen2 2
potential. This non-strichsometry fEra is neglected in VANESA. The neglect -

of nonstrichsometry does not appreciably affect the vapor pressures as shown -

in the enclosed figure.

Item 8: Discuss the relative volatility of La,0, and UO,
'

Response 8

Vaporization processes involving constituents of the melt may be described
by reactions such as:

Uranium

U02+ H *2 UO(g) +HO2

UO2+ 2H *2 U(g) + 2H O2

UO2+ HO -* UO (g) + H2 3 2

002+ 2H O UO (OH)2 (g) + H+2 2 2 -

U02+H2 + U(OH)2 (9)

U0 + 3/2H -> UOH(g) +HO2 2 2

UO (c) + UO (9)2 2

Lanthanum

La2 3 + H2 * 2 La0(g) +HO0 2

La2 3 + 3H2 * 2 La(g) + 3H O0 2,

La2 3 + H2 * La2 2(g) +HO0 0 2

La203+HO+H2 * 2 La (OH)2(9)2

La2 3 + 2H2 * 2 LaOH(g) + H O0 2
.

The vaporization of the urania and the lanthanides is proportional to the sum
of the equilibrium partial pressures of the vapor species. The thermochemical

9
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definition of the equilibrium partial pressure of a species can be written in '

the general case as:
|

- AG (T)/elT = a in P + b in P ~ A" "M0 * " #" iH HO3 2

where AG (T) standard state free-energy change associated with the=

ith reaction going to the right as written above at
temperature T

P equilibrium hydrogen partial pressure.H2

t PH O = equilibrium partial pressure of H 0.
'

-

22

P = equilibrium partial pressure of the ith vapor species.4
'

R = gas constant.

a, b = coefficients dependent on the reaction stoichiometry and
may be greater than, less than or equal to zero,

u = coefficient dependent on the stoichiometry of the reaction
and for reactions written as above is greater than zero,

a = activity of the parent oxide (UO2 or La20 ) in ther melt.g 3

For instance, for the reaction

La2 3 + H2 + 2 La0(g) + H O0 2

- [2AG (La0(g) + AG (H O) - AGf (La20 )]/RT = -AG RTf f 2 3 RXN
= -in P * " '" + 2 fn PH H La2 3 La02 2 0

The activity of the parent species in the melt is by definition just the mole
fraction multiplied by an activity coefficient. An approximation that increases
in accuracy with increasing temperature is to assume the activity coefficient
is one (ideal solution approximation). Then,

N
Vaporization rate a I P aa aXg g g

i=1

where X is the mole fraction of the parent, condensed species and the symbolg
a denotes " proportional to." Thus, for two species, I and J with identical
chemistry, the ratio of their vaporization rates would be:

.

10
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%)N"
V g)g

where V (K) is the vaporization rate of the KS melt constituent.
R

Comparing the relative concentrations of La20 and UO in the SURRY3 2
TMLB' melt and assuming La2 3 and U00 have identical chemistry would suggest2
the following:

V (La20)3R * 10 4
V (UO ) -

R 3
.

But, La2 3 and 0030 do not have identical chemistries. Inspection of possible
vaporization reactions of La20 show these reactions are promoted by reducing3
conditions. That is, trivalent lanthanum in the melt vaporizes to form divalent
lanthanum in the gas. Vaporization of lanthanum can also yield monovalent and
atomic species. Vaporization of urania on the other hand can be promoted by
both oxidizing and reducing conditions. Under reducing conditions tetravalent
urania will vaporize to form divalent, monovalent and atomic species. Under
oxidizing (in this case steam-rich) conditions, tetravalent urania can vaporize
to form hexavalent species such as UO (g) and UO (OH)2(9)-3 2

Whether conditions are oxidizing or reducing depends of course on the
species in question. For both La203 and UO , conditions produced when H O and2 2
CO from the concrete sparge through a melt of Zr and stainless steel are2
reducing. The steam and carbon dioxide are reduced extensively to hydrogen,
ca" bon monoxide and even carbon. Thus, early in the SURRY TML8' accident when
there is 'some Zr present in the metallic core debris, vaporization of both
lanthanides and urania should be efficient. The concentration effect described
above suggests as a rough approximation that lanthanides and urania ought to-

. vaporize in a ratio of about 1:1000.

Eventually, during the course of the ex-vessel phase of the accident, all
the zirconium in the metallic portion.of the core debris is converted to Zr0 2
by reaction of the gases from concrete. Once the zirconium has been consumed
and any carbon in the melt has been consumed the gases from the concrete react
with the mixture of Fe, Cr and Ni to form H and CO. Reaction with the Fe,2
Cr, and Ni mixture is not nearly as complett. as reaction of gases with a
zirconium-bearing melt. Thus, relative to urania and lanthanum oxide, condi-
tions in the melt are mildly oxidizing despite the fact the ratio of hydrogen
and steam partial pressures is on the order of 3-5. Under these conditions
lanthanum oxide vaporization is inhibited both in the absolute sense and rela-
tive to urania. The precise quantification of vaporization and its dependence

' on prevailing conditions is, of course, what is done in the VANESA model.

The preceeding discussion was, of course, directed toward the lanthanum /
urania relative vaporization. Analogous arguments can be formulated for
cerium oxide vaporization and alkaline earth vaporization. The discussion of
ruthenium and molybdenum vaporization take on a somewhat different tone since -

these elements vaporize from the metal phase.

11
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Item 9: Contrast Releases of Lanthanum and Uranium for Accidents at Surry and I

Peach Bottom )

Response 9

All plants and all accidents are different so to respond effectively one
needs to focus on specific accidents. Here concentrate on the Surry TMLE' and
the Peach Bottom AE accidents. The essential point of creating the VANESA
model is that a compute *,ional tool is needed that is' responsive to the unique
features of both the plants and the accidents. The two accidents listed above
will illustrate the sensitivity of VANESA to both accident and plant condi'-
tions. The two accidents have almost nothing in common. In Table 2 are ~

listed some of the differences between the two accidents. Parameters that '

make a difference for release are:

(1) Concentration of volatiles in melt.,

(2) Melt temperature.
1

(3) Gas flow rates.

(4) Oxygen potential of the melt.

Consider just the concrete in the two reactors. Surry has a siliceous concrete
with a low ablation temperature and a low heat of ablation. Peach Bottom has
a limestone concrete which ablates at quite a high temperature; great amounts
of heat must be expended to decompose carbonates.in the concrete and raise the
condensed products of decomposition to the ablation temperature. Consequently,
for a given amount of heat imparted to Surry concrete, more decomposition pro-
ducts are incorporated into the melt and less gas is liberated than in the
Peach Bottom concrete. Dilution of the. melt with ablated concrete reduces the
volatile fission product concentration and consequently the volatility of the
fission products; it also cools the melt and makes it more difficult to raise
the melt temperature.

From the very start of core debris concrete interactions, the core debris
covers more surface area of the Surry reactor cavity than the Peach Bottom reac-
tor cavity. Since upward heat losses are proportional to surface area, the
Surry melt will try to cool more rapidly at a given temperature than will the
melt at Peach Bottom.-

There is far more Zr initially present in the melt at Peach Bottom'than
in the melt at Surry. Combustion of Zr in the core melt by reaction with H O2
and CO from the concrete provides a heat source that adds to the heating of2

core debris beyond what is available from radioactive decay heating. Zr also
1

assures that gases passing through the melt will be reducing; this condition :
favors the vaporization of oxides often considered refractory such as Ce02
La203 and Sr0. It would then be expected that releases should be greater for
Peach Bottom than for Surry.

,i

A somewhat subtle point arises in connection with Zr reactions with CO -
2Reduction of CO by Zr can go completely to carbon:2

|

|
l
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[Zr]mit + CO2 + Zr02 + [C],,jg ' '

where the symbol [ ] indicates that the bracketed species is dissolved in
the metallic melt. OENtthe Zr inventory is depleted carbon is the most reduc-
ing species in the metallic melt. Consequently reactions such as these become
possible:

[C]mit + H O + CO + H . [C]mit + CO2 + 2002 2

When one mole of gas enters the melt, two moles of gas emerge during reaction
j with dissolved carbon. This means that for a period in the interaction of.a
! zirconium rich melt with limestone concrete, there will be intense gas evolu-

: tion. Not only does the gas carry heat from tae melt, but also the chemical
-

-

reaction responsible for the additional gas generation is endothermic. There
are then powerful cooling mechanisms operative for core debris / concrete inter-
actions in the Peach Bottom accident. Because the initial Zr inventory is
smaller and the CDs content of the concrete is less at the surry reactor,
these mechanisms are much weaker at Surry than at Peach Bottom. It is then
not surprising that releases for the two accidents are different as follows:

! Integral Releases After 10 hours of
Core Debris Concrete Interactions

Species Surry Peach Bottom

U0 6.5 x 10 3% 1.3 x 10 2%2

La20 5 x 10 *% 1.8%3,

] Ce0 0.1 % 2.9%2
i Sr0 12 % 67%i Ba0 9.7 % 48%

Table 2 Some Difference Between the Surry TML8' and
The Peach Bottom AE Accidents

Parameter Surry Peach Bottom
>

Initial melt temp (K) 1807 2125

UO2 mass (Kg) 79630 159391
i Initial Zr mass (Kg) 6690 41070

Initial Zr02 mass (Kg) 13210 32990
'

Initial floor area (m2) 57.55 32.17
i Concrete type basaltic lianestone

CO in concrete (w/o) 1.5 1 1.0 35.7 1 1.02

H O in concrete (w/o) 5.0 1 0.5 4.1 1 0.52

Time after scram 157.3 126.26 -

that melt / concrete
; attack begins (min)
1

i

I
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As might be expected, the releases are greater for Peach Bottom because the
melt was hotter for a longer time, the gas composition was strongly reducing
for a longer period and gas generation was more intense.

6

Item 10: Describe the WITCH-GHOST test.

Response 10
,

The WITCH-GHOST tests at SNL are for VANESA validation and are separate-
*

'

effects tests to address several issues that arise in formulating a model such
j as VANESA:
1

| (1) Characterize aerosol particles formed per bubble burst and the size -

distribution of particles formed by bubble bursting at the surface -
,

of a melt.

(2) Determine if chemical effects drastically alter activity coefficients,

of melt species and consequently their volatility..

I
Mechanical aerosol formation is considered to be an important mechanism in the

i VANESA model. The modeling is based, however, on data for single bubbles pass-
ing through water. A legitimate question is whether or not such a model is~

applicable to bubbles passing through high temperature melts.

A first, exploratory test of mechanical aerosol generation has been done
to develop test techniques (development of a bubbler for high temperature
melts and a bubble counter). Qualitative indications are that particle sizes
predicted by VANESA are quite good and particle numbers are not radically in
error.

,

A second phase of the WITCH-GHOST procedure will examine the activity
assumption for selected species. With the exception of a few species, melts-

,' are described in VANESA as ideal mixtures. At high temperatures this assump-
tion may be adequate. But at temperatures less than about 2200*K one has to1

be concerned about non-idealities and the actual activity coefficients of melt
constituents. Initially attention will focus on Na, I, Ba, and.Sr in oxidic

; melts and Mo, Ag and Te in metallic melts.
4

The WITCH-GHOST tests are to be relatively small-scale, well-controlled,

; tests. They cannot however be too small since wall effects on gas bubbles is
: a well-known phenomena that has plagued more than one study.
,

Currently it is anticipated that the WITCH-GHOST tests will use furnace-
prepared and sustained melts of about 45 Kg mass. The melts will be sparged-

with gases at controlled rates with bubbles of known size, shape, and frequency.
Subble properties, melt surface tension and melt Viscosity will be the primary

i variables in studies of mechanical aerosol formation. Melt composition, gas,

composition and temperature will be the primary variables in studies of melt
constituent activities.

'

The WITCH-GHOST test will likely begin late in January 1985. ~

t

)
4
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Selection of Plants and Accident Sequences

The objective of the BMI-2104 study at Battelle Columbus was to develop the
methodology for improved, best-estimate source term calculations, and to
demonstrate that methodology for a spectrum of severe accident conditions.
The methodology is to employ improved models for the release of fission

products from fuel, transport and deposition in the primary system, atten- ~

.

uation by engineered safety systems, and transport and retention in the
containment and/or other structures. It was apparent at the time of the
invitation of this task, that the methodology was sufficiently detailed to
require selection of specific plants and accident sequences for the sample
calculations to be performed. The plants selected for these calculations,
therefore, were chosen on the basis of: (1)readyavailabilityofthedesign
details required for the analysis, (2) specific plant design features (e.g.,
suppression pools, ice condenser), and (3) availability of other studies to
facilitate comparisons. With these criteria, the following plants were
selected: (1) Surry, a PWR with a subatmospheric containment, being the
PWR plant analyzed in the RSS, (2) Peach' Bottom, a BWR with a MARK I type

pressure suppression containment also analyzed in the RSS, (3) Sequoyah,
a PWR with an ice condenser type containment. (4) Grand Gulf, a BWR with a

distinct new (MARK III) containment design, and (5) Zion, a PWR with a very
large high strength containment typical of many newer PWRs analyzed by the
IDCOR Study. (The original scope of the BMI-2104 study did not include a
MARK !! pressure suppression containment, as it was thought that the physio-
chemical environment for this design would be comparable to the MARK I

containment.)

Similar to the selection of specific plants, discussed above, the accident
sequences to be analyzed with the new methodology were selected to provide
a wide spectrum of physio-chemical conditions, in order to demonstrate the
applicability of the newly developed models for the full spectrum of accidents.

.
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For this reason, accident sequences were selected from general groups such as:
large LOCAs, small LOCAs, transients, sequences expected to minimize and

maximize the effects of engineered safety features, accidents likely to result
in early or late containment failure, and, for each plant, a sequence which
(on the basis of RSS insights) is likely to be a significant contributor to
the accident risk.

For the SURRY plant, for example, the A8 sequence (a large LOCA with loss of.

all AC power) was selected as a sequence resulting in the most rapid depressuri- 5

zation, core heat-up, and containment pressurization. In addition, specific
parameters in the analysis were selected to maximize the challenge to the
containment by rapid hydrogen burning. If the new methodology for the analysis
of fission product behavior can be demonstrated for this sequence, therefore,
there is a reasonable expectation that the methodology is viable,for predictions

'

of similar fast, early containment failure sequences. It should be noted
that the significance of this accident sequence lies entirely in its challenge
to the methodology, as it is generally agreed that its risk significance is
negligible, owing to its vanishingly small probability.

In contrast, the small LOCA sequence selected for analysis (5 0) is well over
2

a thousand times more likely to occur. As a result of the operation of contain-
ment sprays, however, this sequence is not likely to result either in containment
failure, or large source terms. The operation of the containment spray system,
however, present a unique challenge to the ability of the new models to predict
the behavior of aerosols in the containment.

An entirely different pathway for potential fission product transport to the
environment exists for the V sequence, in which a rupture in a pipe carrying
primary coolant outside the containment is postulated. This scenario, therefore,
involves the bypass of the containment, with the fission products released to
the auxiliary building, and was included for this reason. As this sequence,

was thought to be independent of containment design, it was analyzed for one
plant (i.e.,SURRY)only.

.
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The TMLB sequerce (i.e., a transient with loss of AC power, similar to a
" station blackout" scenario) was included in the SURRY set of sequences
because it was believed to be the major contributor to accident risk at
SURRY.

Similar reasoning led to the selection of the sequences for the other plants,
with the additional intention of limiting the total number of analyses to
manageable proportions. The resulting list of plants and accidents is shown,

in the attached table. ~
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R Table 4.1
M
g Accident Sequences and Plants Analyzed Usino Current Methodology

Description BMI-2I04
Plant h Containment Design Volume Accident Sequences Analyzed

1. SURRY PWR Large, Dry I and V A8
SalmesgAari (Recalculations) TMLB'

S02
V

2. PEACH BOTTOM SWR MARK I II AE
TC
TW

i
N 3. GluWe GULF BWR MARK III III TC

TPI
TQUV
SE2

4. SEQUOYAM PWR Ice Condenser IV S HF2

TML
TMLB'

E

k. 5. ZION PWR Large, Dry VI TMLB'
502

.
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OBanelle
Cuiumnus L.morasonem
$0$ King Avenue
Cueumnus. Chen 4 820t

4646 42w24

June 21, 1984

QMMdQ * *
,

Dr. Eric Haskin '

Division 9411
Sandia National Laboratories

'

Albuquerque, New Mexico 87185

Dear Erie:

Enclosed for your review is a draft of the "PWR Standard Proolem . IceCondenser Design''. -

Since this recort is intended to reflect our consensus views, your review
and conenent would be amoreciatsc. Specifically, any major misintercreta-
tions or omissions regarcing your analyses should be es11ed to my attention.
As you will note, I have triec to worx with the taoles and figures that
tables that you would like to see included in the report.were available to me; I would accreciate clearer cocies of the figures anc

.

I am planning to incluoe in tne aopenoix selected clots and taoles for each
of the soecific calculations that we conducted; these are not included with
the current draft, but are icentical to wnat you nave seen tefers.

.

would ifke me to do tne same for your calculations, clease fonvare them toIf you
me; otherwise, you may senc your incividual report directly to the NRC.
I apologi:e for the delay in ge
appreciate your early response.tting this draft to you, and would' greatly

Sin y,

M.
eter Cyculs

.

/

PC/lij

Enclosure
.

. .-

cc: tM. StTberswTo MRC
'

J. Rosentnal, NRC
J. Telford. NRC
M. Cunningnam. NRC

.. N .L.-.
. .. . -
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PWR STANDARD PROBLEM - ICE CCNDENSER DESIGN
.

~~

INTRCDUCTICN

The oejective of the C=ntainment Lcaos Working Grous (CLWG) is tc
develop an uncated tecnnical mesition on the relatively snort
tore (few hours duration) containment pressure and temperature

.

'

leading following reactor vessel f ailure. A way of coveloping an
uneerstanding of the prosles is to nave a nummer of experts

analy=e well eefined situations representative of tne conettions -

expectee curing the course of severe reactor accicents.
Comparison of the results of such analyses would meing into focus
ciff erences in tne unnerstancing cf the phenomena and setnous
used to treat them as well as areas of agreement among the
anal ysts. The analysis of a series of "standare proeless" wee
the approach selected by tne CLWG.
This report coscrices the PWR Standarc Proolem for tne Ice
Ceneenser =entainment mest gn ano descrimes une results. metainee
for snis secolem my Battelle.s Columnus Lacoratories anc 54ne14
Nettonal Lancratories. This recce is intanced to present tne

==ncensus views of tne two groups working en this cruelem.
AP*RCACH

The TML2 accs cent secuence was selectec as the tests for analysts
in sne ice c=nconser containment costgn. Basec en earlier
anal yses , e.g., BMI-Clo4 and others, wnten nac incicatee a

actential vulneractitty of ints cesign to hyeregen turns, the
OLwG stanearc ar=nlem analyses focusec en :ne acactn'qs cue to

ints sour:n. *n tne ?ML3 secuence the hvce: gen 1;nitors
I tyc1cally cr:vicac ,t n ==ntainments of ints tyce =culc net me

:

.



s
.* .
'

'

, ,
,

coeracle cue to tne assumec less of el ectri c power, thus a
.

variety cf nycrogen ignitten assumptions coulc legscally be

investigatec 4ce tnis sequence.

MARCH O analyses were usec to cetermine tne in-vessel hycrogen

generation and release to the containment f or the purposes of the
subsequent assessment of the effect on the containment of

,

resulting hydrogen Burns. The input for the MARCH analyses

usec . tne Sequoyan plant cesign as the mocal anc the ac.ual input
parameters utilic ed were similar to those of the BMI-2104
calculations for this tyce of aesign. One point of cif 4erence
from

the earlier calculattens was the use of revisec values for
the volume of water en tne c=ntainment ficer oefere sotilover

into tne reacter cavity anu tne volume of the reacter cavityt the

revisec values were provicec by TVA, the-owner of the Sequoyan
'

.

p l ant. *

Using the MARCH : calculatec rates of nycrogen generati on anc
release to the containment, Sandia Naticnal Laceratori es anc
Batte11e's Oclumeus Lancratories c=ncuctec incomencent

calculatt ens ed the occurrence anc ef f ects of sucsecu'ent nycragen
turns in the c=ntainment. The scocidt: acercacnes usec cy eacn
of the two lacerateries will De coscribec later. The analyses

cer4cemec ey sne two laceratories includec consiceratten oft

vartcus nycrogen ign t it en cet teri a, eddects of varying the in-,

vessel nycrogen procuction, eddects of the timing and rate of

mycrogen celease from sne cetmary system, anc vartettens in tne

magnitude cd the steam sothe cue to sne ce=rts water interacta=n
delicwing vessel cettom neac dat lure. The vertattens in eacn of
snese carameters tna were ==nsscerec are =ts=ussac celow.

,
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As was notec previ ously, in :ne 'TML3 sequence enosen as the basis
ed analyst s the nycrocen tgnitors woulc not be availamle, anc

,

sqnitten, if it takes place, c=uld conceivaely take clace at any
time during the ac=tcent sequence. In tne ini tial set of

calculati ons uncertaken as part of tnis stancard proslem,

,

"

ignition was assumed wnenever the nyeragen concentration in,

any
compartment of tne containment reacned preselected levelst. *

specifically, hydrogen concentrations of 8, 1::, ane 30 v/o were

assumed for ignition. The oc=urrence of ignition was still

.suaject to etner constraints, such as the availaciltty of ouygen
anc assence of inerting cue to ciluents. Later calculations
sought a

somewnat more mecnantstic basis for the occurrence of
i gni ti on , and were tied to the timing of tne f ailure of sne
vesset neae, witn tne rot.'ase cf sne not corium eing tne .eur=e
of ignttien et tner immect ately ucon release from the primary
system or at some time later. Accitional cal culations were
performec

in wnt en ignt st en was assumed at low nyorogen levels,
e.g., 4.1 v/c, as well as witneut,

any nycrogen ourning.
In the name case MARCH " calculation accrontmately 48 per cent of

the :ie:aley claccing was precictec to nave reactec wttn steam
curing the in-vessel pnase of the accacent to creau,ce nyeregen.
der purceses of investigating sensitivities of sne containment

*
resconse,

accittonal cases were consicerec in wnten sne reaction
cd tne ircaloy was arestrartly forcec to comcletten in ene
primary system, as well as some cases in wnten tne in-vessel
mecoling assumattens ==re unangen in oracuce less inan the case
:sse snient ed :trealey reacta=n.

7
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In
a normal nARCH calculatt en the f ailure of

.

the reactor vessel
cottom neae is assumed to me a large omoning. For transient
accicent secuenses such as the ene consiceree here, a normal
nARCH caltulatten typically precicts snat very little of the

nyorogen generated in-vessel is releasec to the containment prior
to bottom neae failueet thus the latter is typically followed by
the release to the containment of a large quantity of nyorogen.

Suen racia releases of nyeragen to the containment coule nave
.

.

an
undue irfluence on the prediction of the effects of nyorogen
burning. As part of the standard arselem anal yses some
alternated assumotions regarcing tne timing anc rate cf nyorogen
release te tne cantainment were also consicered. Soecifically,
tne situation wnere the collaose of the molten care into tae
vessel mottom neae loses to the early f atture of the neaa via a
small hole. suen as may be associatee my tne melting of a
pnetration, was consteeree. In tne MARCH analyses tais situation
was ac3ua11y mocelee my sne onentng of the reis ef valve at tne

time of the start of c=re ec11aoses tnt s permtttee the release of
sne Mycregen fe=m sne primary system to start artcr to ne

general f at ture of the neac anc sne release of sne =cre coort s tm
ine react =r cavity.

In a typical analysts of the TML3 secuence une failure of the

vessel mottom neae is dellowee my sne et snarge of sne accumulator,

water anc sne suosecuent interact:=n of tne core coorts watn snis ,

The large steam sot kes ina; are typically associatee witaaater.

:ne latter snieracta=ns can result in ne Facts transoces =f

averegen 4-em sne .:wer =mmartment := :no unoer comoartment cf

sne t=e concenser :=ntainment. ?ne sunsecuent nuening c4 ine

4
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Mycrogen in the unner ccmcartment can pose serious challenges to

centainment integrity. In accition to sucn a large steam soike

wnten was censicered in the case case MARCH anal yst s , alternate

cases were considerec in wnien only minimal interaction between

the core sacris and water in the reactor cavity were assumes. In
*

these cases the cecris were assumed not to fragment, but remain

as a conerent masst this assumotion leacs to the early attack of
the ' concrete by the core cecris, with heat transf er to the

overlaying watee layer ty film boiling and raciation.

In the analyses concuctec der t a purposes of that stancara

pecclem no assumotions were mace regarcing the pressure ce

temcorature levels at wnien tne containment would fail. The
analyses were performec , as if the containment Mac infinite

strengtn in orcer to covelee a misture of the magnitude of the

1caos that acule me precictec uncer une vartesy of mocelling

assumettons ciscussec acove. .

1

Accreacn Taken my Batteile

All of Batte11e's calculations 4cr tne Ice Concenser PwR Standare
accelem were per4cemec with the MARCH C coes. Thus tne MAMCH

calculatt ens were unec not only to ced tne tne in-vessel hycrogen

gener ati on anc release to tne contatnment, cut also to evaluate,

' *

the nuesecuent menavtor of the Mycrogen in the con,tainment. The

BURN sucecuttne in MARCH is used to determine flammactitty, flame
scenes, diamo meccagatten netween enmcartments, etc.: tnis

sucreuttne was manica11v covelecec my Sancta anc nas noen acactra
a ce inc=rceratten into the MARCH cces. The igntston anc nur9tng

:

.
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Criteria incorporated into the SURN sucecutane are very sistlar
.

to those in Sancia's HECTR coce. The MACE suarcutane in MARCH
coscribes the centainment resconse, inclucing the effects of
hycrogen Durning as cefined Dy ne suarcutine PURN. The MACE

routine determines mass and energy transf ers between compartments
-

the assumption that the pressures in the variousen
.

containment
compartment are equal. This- aspraximation is' Delieved to be a
valid one except for extremely easic transi ents, e g.,

detonation. The pressure equiliariation assumption is somewnat

unique to the MARCH code anc is not wicely vgeec.

In :ne MARCH analyses the ice concenser c=ntainment was mecel ed
as a four c=maartment system. The Jour c=mmartments nocel ed
weret the ceae enc spaces in the icwor camcartment, une main area
of the lower esecar. ment, the upper plenum of the ice concenser,
and the coerating J1cor and come volume. The enntainment
compartmentali:ation is ill'ustratee in Figure 1. In MARCH the

.

ice emncenser itself is modelec in the junction between two
comoartments, in :ne present case netween ne main volume of the
1:wer c=maartment anc the unser cienum cf sne ice emncenser. The
performance of tne ice c=ncenser is coscrt cec ey specifying the

ents temoerature Jr:m the ice c=ncensert tne values used in nARCH
are named on the encerimental results attn a segment of a dull\

'
<

scale system. Cnly ene way diew the ugn ne ice c=ncenser is! '

i normittec in MARCH.

Accroach Taken av Sancia
Sanct a 's analyses utti.:eo tne in-vessel nyeregen generasten anc
-slease to tne c=ntainment as createtec ov MaACH as incut to tne
-E:TR coces tne latter cascrinec nvcengen nuening anc the

a

e
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resul ting resconse of the containment. The HECTM code was

scocifi= ally covelemee for accreasing issues relatec to nycrogen
turning curing severe reacter accicents anc represents a much

more cata11ed treatment ed the procles than aff orced by the nARCH
code. Seme- of the key features of HECTR of interest to the
evaluati on of the Ice Condenser PWR Standare Praelee are noted
below. .

..

Mass and energy transfers in HECTM are Based on pressure driven

as well as buoyant flows, ac=nunting for flow resistances and one
way ice concenser coors, inclucing time requiree f or these cours
te clese. HECTR is cacaele of meaaling sect es as well as
saral l el flow mates among comoartments for the ice concenser
emntainment this included consiceration of the flow from sne
lower to the umper comoar ment tnat nypassed the ice med. The
tce condenser camcartment is en= licitly mocelee in the HECTR
calculations, inclucing a steam condensation mocel snat is a

function of the flow thecugn tne ice bed.
In the HECTM analyses the ice condenser containment was sceal ed
cy nine tnierc=nnectec volumes. these incluced: ne ceae seaces,

in tne icwor ==maartmene, sne main area of sne icwer campartment,
the lower plenum of the ice c=ncenser, 4 cue volumes in the ice
bec, tne ummer plenum of the ice ==ncenser, anc ine =nerating

,

*

ficar anc come volume. Tht s ccmcartmentalf=ation is illustratee
in Figure C. Bypass of the ice concenser tnrougn tne 41cor crain
return Itnes was constcerec, as was tne finite time aecuires to
:1=se tne 1:e ==ncenser ene wav ceces .

1 :: was notec mesvicusly inas sne mycregen 1;ntsten anc diame

.

.
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Deccagation gr 4 . "18 in HECTR ang **te SURN succoutine in napeg
*

* *
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have a =ammen origin and are very similar. Once hydecgen burning

is initiatec, the HECTX modeling includes radiation heat transfer
Y' om One fl **e to structures in ~-.3e comsar-. men -! MARCH does not

# include a fIame eactatton e.g g, ,

.
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RESULTS '

MARCH Analvses of in-Vessel Accident Scogressten
MARCH O analyses were used to predict the in-vessel nyoragen
generati on and its release to the cantainment. The MARCH

calculations for snis standard problem were very steilar to those,

conduc.ee for BMI-2104, with the exception of some updated input

the volume of water on the containment floor before overhlow
on

into the reactor cavity. The in-vessel eccoling (MARCH
sunroutine BCIL) ootions and assumotions in the base case
calculation were icentical to those of BMI-2104 At tne ::me of
vessel bottom need f ailure amoro:timately a9 per cent of the
Oir:aley cladding was precicted to nave reacted witn steam to
gener ate Myerogen. Most of the hyerogen generated in-veneel was
retained in the reactor coolant system' um to the time of vessel
failure .

and was released racidly uson f ailure together witn the.

contained cuantity of nign pressure steam.

Tacle I gives the ac=icent event times f or a representative MARCH

analys:s for the TML2 seguence as entainec ey Sandia. Figure
gives th e carrasconcing steam scurce tc ne containment, anc
Figure a scesents Me nycrogen incut into the cantainment. As
111ustrated in Figure 0, the steam incut int = the c=ntainment.

*

c=nsists of two =cmmonents: tne first is the release of the nign
=ressure steam stored wLtnin the primary ceclant system, and the
secenc

is the result of the interaction cd the core cecris 4ttn

the e.ctumulat:r water in the react =r cavity. The nycrogen scur:e
aisc is mace um =d twc ccmconents: tne nycrogen meccucec in-

~
~
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vessel curing the care melting phase, .

and the nycrogen generated
curing the ceDris water interacticn. Figure 4 illustrates that
the fermer is sumstantially larger than tne latter under the
c=ncitions of thi s analysis.
Figures 5 ane 6 give the containment pressures anc temperatures
for the f eregoing case as calculated by HECTR without any

,

nhydregen burning. Figure 5 illustrates the ice remaining in the Y

ice concenser as a function of time.

Analysis of C=ntainment Response Without Hycrogen Burning
Before presenting spec:41c results of sne nyce: gen muening
analyses, it may be instructive to consicer the crecictions of

containment condi tions witncut burning; this may me useful
nackground in the uncerstanding of analyses wi th nycrogen
burning. Figure 8 illustrates the containment pressure ressonse
in the ansence af any murn:nq as calculated by nARCH. Note that

snis particular calculation was carrt ec cut fer a long time inte
ne accicent secuences cur principal interest is in the time

pertec ceI a few neurs following reactor vessel f ailure, er (
pernacs t= ancut C00 minutes en tnis figure. Vessel nead f ailure
is precictec at accut 150 minutes, wt tn a containment pressure of

accut 00 asta immediately af ter neac failure. The precictec

containment pressure is relattvely low even :ncugn tne dailure of
,

sne vessel neae is dellowed my Facte deerts cuench cue to the

e44ectiveness of the ice concenser. Comparison of Figures anc

9 snows tne c14derence between the nARCH and HE 7A crectettens of
ne containment assocnses in :ne aesence of turn:ng. The reasens

4ce :nese c14derences will me discussac later. Figures o.1:

.7
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present the compositt en nistories of the four compartments in
.

terms of the mole 4-actions of steam, hydrogen, and anygen.
Nitregen

is tne other c=nstituent of the ==ntainment atmossners
tha* is nct explicitly shown in these figures; af ter tne enset
of the Corium-concrete interaction there may also be some carten

monoxide anc carton dicnice present. In these figures, Volume 1,

represents the cead end spaces in the icwor compar~.mont, Volume

: is the main area of the lower concartment, Volume represents
the upper plenum of the ice concenser, and Volume 4 is tne come
region anc operating ficer. Figure 9 incicates that the coac enc
compartments woulc De expected to me nonflammacle cue to low
hycrogen c=ncentr ati on , but possibly also cue to hign steam

concentration later in time. Figure 10 illustrator that the main
volume of *the icwer c=mcartment would be inertec essentially
througncut tne time pericc.cf interest ey the very high steam

,

concentrations preci ct oc. Figure 11 shows very hign hycrogen
==ncentrations in tne uccer plenum of the ice concenser
immeci atel y fc11cwing vessel failure. The hign nyce: gen flowe
are seen to temocrarily recuce the enygen level in this
comnartment, mut there is significant overlac netween htqn

.

hycr: gen anc near ncemal cuygen c=ncentrations. The anygen level
is seen to builc um again af ter the cecris quencntng peccess has

*

Pun its ==urse. The steam cencontratten in the uccer plenum of

the ice concenser is maintained at very Icw levels ey the imolied
eddectiveness of the tem c=ncenser. Figure 10 incicates that

41ammaele c:ncitions wcult ce estaeltenec in the uccer
t=mcartment sncrtly after heac datlure anc maintainec d=r tne

,-
p .*
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time curaticn of inte*est. It s,ncule ce emphast ec that the
.

resul ts presentec in the f oregce,ng figures yare casec on no
turning, and that the assummtien of Durning at any stage in the
calcul a:L on would al ter the sucsequen- coservatt ens. These
figures cc illustrate the types of ccaposition cnanges that are
predicted in the analyses with burning considerec, and luna

,

insight on the reasons why certain ecmaartments are flammaale at

oome times and not at others. .

*

Results og Hycrogen Burning Analyses
Tabl es :: anc ::I summart e One specific cases evaluated by

,

Sanci a anc Battelle, rescoctavely; further cetatis on the
incivicual cases are provicoe in the accenatces. Tacle IV

compares the results of the two sets of calculations for a numeer
t

of key cased. Some general caservations on the results cf the d'

Ice Cancenser PWR Standarc Proclem will be given h ere. A

ciscussion cd the dif f erences between the NARC}f and HG

pescictions will ne given in a later section.
The cal culati ons cerformec der the TMLS secuence in an i=a
c=ncenser ==ntainment cesign inci= ate that the icwer acetions of
the containnment will ce inertoe with rescect to hycrogen turning
for ma;ce certions of the accident secuence. The uccer Acetions
of One ice concenser, particularly sne uccer cienum, anc tne came.

regidn of the containment wcule be enpectec to c=ntain flammaale
.

c=mocsttiens sncrily after neac failure as well as tnereafter.

*ince. ty cefinisten. electet: =cwer is net avat;acle in tnis

setuence. nyce: gen t;ntters wcule not ce availacle to c=ntrol One
musicum ed ht;n ==ncentrata=ns ed myce: gen. Thus ignstten coule

4
.
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e4d ecti vel y be a cancom event. The discharge of the Not c=re
.

coorts femm tMe react =r vessel at the time of vessel head fa:1ure
is of ten citec as a likely scurce of ignition. In the analyses

consi derred here, however, the icwer compartment was ty=1c ally
found to be inertec by high steam concentrations at the time of

*

head f ailure. Thus the het core cedris would not necessarily be
an effective ignition source unless some of the cooris found

their way into the upcor compartment without first being coclec.

For the aceve reasons, a variety of ignition criteria were
ex aminec during these analysest these- inclucec' ignition on
hycengen concentrati cn , on vessel breach, anc at various time
celays after vessel breach. Given ignition, a nummer of burns
were typically predicted. Burning was typically predicted to
start in the umper por:1cns of the ice concenser camcartment and,

icng as the burning was confinedas
to the ice ==ncenser, very

icw containment pressure Icacs were f ounc. In essentially all
the cases consi d er ec , however, 'the burning was eventually

prectetec to peccagate fecm :Me ice c=mcartment to the uccer ccme
reg:cn. When the latter cccur ec, sucstant:41 pressure rises

were calculatec.

Some =f the sensitivities of ine crecictec ==nta:nment icacs on -

| the variacles consicered in tne analyses are ciscussec below.

'

i

The precictec peak c=ntainment pressure leacs were founc to

increase with the entent of :n-vessel nycregen peccuctien. This
i

is an enpectec caservat:en since One greater in-vessel peccucta=n
wculd leac := cor escencingly nigner mycccgen ==ncentrati=ns,

i in
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00 A gthe various compartments cf the containment.
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I

The predictec peak c=nta:nment pressures were fcune to be

-

sensitive t= the timing cf ignitten, with celays in the timing =f
ignitten leacing to nigher peak pressures. This again is an
er.Dected resul t, since the longer the time te ignition, tne more
time for hydrogen to build up in the upper partions of the

.

containment. Thw peak containment pressures were also found te
increase with the magnitude of the steam spike following react =r

,

vessel breach. The larger the steam spike the more of the
hycrogen can be sweet into the upper c=mmartment: the large

c=ntainment loacs are always associatec with burns that premagate
into the unoer =cmmartment.
De cead onc spaces of One icwor compar. ment were generally
precictee to be nonflammacle, er have hycregen concentrations
carely into the flammable range. Thus minimal burning would be

predictec in this part of the containment uncer the c=nditions of -

the present analyses. Since most of the =entainment penetrations
are believec to be lccated in . these areas , it may be inferree
that overtemperature =Mallenges to c=ntainment penetrations ce

net ==nstitute a major threat t= ==ntainment integrity.
The nydr= gen c=ncentrations in 1ccal regt ens were predicted to
reach cat =nacit pr=certsens in a numcer of the cases ==nstcerec.
Neither HECTM nce MARCH =an treat nyce: gen cet=nat:cns anc are

.

'

'
;tmttec to the assumetien of deflagratten tyce benavice. Thus
the messiml e imol t =att ens of nyce: gen =et= nations, sncule they

~

:::ur, have nct been accressec in tne cresent stucies.

OI :ERENCEE SETWEEN MAACH AND wECTA MCDEL:NG
-

.

I
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CF ICE CONDENSER CONTAINMENTS ~

It

has been noted that there are a number of cif f erences between
the MARCH anc HECTR treatments of ice ==ncenser ==ntainments.
Some c4 the principal cifferences and tne imclicatiens of these
diff erenc es on the predicted results will me ciscussed in this
section.

.

The MACE
routine in MARCH which treats containment behavice is

Basic, ally limited to series flow paths: this means that all the
,

'

flow from the lower compartment to the umper compartment passes
thecugn the ice concenser. HECTR models series as well as
parallel flow paths

for ice concenser c=ntainments tnis includes
c=nsideratten of some flow femm sne lower comoartment to the
umper compartment through tne floor crains, thus typassing the
ice bed.

' MARCH treats tne ice concenser as a neat ex c.k anger in the
.j un=ti on between two compartments. The perdermance of the ice

.

c=ncenser is cescribed by specifying tne exit stream temcerature

femm the ice ced: the values inccesorated into MARCH are cased en
the large scale e:: cert ments ccncuCtPc LM Ine cCurse cf the
cove 1coment of this containment ==ncept. In ne analyses
c=ncuctec nere this model results in :ne c=ncensati on of-

essentially all the steam passing tnecugh it. HECTR enclicitly
mccels the ice concenser by a series cf ==meartments, including a

steam c=ncensation mecel that takes into ac= cunt the rate of heat
transfer netween the flute stream and the ice. The HECTR model
cermits mere steam = or.ss inecugh Pe tem cec witncut c=ncensing
: nan aces One MARCH mecel.

The transfer of mass anc energy ce: ween ccmcartments in MARCH is,

, 4"
d
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T 1.*- { .i .w.s.-with some e::cepti ons , based on the assumotion of pressure
equilibratien among c=mpartments. This is believed to be a

,

reasonacle appre::imation e:: cept f or very racid transi ents , e.g.,
cetonation. This approximation has been acoctec in orcer tc

improve the efficiency of the c=mputations anc is somewnat unique
to MARCH. HECTR models transfers between compartments due ts -

pressure as well as buoyancy differences,
.

ac=munting for flow
resi stances , one way the concenser coces, the finite time #^

required for these doore.s to close, et=.
f

The aceve key dif 4erences between the MARCH anc HECTR treatments
cf

the ice condenser c=ntainment are celievec to to the reasons
for the diff erences in the precicted results. In emmearing the
pressures predicted by the two codes in the ansence of any
burning, Figures C anc S, it can be seen that the HECTR mogeling
leacs := higner c=ntainment pressures than cces the MARCH

4

treatment. Thi s cifference is c=nsistent with the acove
discussion of differences. The nigner pressures predictec by
hew.n- prior to burning are also manifestec wnen burning takes
place. The HEC rt burn pressures start fr=m a nigner level than
cc these in MARCH. Also, the nigner gree::1 sting presures imcly
that a larger amount of nycr: gen must me accumulated in any,

c=mear. ment = reacn a g:ven vclumetr,= c=ncentrati=n =f

) Myce: gen.
'

|
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CCNCIUSICNS ..J
Saeed on tne analyses of the Ice Cancenser PWR Standars 9malem
ciscussed amove, tne f =11cwing caservations can be madet

For the accicent sequence considered, ignition of the #

hydrogen-air mixtures is eff ectively a randse event;.

ignition is not assured even after vessel breacn cue to
steam i nerting of the lower compartment and icwer partions

of' the ice condenser.

Assuming the availability ed an ignition source, burning was1

typically found t= start in the ice condenser, but generally
was precicted to eventually presagate to the ummer
camgartment.

I

When burning was confined to tne ice concenser compartment,
the resulting overall * pressures were small; propagation of

the burning to the uccer compartment led tm sne prect.. ion of
large pressure rises.

The =al cul at ed peak pressure i=adings were found to be
sensitive to the timing of ignition, with icnger celays to

ignition leading to higher predicted peak pressures.
'The c' rect =tec peak pressures in the c=ntainment were fouridi

!

! to increase wt tn increasing extent cf in-vessel Zircaloyl
,

exidation.

The predicted peak cantainment pressures were found to

ine ease with increasing magnituce of the ex-vessel steam

suihe fc11cwing vessel breach.
I

l Locally catenacle c=moesttiens were founc t= be possible

under the c=ncittens and assumotions of Onese analysest the
.
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effects cf possible detenations were net considered in the
~

present analyses.

A number of diff erences between the accreacnes used by the
- twc grcups analyzing this pecblem were ncted. These

differences leac to differences in the specific values in the
; icadings predicted, but the overall trends in predicted

-

'
behavior were f d to be very similar, X
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ICE CONDENSER CONTAINMENT STANDARD PROBLEM

CVENT TTMF(T1

1. STM GEN DRY 3885

2. CORE UNCOVER 5550

3. START MELT 7350

4. CORE SLUMP 8540

5. START HEAD HEATUP 8745

5. 30TTOM HEAD FAIL' ~ 3455
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