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Abstract

Analyses are presented to show that water admitted to the drywell of a Mark 1 boiling water reactor can
significantly attenuate radionuclide releases during severe reactor accidents. This attenuation can be
achieved whether or not water is able to prevent or delay failure of the drywell, Attenuation of releases
of radioactive matenals is achieved by the actions ot water pools maintained over core debris interacting
with concrete in the drywell and by the actions of drywell sprays.

A mechanistic model is formulated of the aerosol scrubbing by a water pool overlying core debris that
is interacting with concrete. Eighteen uncertain features of the model are identified. A quantitative
uncertainty analysis of the model is described. Cumulative probability distribution functions are
developed at confidence levels of 50, 90, and 95 percent for the decontamination factors that can be
achieved by water pools 30 and 50 cm deep with subcooling of 0, 2, 5, 10, 20, 30, 50, and 70°C.
These distribution functions show with high confidence that the radionuclide emissions during core debris
interactions with concrete can be reduced by a factor of 10 and perhaps by a factor in excess of 100 by
shallow, subcooled water pools. It is argued that similar decontamination factors would be realized even
if core debris penetrated the Mark I liner and flowed into the reactor torus room.

Features of spray systems in the drywells of Mark I containments are described. A mechanistic model
is formulated of the aerosol scrubbing that can be achieved by drywell sprays. Nineteen uncertain
features of the model are identified and quantities are defined to describe the uncertainty of these
features. Ranges of values for uncertain quantities and distributions for values within these ranges are
defined. A quantitative uncertainty analysis of the model is described. Cumulative probability
distribution functions are developed at confidence levels of 50, 90 and 95 percent for the
decontamination coefficient produced by sprays for water fluxes into the drywell of 0.002, 0.01 and
0.25 cm3/cm?-s. Rapid removal of aerosols by spray droplets can be expected with high confidence
only for the highest water fluxes (~0.25 cm” H,O/cm®-s). These high water fluxes are within the
capabilities of spray systems in some Mark I drywells. At lower water fluxes, decontamination of the
drywell atmosphere can be achieved if drywell failure is delayed and the leak rate following drywell
failure is not large.

Correlations of the results obtained in the uncertainty analyses of decontamination by water pools and
by sprays are used in an example analysis of a hypothetical accident at a Mark I boiling water reactor.
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Executive Summary

The document describes the effects on the source term that water pools and sprays in the Mark [ boiling
water reactor would have. Detailed phenomenological models of the decontamination of aerosol-laden
gas bubbles rising through a water pool and of the removal of aerosols by spray droplets are developad.
The decontamination of bubbles by water pools occurs by:

- condensation of excess steam in subcooled water pools,
sedimentation of aerosols within bubbles,
- diffusion of aerosol particles to bubble walls, and

- inertial impaction of aerosoli particles with bubble walls in the cases where gases within the bubble
circulate,

Spray droplets remove aerosols from the drywell atmosphere by:
- impaction of particles too big to follow stream lines of flow around the droplets,

- interception of particle whose size is big enough that the particle extends across stream lines to
contact the droplets, and

- diffusion of particles to droplet surface.

Eighteen uncertain features of the model of decontamination of aerosol-laden gases by water pools are
identified. Nineteen uncertain features of the model of spray removal of aerosols from the drywell
atmosphere are identified. These uncertainties include:

- uncertainties in the quantitative description of phenomena and processes responsible for trapping
of aerosol particles by water in the form of pools or spray droplets,

- uncertainty in the physical properties of the drywell atmosphere, contaminated water and aerosol
particles, and

- uncertainty in the boundary conditions and initial conditions dictated by the progression of severe
accidents in Mark I boiling water reactors.

Parametric quantities are defined to describe these various uncertainties. Credible ranges for the values
of the parametric quantities are established based on data, analyses and, where necessary, judgement.
Subjective probability density functions for values of the parametric quantities within these ranges are
assigned according to a set of rules:

- auniform probability density function is assigned to a parameter whose meaningful range of values
spans less than one order of magnitude,

- a uniform probability density function is assigned to the logarithm of a parameter whose
meaningful range of values spans more than one order of magnitude, and

xiii NUREG/CR-5978



Executive

- a lognormal distribution is assigned to parameters for which there are data or other reasons to
believe the probability densities are more peaked around a median value than would be indicated
by a uniform or log-uniform probability density function.

Because of the uncertain features of the respective models, decontamination factors that can be produced
by water pools and the rates of aerosol removal by sprays in the drywells of Mark I containments are
uncertain. Uncertainty distributions for the decontamination factors and spray removal rate constants
are constructed from samples of the distributions obtained using a Monte Carlo sampling. The samples
were of a size that there was a 99 percent confidence that 95 percent of the possible range of values of
the predicted quantity was sampled. The uncertainty distributions were constructed using a
nonparametric statistical analysis to distinguish between phenomenological uncertainty and stochastic
uncertainty that arises from the use of finite samples of the distribution.

Uncertainty distributions were obtained for the decontamination of gases produced during core
debris/concrete interactions by water pools 30 and 50 cm deep subcooled by O to 70 degrees Kelvin.

The rate constant for spray decontamination of a drywell atmosphere was found to depend on the extent
of atmosphere decontamination as well as water flux through the atmosphere. Uncertainty distributions
are develc%ped for the rate constants for spray removal of aerosols for water fluxes of 0.25, 0.01 and
0.002 cm- HZO/cmz-s and decontamination factors of 1.1, 2, 3.3, 10, 100 and 1000.

Results obtained in these uncertainty analyses are applied to several hypothetical severe accident
situations. The calculations done for these cases show that the amount of radioactive material available
for release in the event of failure of the Mark I liner can be reduced substantially by water in the
drywell. Appropriate design for water pool depth, subcooling, spray water flux and spray operation time
can produce decontamination factors of over 100 relative to cases in which water is not available in the
drywell. Thus, even if water in the drywell is unable to prevent containment failure the water can
reduce substantially the amount of radioactive material released from the nuclear plant and consequently,
the consequences of a severe reactor accident.

NUREG/CR-5978 xiv



I. Introduction

Risk to the public from the use of nuclear power was shown as early as 1975 to be small and to come
predominantly from severe accidents that exceed the design basis of the power plants [1]. Public
consequences of severe accidents come about only if the accident leads to the failure of the protective
barriers in a plant and if large quantities of radioactive materials are released from the plant. This
usually means that to produce large consequences the severe accident must cause the protective
containment of the nuclear reactor to rupture. There must, however, also be a substantial amount of
radioactivity suspended in the containment atmosphere at the time of containment rupture or following
containment rupture for these large public consequences to develop. The so-called NUREG-1150 study
[2] has confirmed these general conclusions for five different types of nuclear power plants. The study
provides quantitative analyses of both the probability of containment failure and the probability of a large
radioactivity release following containment failure at each of these nuclear power plants.

Findings in the NUREG-1150 study for the specific case of a Mark I boiling water reactor present an
interesting example. Relative to other types of nuclear power plants, the probability that Mark I boiling
water reactors will have accidents that go beyond the design basis is low. The boiling water reactors
have automatic depressurization capabilities. Once depressurized, the reactor coolant system can be
supplied coolant from a variety of low-pressure sources to prevent core meltdown. If, despite the many
sources of water, an accident progresses to core melting, theie are still many protective features of the
Mark I containment that can prevent the release of large amounts of radioactivity. In most severe
accidents hypothesized as possible in the Mark I reactors, effluents produced during core degradation
within the reactor coolant system including radioactive vapors and aerosols released from overheated fuel
must pass through the reactor's steam suppression pool. This pool will scrub particulate and soluble
radioactive materials from the effluent [3-5]. The effluent stream of hydrogen and steam is substantially
cleansed of radioactive materials except, perhaps, for noble gases.

Safety concerns with the Mark I boiling water reactor increase if severe accidents can progress to the
point that core debris penetrates the reactor vessel and falls into the reactor drywell (see Figure 1).

Though the drywell of a Mark I contamment hasa very strong, steel, pressure boundary {6], the drywell
is of small volume (< 200,000 ft3 or < 5100 m ) The drywell can be pressurized quickly once core
debris is outside the reactor vessel. An example of the pressurization of tue drywell calculated to take
place in a particular, hypothetical severe accident {7] is shown in Figure 2. Gases and heat partitioned
into the containment atmosphere as the core materials expelled from the vessel interact with the concrete
are responsible for this pressurization. With continued pressurization, the Mark I boiling water reactor
containment can rupture and radioactive materials suspended in the containment atmosphere can be
released into the reactor building and eventually outside the plant [8].

The Mark I containments also use elastomeric seals. Overheating of these seals, especially in the
presence of ionizing radiation from radionuclides released from the fuel, can also cause a loss of
containment integrity [8-10] and a release of radioactivity.

Threats to the integrity of the Mark I containment are of keen interest. In 1985, an alternate mechanism
for containment failure in the Mark I boiling water reactor was identified. Greene et al. [11] showed
that core debris expelled from the reactor coolant system could spread out of the pedestal region, across
the drywell floor of a Mark I containment, and come into direct contact with the steel liner that
constitutes the con'ainment pressure boundary. For most of the accident cases considered, contact
between the core debris and the liner was predicted to lead to liner melting and a loss of containment

1 NUREG/CR-5978
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Figure 1 Schematic diagram of the Mark I containment for a boiling water reactor. Much of the
piping and other structures within the drywell has been deleted for the purposes of
clarity. Note that elevations are given in feet where 1 ft = 30.48 cm.
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Introduction

integrity. Some attempts have been made to contradict these findings [12]. Most other analyses have
tended to support the contention that contact of high-temperature core debris with the Mark I drywell
liner without water present causes containment failure [?, 13]. The probability of containment failure
in the event of a core meltdown or severe accident in a Mark I boiling water reactor is high relative to
this conditional probability in other reactors [2]. In pursuit of defense-in-depth against risks associated
with the use of nuclear power there is interest in mitigating the threat of liner failure as a result of
interactions with core debris on the drywell floor.

Several mitigation schemes have been suggested including the installation of a refractory barrier at the
openings from the pedestal region of the drywell to prevent core debris contact with the liner [14]. The
simplest mitigation strategy that has been suggested is to assure that water is present in the drywell at
the time core debris is expelled from the reactor coolant system into the reactor cavity. It has been
hypothesized that a water pool on the drywell floor might prevent or at least it might delay contact
between molten core debris and the liner. Furthermore, with an overlying water present, the liner would
act as a "cooling fin." Heat imparted to the liner would conduct up through the liner and be removed
by boiling water. Agaiu, even if the water did not ultimately prevent liner failure, it would surely delay
failure. Delays in the time of containment failure are significant. They provide time to implement
emergency response measures. They also allow time for natural processes to attenuate the amount of
radioactivity suspended in the containment atmosphere and available for release when containment

integrity is lost.

Qualitative arguments on the mitigation by water of the threat posed to the drywell liner by core debris
were not persuasive during the analyses of uncertainty done for the NUREG-1150 study [2]. Some of
the experts elicited during this study felt that water would have a powerful mitigating effect on core
debris interactions with the liner. Others believed that the potential effects of water were overestimated
and the threat to the liner was little altered by presence of water on the drywell floor. As a result of
this disparity in expert opinions, the conditional probability of containment failure estimated in NUREG-
1150 remained high for the Mark I boiling water reactor relative to other types of containment.

The U.S. Nuclear Regulatory Commission has initiated a more thorough, probabilistic examination of
the effects water can have on melt/liner interactions [15]. Preliminary results of this work have been
subjected to intense expert scrutiny. The results do support the contention that water on the drywell
floor will reduce dramatically the probability of early containment failure during a severe accident in
a Mark I boiling water reactor,

The analyses of core debris/liner interactions now being done do not indicate that the possibility of
eventual failure of the Mark I containment by some mechanism is reduced. Nor do the studies consider
all possible interactions of core debris with the liner. Such things as splashing melt onto the liner by
pressure-driven melt expulsion or as a result of energetic melt/water interactions are not considered.
It is, however, useful to notice that water in the drywell can mitigate severe accidents at Mark I boiling
waler reactors in ways other than preservation of liner integrity during interactions with core debris.
In particular, water in the drywell could attenuate substantially the amount of radioactive material that
could escape the plant in the event that containment did fail by whatever mechanism. That is, a
reduction in the source term of radioactivity from the containment can be achieved whether or not water
can prevent liner melt-through or mitigate pressurization within the containment.

NUREG/CR-5978 4




Introduction
Radioactive aerosols are injected into the drywell atmosphere by three important processes:
- release of radioactive species during core debris interactions with concrete,

- release of radioactive species from residual fuel in the reactor coolant system after core
debris has penetrated the reactor vessel, and

- revaporization or resuspension of radionuclides deposited in the reactor coolant system
during core degradation early in the reactor accident.

Once core debris has penetrated the reactor vessel, released radionuclides accumulate in the drywell
atmosphere rather than being forced through the steam suppression pool. The very effective scrubbing
of radioactive materials from the effluents by the suppression pool is no longer possible. Only the
slower processes of aerosol sedimentation and deposition naturally attenuate the amount of radioactive
material suspended in the drywell atmosphere and available for release from the nuclear pla=t should the
drywell rupture.

Introduction of water into the drywell provides additional mechanisms to reduce the amount of
radioactivity available for release from the plant in the event of drywell failure. A water pool overlying
core debris in the drywell will scrub aerosols f-oui gases evolved during core debris interactions with
concrete. Though the overlying water pool will typically be shallower than a steam suppression pool,
the physical phenomenz responsible for mitigating the radionuclide release during core debris interactions
with concrete are quite similar to the physical phenomena responsible for decontamination by steam
suppression pools. Decontamination can be achieved by a water pool overlying core debris interacting
with concrete even though the water does not quench and cool the core debris [16]. This
decontamination can be substantial especially if the water pool is subcooled.

Water pools overlying core debris in the Mark I drywell have the very attractive feature "at they will
follow the debris should the debris penetraic the liner. Were core debris to penetrate the liner, it would
seem likely that debris would flow along the annulus between the steel liner and the concrete shield
building. Eventually the debris would encounter an opening for a downcomer for the steam suppression
pool. Debris would flow through this opening into the so-called "torus room." (See Figure 3.) Once
core debris had drained from the drywell along this route, water would surely follow ir not accompany
the debris. Except, perhaps, for a brief transient period, the core debris would remain covered with
water. In the torus room core debris could be spread over a very broad area vhich might be expected
to further mitigate some of the release of radioactivity from the debris. Also, the continued supply of
water could lead to very deep water pools overlying debris in the torus room and, consequently, very
extensive scrubbing of aerosol-laden gases being evolved from the debris.

Additional mitigation of the radionuclide source term can be achieved depending on how water is
admitted to the Mark I drywell. Essentially, there are two ways readily available to supply this water.
Water can be injected into the reactor coolant system via the normal routes. Core debris will have
penetrated the reactor vessel at this stage in an accident. The water, then, will drain from the reactor
coolant system into the drywell. Or, water can be admitted to the drywell by the drywell sprays.

Either mechanism for water admission could attenuate the release of radioactivity beyond the attenuation
provided by the water pool overlying core debris on the drywell floor. Water injected into the reactor
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coolant system would cool the surfaces of the reactor coolant system and reduce or delay the
revaporization of radionuclides deposited on these surfaces. Depending on the precise routes taken by
the water flow, a substantial fraction of the deposited radionuclides might be leached or dissolved from
the reactor coolant system so that they could not revaporize. Water added to the reactor coolant system
by the core sprays might cool residual fuel sufficiently that there would be no significant additional
releases of radionuclides from this residual fuel. The biggest additional source term attenuation would
be achieved by admitting water to the drywell *ith the drywell sprays. The sprays would, of course,
cool the drywell atmosphere, thus reducing loads on the containment and at least delaying containment
failure by overpressurization. The sprays would cool the reactor vessel and at least reduce the heating
that drives revaporization. But, the most important effects of spray would be to sweep aerosol particles
from the containment atmosphere regardless of whether these particles were produced by core
degradation, revaporization or the interactions of core debris with concrete. The drywell sprays augment
the attenuation of the radionuclide release during core debris interactions with concrete in the drywell
provided by the overlying water pool. Sprays replace the attenuation of the radionuclide release from
other sources provided by the steam suppression pool earlier in a severe accident before core debris
penetrated the reactor vessel.

Studies at the systems level to indicate which of the two routes of water addition is most likely to be
available and which is to be preferred have not appeared. Injection via the normal routes into the reactor
coolant system most likely will not be available for accidents in which automatic depressurization of the
reactor coolant system occurred. Were these water sources available, it is likely that the reactor incident
could not have progressed to a severe accident. On the other hand, the normal, low pressure water
injection routes may become available for accident management in cases in which the core degradation
processes take place at elevated pressure. Only after core debris has penetrated and depressurized the
reactor vesse! would the low pressure water sources be available for accident mitigation. Or, the low
pressure water injection may become available only as a result of accident recovery efforts that were
successful too late to prevent meltdown of the core and expulsion or the core into the drywell. Use of
drywell sprays may be resisted because, at least at some plants, water for these sprays is drawn from
the low pressure injection system. Operators may prefer to retain the full capability of the low pressure
injection in the hope that recovery efforts would make these capabilities available to them.

Desp:ie issues concerning the way water can be provided to the drywell, the qualitative arguments made
above show that water additions to the drywell could provide substantial risk reduction by attenuating
the inventory of suspended radioactivity available for release from the plant should containment fail.
This attenuation can be achieved whether the drywell water significantly delays containment failure or
not. Attenuation can continue even after containment failure. The issue, then, is to ascertain how much
attenuation of radionuclide release can be achieved by drywell water. Source term attenuation by water
pools overlying core debris in the Mark | drywell and source term attenuation by drywell sprays are
examined quantitatively in the balance of this document.

There are uncertainties in the prediction of decontamination that can be achieved by water pools and
sprays in the Mark I containments. These uncertainties arise from a variety of sources. Boundary and
initial conditions needed for the predictions are highly variable among the many types of accidents
hypothesized to occur in Mark | boiling water reactors [2, 15]. Even for a specified accident at a
specified nuclear power plant the details of accident progression are not so perfectly known that
boundary and initial conditions can be accurately specified. Models now available to predict the
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performance of sprays and water pools are not perfect. Some uncertainty must be ascribed to predictions
obtained with these models.

With these uncertainties in mind, the analyses presented below were developed following a procedure
successfully used to analyze other uncertain severe accident source term issues [17-21]. Physical
phenomena that lead to decontamination by overlying water pools and by sprays are briefly described.
The various sources of uncertainty are identified. Quantitative uncertainty analyses of the
decontamination processes are described. The uncertainty analysis is conducted by a Monte Carlo
sampling of the predictions of mechanistic models of the processes. The results of the Monte Carlo
sampling ar2 then analyzed with non-parametric, order statistics methods. This analysis is used to
construct quantitatively characterized uncertainty distributions for the predictions of the decontamination
that can be achieved by overlying water pools and by sprays in the Mark | containment. In Chupters
II and III the physical phenomena responsible for source term attenuation are described. In Chapters
IV and V similar discussions are presented for source term attenuation by sprays. Chapter VI is a
description of likely source term reductions that can be achieved with drywell water in reactor accidents.

NUREG/CR-5978 8




II. Source Term Attenuation by an Overlying Water Pool

A. Background

By hypothesis, water is to be supplied to the drywell of a Mark I boiling water reactor at a rate sufficient
to maintain a water pool over the core debris. The physical phenomena that lead to scrubbing of
aerosols from gases sparging through this water pool are described in this chapter.

Early in the course of core debris expulsion from the reactor coolant system it may not be physically
possible to maintain a coolant layer over the core debris. A core debris stream is hypothesized [15] to
fall some 10 m from the reactor vessel into the pedestal region, If water is present on the drywell floor
at the time core debris penetrates the vessel, a very dynamic interaction between water and core debris
will take place. Large volumes of steam will be generated which might push water out of the pedestal
region or even elutriate debris droplets out of the pedestal region. This dynamic period is not considered
here. Rather, the quasi-steady state in which a coherent water pool overlies a pool of core debris is the
situation of interest.

An inherent conservatism in the analysis is developed because attention is directed toward cases in which
a very large fraction of the core inventory has been expelled from the reactor coolant system. Spreading
of the core debris over the drywell floor is assumed to be complete. The water supply and the overtlow
of water into downcomers for the steam suppression pool are assumed to be in balance. Water is pre-
sumed not capable of completely quenching the core debris. This is consistent with all data now avail-
able concerning the simultaneous interactions of core debris with concrete and coolant (see for example
References 16 and 22). There are, however, suggestions that tests done to date are not sufficiently
representative of the real interactions that would take place in the drywell under severe accident con-
ditions [23]. Under sufficiently representative conditions, it is contended, water will quench the core
debris. Were this quenching to occur, source terms from the ex-vessel interactions of core debris would,
of course, be negligible. Radioactivity releases from residual fuel in the ruptured reactor vessel or
releases by revaporization of materials deposited on surfaces of the reactor coolant system would still

be possible.

Early in the course of core debris interactions with concrete in the drywell, the water supply necessary
to maintain a water pool over the core debris would have to be relatively large. The water supply would
have to compensate for boiling losses as a result of both decay heat and exothermic chemical reactions
in the core debris. Core debris produced in severe reactor accidents is usually calculated [7] to be rich
in metallic zirconium. This metallic zirconium is highly reactive toward the condensed and gaseous
products of concrete decomposition:

Zr + 2H20 g ZTOZ -+ 2H2
AH(rxn) = -580321 )

Zr + 2C0O4 ~ Zr0, + 2C0O
AH(rxn) = -527887 )

Zr + SiOy(1) = ZrO, + Si(l)
AH(rxn) = -148377 ]
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where AH(rxn) is the enthalpy of reaction using the chemical convention so that when heat is produced
by a chemical reaction the value of AH(rxn) is negative. The exoergic reactions of zirconium can
produce heating rates in core debris that are several times heating rates produced by radioactive decay.,

Once the highly reactive species in the core debris are consumed, the water supply necessary to maintain
a water pool must only compensate for boiling that comes from decay heating in the debris. In fact,
there are water supply capabilities in some Mark [ containments that are sufficient to maintain the water
pool subcooled at least once vigorous, exoergic chemical reactions have ceased. For instance, drywell
sprays at the Brown's Ferry units 1 and 2 can supply 517 liters of water per second. At unit 3, the
sprays can supply §77 liters per second. On the other hand, some Mark I drywel! sprays have been
modified to curtail the flow of water to about 50 liters per second out of concern that under some
circumstances the sprays might cool the drywell atmosphere so much that pressure within the drywell
is less than the external atmospheric pressure. The Mark I pressure boundary is not designed to
withstand external pressurization,

The mechanics available for supplying water to the drywell are not the issues of interest here. The basis
for the discussions below is that a water pool can be maintained over the core debris. It is evident that
the water pool can be saturated or subcooled.

Water pools that can be maintained in the drywells of Mark 1 boiling water reactors will not be deep.
Without some modifications, water will flow into the downcomers for the steam suppression pool. The
lower lips for the downcomers in the Brown's Ferry Mark I boiling water reactors are 61 cm above the
floor. At other Mark I boiling water reactors, the lower lip for the downcomers may be at other
elevations above the drywell floors. A relatively complete meltdown of the Mark I reactor core would
produce a debris bed with a "collapsed height" of about 22 cm. The depth of the water pool, if gas
holdup in the debris is considered, might then be only 30 cm. Given that the lower lips of the steam
suppression pool downcomers are 60 cm above the flow, it is unlikely that overlying water pools will
be deeper than about 50 cm. It is possible to get deeper water pools in the drywell by completely
flooding the steam suppression pool torus. This, however, requires steps to be taken that are outside
the scope of analysis undertaken here. Consequently, very deep water pools are not considered here.
Deep water pools can develop if molten core debris flows into the torus room (see above).

Were there no water present, core debris interacting with concrete would be expected to inject enormous
quantities of aerosol into the reactor containment atmosphere. Predictions of the rates of aerosol
generation during core debris interactions with concrete in a Mark [ boiling water reactor are shown in
Figure 4 [8). Core debris first deposited on the drywell floor is usually predicted to be at a fairly low
temperature. Aerosol generation increases as the core debris heats because of radioactive decay and the
exoergic reactions of concrete decomposition products with zirconium in the core debris. Core debris
produced in severe accidents at Mark 1 boiling water reactors is often predicted to be quite rich in
zirconium so heating of the core debris by chemical reactions can be prolonged. Very intense release
of aerosols from the core debris lasts for 4 to 5 hours after core debris first contacts the concrete. (Note
that for the calculations shown in Figures 4 and 5, core debris was not allowed to spread outside the
pedestal region of the drywell. Spreading of the debris might accentuate the rates of chemical reaction
of debris constituents and thus shorten the period of intense radionuclide release and aerosol generation.
On the other hand slow deposition of debris into the drywell might prolong the period of high aerosol
generation by renewing the concentration of reactive zirconium in the core debris.) Once the reactive
constituents of core debris are consumed, temperatures in the core debris drop rapidly. A fairly steady,

NUREG/CR-5978 10
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low, aerosol generation rate develops. Though aerosol generation is shown only for about 10 hours in
Figure 4, aerosol generation can continue for days at these low rates. Most of the radionuclide release
occurs during the high temperature phase of the core debris interactions. But, tellurium release persists
even into the long term, low intensity, release phase of the interactions [24]. Consequently, from a
radionuclide source term perspective, mitigation by an overlying water pool of even the late phase
releases is still of interest.

B. Attenuation Mechanisms

The predominant mode by which aerosols are generated during core debris interactions with concrete
is the vaporization of volatile constituents of the melt. Water vapor and carbon dioxide released from
the concrete sparge through and react with the molten core debris. Bubbles of gas in the melt provide
free surfaces for the vaporization of species from the melt. At the temperatures expected to exist in
mixtures of core debris and concrete decomposition products, nearly all the melt constituents have
significant vapor pressures and will contribute vapor to the bubbles. When bubbles emerge from the
core debris, the vapors are released into a cooler environment, and they condense to form aerosol
particles. When bubbles burst at the surface of core debris, aerosols can be formed by mechanical
processes. Typically, mechanical generation of aerosols is a small fraction of the aerosol generation by
vaporization [25]. Late in the course of core debris interactions with concrete when melt temperatures
are quite low, the mechanical generation of aerosols can become comparable to aerosol generation by
vaporization. Mechanical aerosol generation becomes the predominant mode of radionuclide release at
very low core debris temperatures.

In principle, the essential phenomuena rc + onsible for acrosol generation are not greatly changed when
a water pool overlies the core debris if water does not quench the debris. The one complication arises
because water will cause a crust of solidified material to form at the interface between the water and the
core debris. The crusts are quite porous so aerosol-laden gases readily pass through the crusts. Crusts
might interfere in the mechanical formation of aerosols by bubbles bursting at the surface of molten
debris. The fine pore structure of the crusts might provide excellent surfaces for the deposition of
aerosols. None of these effects are considered here. The only attenuation of aerosol generation
attributed to water pools is the scrubbing of aerosols from gas bubbles rising through the water pools.

Gases produced by melt attack on concrete are assumed here to mix with steam produced by the boiling
of water on the crust surface. The mixing is easiest to imagine if water is in film boiling on the crust
surface. Then, gases emerging through the pores in the crust combine in the steam film at the interrace
with water. Taylor instability of the low density gas layer below the liquid water leads to bubble
formation, Available experimental information suggests, however, that water on core debris crusts is
in nucleate rather than film boiling. It must, then, be imagined that free surfaces formed by gases
emerging from the pore structure provide excellent water vapor genaration sites induced by the heat flux
from the crust. When enough gas and steam has entered a bubble, the bubble detaches form the crust

and rises through the water pool.

*
Some specialists have suggested that such crusts are unstable and will fragment into coolable debris, The many tests that
have now been done of combined core debris-concrete-coolant interactions have not shown this phenomenon. It is neglected
here. Crusts are assumed to be stable for this work, as has been shown in all tests to date.

NUREG/CR-5978 12
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Aerosols within a gas bubble rising through the water pool can be "scrubbed" from the gas because:
aerosols sediment onto the walls of the bubble,
aerosols uiffuse to the walls of the bubble, and
aerosols inertially impact the walls of the bubble.

Sedimentation is just the gravitational settling of particles within the bubble. Sedimentation rates are
significant only for the larger aerosol particles uch as those generated by mechanical processes at the
surface of the molten core debris. Diffusion ot aerosol particles is the result of the spatially stochastic
impulses imparted to the particles by collisions with gas molecules. Diffusion efficiently transports only
very small particles (diameters <0.1 um) to the bubble walls on the time scales of interest. Impaction
of aerosol particles with the bubble walls occurs because the gases within the bubble can circulate as the
bubble rises. Particles that are too big to respond to the accelerations involved in the circulatory motion
of the gas can be carried into the bubble walls. Circulation of the gases is thought to depend on the
purity of the water as well as the siz¢ of the bubble [26]. Impurities in the water can accumulate on the
bubble surface and retard circulation of gas within the bubble.

It is assumed here that once a particle contacts the water it is permanently trapped in the water. Surface
tension and van der Waals forces are thought to be sufficiently strong to preclude bounce or re-
entrainment of the particles.

Consider a bubblc containing a mass M(x) of aerosols of particle sizc d,. The bubble is distorted into
an oblate ellipsoid of eccentricity E and has a volume equivalent to a spgerical bubble of size Dy,. The
extent to which particles are scrubbed from the bubble by sedimentation, diffusion and impaction per
unit of rise distance is given by:

D0 = { o (p.y) + a0 (D) + a1 (Dy-p)f Meo

wliere

distance of the bubble from the point of release into the water pool.

>
]

as(Db,dp) = aerosol trapping coefficient for the sedimentation of particles in the bubble.
aD(Db.dp) = aerosol trapping coefficient for the diffusion of particles within the bubble.

a[(Db.dp) = aerosol trapping coefficient for the inertial impaction of particles within the
bubble.

The coefficients in this differential equation for particle scrubbing are given by [18, 27]:

13 NUREG/CR-5978
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¢ Sedimentation:

where

e Diffusion:

ay(Dy.dp) = 1.5 E*3 1/ D, Uy

ratio of the maximum bubble axis divided by the minimum bubble axis (see discussion
of bubble shapes)

Y -
EPp dp"c /18 ug

acceleration due to gravity = 980 cm/s?

= density of the material making up the aerosol particle

Cunningham slip correction

2A

.

P

1+ [1.257 + 0.4 exp (-0.55 dp/A)]

[ -1
mean free path of a gas molecule « [\/’2— T dé Ny P/ 82.06 T cm

diameter of a gas molecule
Avogadro's number = 6.022 x 1023
absolute pressure in atmospheres (101325 Pa)

viscosity of gas

- terminal rise velocity of the bubble

26 (2 - 1) f®)

nUr Dy |, +\/4 +2(g? - 1)

(!D (Db’dp) =6
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where

@
il

particle diffusion coefficient = kT ¢ / 31tp.g dp
k = Boltzmann's constant = 1.3807 x 10']6ergs/K

T = absolute temperature in Kelvin

I

112
2w lfFT)
E2 - 1

1.76E2 f('27”2

E2 - |

f(E) =

Note that f(E) approaches 1.625/(152 - 1) as E approaches 1.
¢ Inertial Impaction:
where

T = ppdp25/’18ug

g43 [(E2 1) o622 1) (62 - 2) n! ( E2 -1 )]

21wt (]

g(E)

Note: g(E=1) =3

The dependencies of these aerosol trapping coefficients on particle size and bubble size are shown in
Figures 5 and 6, respectively. Diffusion is, as expected, most efficient for trapping very small particles.
Impaction and sedimentation increase with increasing aerosol particle size. In sum, the three trapping
mechanisms yield an overall trapping coefficient that passes through a minimum when plotted against
aerosol particle size. The precise location of this minimum depends on bubble size and properties of
the system in question, but, typically the minimum trapping is for particles about 0.3 pm in diameter.

The variation in the overall trapping coefficient has enormous ramifications on the decontamination that
can be achieved by a water pool overlying core debris. Evolved aerosols with a distribution of sizes will
not be uniformly scrubbed from rising bubbles. Rather, very large and very small particles will be
removed much more easily than particles having sizes in the vicinity of the minimum in the overall
trapping coefficient. Thus, not only does a water pool attenuate the magnitude of the aerosol production,
it also changes the particle size distribution of what aerosols do pass through the water pool.
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All three of the mechanisms for aerosol trapping by a water pool increase in efficiency as the size of the
bubble decreases. The increase in the efficiency of trapping by inertial impaction is not continuous since
gases within very small bubbles (<0.2 cm) are thought not to circulate [26].

The sensitivities of the trapping coefficients to bubble size is thought to be responsible for the efficient
decontamination that can be achieved by subcooled water pools. Bubbles of steam and gases from the
concrete will shrink when injected into a subcooled water pool as excess steam condenses on the bubble
walls. It is presumed that the Stefan flows created during the condensation will sweep aerosols to the
bubble walls with an efficiency that is independent of the aerosol particle size. The amount of
decontamination of the bubble achieved as the bubble equilibrates with the subcooled water pool is just
proportional to the volume change of the bubble. This can be a significant decontamination. A more
important factor is, however, that the final bubble is smaller. Aerosol trapping is more efficient as this
smaller bubble rises through the pool than in a corresponding case in which the pool is not subcooled.

This view of bubble formation and collapse in a subcooled pool can be questioned. The only support
for the model is that it does lead to fairly accurate predictions of the decontamination achieved in the
SWISS-2 test [16].

It is evident from the models for the trapping coefficients that the decontamination that can be achieved
by an overlying water pool depends on:

- characteristics of the bubbles
- characteristics of the aerosol particles, and
- properties of the liquid phase and the gas.

These topics are discussed in the subsections below.

C. Characteristics of the Bubbles

There has been little careful study of the bubbles formed when water boils on core debris. An
experimental technique developed by Brockmann et al. [28] holds the promise of being capable of
providing the data needed to more accurately define the initial sizes of bubbles that rise up through a
water pool overlying core debris. Until better data are available, a simple intuitive model is adopted:

a. Atlow gas generation rates the porous crust that separates the molten core debris from the

overlying water pool would behave much like a porous plate. The size of bubbles escaping
from such a porous plate is given by the Fritz equation [29]:

12
o/g ("l B "g)]

Dy, = 0.0105 ¢

where

¥ = contact angle (degrees) between water and the frozen core debris
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o) = surface tension of the liquid
p| = density of the liquid
pg = density of the gas

b. At very high rates of gas generation, the size of the bubbles initially released into the water
pool is determined by Taylor instability [30]:

o/ (o - "z)‘]

where-C is a constant given various values between 1.9 and 4,

112
Dy =2C

c. Between these limiting values for very high and very low gas generation rates, the initial
bubble diameter is thought to depend on the rate of gas generation as described by the
Davidson-Schular equation for low viscosity fluids [31]:

4
py = 1.11[9)"” s
b = . (;] --Ot-'-i- cm
g

where V is the total superficial vapor velocity (gas and steam) from the crust surface.

Initial bubble diameter as a function of the superficial gas velocity is shown in Figure 7. The initial
bubble diameters shown in this figure are, in fact, the diameters of spherical bubbles with the same
volumes as the actual bubbles. An actual bubble is thought to distort into oblate ellipsoid with
semi-major axis a and semi-minor axis b. Then,

D, =2a/E"

where E = a/b is the eccentricity of the bubble. The eccentricities of bubbles rising in wat - have been
correlated by [32]: ‘

(

1 for Ta < 1

3
{0.81 + 0.206 tanh [2 (08 - logloTa)]}
1/E = {

for ] <Ta < 39.8

10.24 for Ta >39.8
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Figure 7 Initial bubble size as a function of the superficial gas velocity
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where

Ta = Re MO'23

M = Morton number = g p,4/ pl°l3

Re = Reynolds number = Urp p| Dy, / )
| = viscosity of the liquid phase
Note that bubbles with Ta > 39.8 are actually spherical-cap or ellipsoidal-cap bubbles.

Terminal velocities of rising bubbles have a complex dependence on bubble size and liquid properties
in very pure water (26]. Water pools overlying corc debris that is interacting with concrete will not be
pure for long. Water pools used in the SWISS tests [16] very quickly became heavily contaminated by
dissolved and suspended solids. The contamination did not all come from aerosols trapped in the water
pool. Much of the contamination was the result of the actions hot water has on concrete and the
solidified crust of core debris. Terminal velocities of bubbles rising through contaminated water have
been correlated by [33]:

Up = w M99 - 03857/ p, D,

where
0.94 HO-757 for 2 s H < 59.3
I, =
3.42 HO44! for H > $9.3
H = @3)E, M09y /p )01

E, = Eotvos number = gp, Dg / 0
By = 0.009 Poises
The terminal velocities of bubbles of various sizes rising through water are shown in Figure 8.
As a bubble rises through the water pool, it grows as a result of the loss of hydrostatic head. At the

level of approximation adopted here, the growth of the bubble during its rise through the water pool is
describea by [25]:

21 NUREG/CR-5978




Source Term

30 Y B B S Y LI e e e | M s kg
CONTAMINATED WATER
4
E 20
S
]
>
.g 10
) ) g g g 444 1 y 4 g a4l [N Wt
0.1 1 10

Bubble Diameter (cm)

Figure 8 Terminal rise velocity of bubbles in water as a function of bubble size
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DYO) Py * g0y H - x) / 10333

Dg(x) Pums * 87 H /10333

where
Dy(0) = initial bubble diameter
Dy(x) = bubble diameter at a distance x above the point of bubble formation
H = depth of the water pool
Pyms = Pressure in the gas phase above the water pool

Bubble growth is not unlimited. The envelope defining a bubble is not rigid. Discurbances in this
envelope form, grow and are swept away as the bubb'e rises. If a bubble grows too large, disturbance
in the bubble envelope can grow to bubble dimensions before being swept away. When this happens,
the bubble splits ("calves”). Levich [34] has formulated a simple criterion for the maximum stable
bubble size:

¢ 2 2|13
Dy = 1.8 o 7 U2 [pyef]

This is the criterion adopted here to define the maximum bubble size. More detailed stability analyses
indicate somewhat smaller values for the maximum stable bubble size [25]. It takes time for the
instability of bubbles to cause calving, The time necessary for instabilities to grow to produce "calving"
increases as the bubble size approaches the maximum stable bubble size. Since pools of interest heie
are shallow and the residence times of bubbles in the pools are short, metastable bubbles can rise
through the pool. The larger maximum size defined by the Levich criterior may, then, be a more
realistic description of the largest bubble to be expected for the processes of interest here.

D. Characteristics of the Aerosol Particles

There have been many measurements of the size distributions of aerosols produced when high
temperature melts interact with concrete. Brockmann [35] has reviewed much of this data. In the
VANESA model of aerosol generation during core debris interactions with concrete, the aerosols are
considered to have lognormal size distributions with mean sizes given by [25]:

A

dp(mcan) = ().266
Pp

um
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where
A = mass concentration of aerosols in the gas (g/m3)
Pp = material density of the aerosol particles ‘g/cm3]

The geometric standard deviation of the distribution is taken to be 2.3 which is a weighted average of
geometric standard deviations of 1.6 to 3.2 measured in experiments.

Mean sizes of the aerosols predicted [8] to form during core debris-concrete interaction in a Mark |
containment are shown in Figure 9. During the periods of intense aecrosol generation, aerosol sizes
become quite large. As the aerosol generation rates fall, mean aerosol particle sizes tall to 0.2 to
0.3 um. The trends shown in this figure are cenainly in qualitative accord with experimental
observations from tests of high temperature melt interactions with concrete without water present.

There have been no measurements of the size distributions of aerosols that emerge from warer pools
overlying core debris interacting with concrete, Certainly there have been no measurements of the size
distributions of aerosols that emerge from the core debris and enter the water pool. In the absence of
any actual data, it is certainly convenient to assume that the size distribution of aerosols that enter an
overlying water pool is the same as the aerosol distribution that would be produced were no water pool
present. Unfortunately, there is no reason to believe this is true.

Aerosols are produced in melt/concrete interactions by a combination of nucleation of pariicles from
supersaturated vapor and the condensation of vapor on particles. Nucleation, of course, generates fine,
so-called "embryonic,” particles whereas condensation of vapor leads to particle growth. The relative
contributions of nucleation and condensation affect the number and size of the so-called "primary”
aerosol particles, that is, aerosol particles that exist prior to any agglomeration of particles. The relative
contributions of these two processes depend on the nature of the thermal gradient the vapors pass
through as they emerge from molten core debris. Though no detailed analyses have been done, it would
certainly appear that the thermal gradient above molten core debris when a water pool is present would
be different than when a water pool is not present. Whethe: the differences are enough to alter
significantly the initial aerosol size distribution is, of course, not known.

As the primary particles are generated, they begin to coagulate, In tests of melt interactions with
concrete, aerosols are collected at points some substantial distance away from the region of aerosol
formation. There is, then, a substantial opportunity for aerosol coagulation. When a water pool is
present, the time available for aerosol coagulation is much shorter, At first examination, it would appear
that the aerosol that enters a water pool would not have as coarse a size distribution as have aerosols
sampled in tests without a water pool present.

The elemental composition of vapors emerging from molten core debris is complex. The aerosol
formation process is rapid. Consequently, it would be expected that aerosol formation would involve
simultaneous nucleation and condensation of vapors so that there would be little variation in the
composition of particles across the size spectrum of the aerosol. The exception would arise when
particles produced by mechanical processes are compared to particles produced from vapors. Test data
have not definitively proven that the compositions of aerosol particles are not size dependent. This
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Figure 9 Predicted mean aerosol particle sizes during core debris interactions with concrete in
severe reactor accidents at a Mark [ bolling water reactor
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independence is still assumed here. That is, decontamination factors found here for the overall aerosol
can be used also as the decontamination factors for individual elements.

E. Properties of the Liquid Phase

The physical properties of the liquid phase enter into most of the correlations of bubble behavior and
aerosol capture described above. The pertinent phy-ical properties of pure water are shown in Table 1,
These properties of pure water are quite accurately known relative to many other aspects of
decontamination by overlying water pools. The water making up the pools will, however, not be pure
for long during core debris interactions with concrete. Water collected during the SWISS-2 test [16]
was found to contain 0.2 to 0.05 grams of suspended solids per kilogram of water and an undetermined
amount of dissolved solids.

Suspended and dissolved solids will affect the thermophysical properties of the water. The density of
the liquid phase is altered to be:

g =

p(W) %}(1 - &) + pS) &

where
p; = liquid density
p(w) = density of pure water
S/V = mass of dissolved solute per unit volume
¢, = volume fraction of suspended solids
p(s) = density of solids suspended in the liquid

Dissolved solids will alter the viscosity of water:

b sol'n) Lo 5
k(W)

where
n) = viscosity of the solution
p(w) = viscosity of pure water

$ = ratio of ions aid neutral molecules produced by the solute to the number of water
molecules in the liquid
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Table 1 Properties of pure water

Deusity (g/cm?) "
p(w) = 0.849397 + 1,29812 x 103 T - 7.69233 x 106 T2

Yiscosity (Poises)

[1.3272203 - 1) - 152 x 103 - 203)?]

logjg H(W) = log)((0.01002) « 168

| Surface Tension (dyne/cm)

o(w) = 34.6 (T / 704)~0.8373

Yapor Pressure (atms)

InP =-7938.16 / T + 88.912 - 12,1215 In (1) + 0.011079T
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There are several models in the literature that describe the effects of suspended solids on the viscosity
of a liquid [36]. These models all yield rather similar results for concentrations of solids amounting to
less than 30 volume percent. The model adopted here is:

B (slurry) _  0.403

m 0.403 - &
where
p(slurry) = viscosity of the mixture of liquid and suspended solids
#; = viscosity of the liquid including the effects of dissolved materials
¢, = volume fraction of suspended solids

None of the material thought likely to enter a water pocl overlying core debris is an especially strong
surface active agent. The effects of some inorganic solutes on the surface tension of water [37] are
shown in Figure 10. Solutes may either increase or decrease the surface tension and the effect increases
with concentration. The effects of mixtures of solutes is not known nor is the surface tension of water
with prototypic solutes known. It seems likely, however, from the data shown in Figure 10 that solutes
at concentrations expected to develop in water overlying core debris will alter the surface tension by no
more than about + 10 percent.

F. Properties of the Gas Phase

The major constituents of the gas phase that make up bubbles rising through a water pool overlying core
debris in the drywell of a Mark I containment will be hydrogen, steam, carbon monoxide and carbon
dioxide. Hydrogen, carbon monoxide and carbon dioxide come from the attack by core debris on
concrete. A small fraction of steam will also come from the attack on concrete. Most of the steam
ccmes from the boiling of water at the interfacial crust between core debris and the water pool.

Concrete, when heated to sufficiently high temperatures [38, 39], evolves steam and carbon dioxide.
Steam that evolves from the concrete comes primarily from the cement phase of concrete. It is present
in the cement phase as "gel" water and water of hydration. This type of water evolves at temperatures
between 378 and 420 K. Water is also present as hydroxide groups notably as Ca(OH),, in the cement
phase. This Ca(OH), decomposes at around 680 K to produce water vapor. All concretes used in
nuclear reactors have about the same type of cement and thus about the same amount of water bound
as hydroxide groups. Consequently, the major differences in the water content in various concretes
come from the relative humidity of air around the concrete during service. Concretes typically contain
between 5 and 8 weight percent water.

Carbon dioxide evolved from concrete comes from the decomposition of calcareous material in the
concrete which occurs at temperatures of about 960 K. All concretes contain some calcareous material.
At the very minimum, calcium carbonate forms by reaction of atmospheric carbon dioxide with calcium
hydroxide:
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Figure 10 Effects of inorganic solutes on the surface tension of water at 293 K
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CO,(g) + Ca(OH), = CaCO3 + H,0

This reaction begins when the concrete is first placed and continues throughout the service life of the
concrete. Because of this reaction, all concretes have at least 1 weight percent CO5 bound up as a
carbonate.

Some concretes contain very much more carbon dioxide. These concretes use calcareous material as
an aggregate. Usually, the aggregates are calcite (CaCO3) or dolomite (CaMg(CO3);). When crushed
calcareous aggregate is also used as the fine aggregate, the concretes may contain over 36 weight percent
carbon dioxide as carbonates. When silicon dioxide is used as the fine aggregate, and calcareous
material is used as the coarse aggregate (so-called limestone-common sand concrete) the concrete
contains over 20 weight percent carbon dioxide.

Carbon dioxide and steam are evolved from the concrete at temperatures well below the ablation
temperature of the concrete. When molten core debris interacts with the concrete, steady-state
temperature profiles develop ahead of the ablation front after a brief transient period (see for example
References 16, 38, and 40). As a result, the isotherms that define the temperatures of the various
concrete decomposition processes advance into the concrete at very nearly the same rate as the ablation
front. Gas generation during the interaction of core debris with concrete is propomonal to the concrete
ablation with a proportionality constant determined by the concrete composition.

Concrete erosion rates vary over the course of core debris interactions with concrete. The initial
transient interaction of high temperature melts with concrete can produce erosion rates in excess of
100 cm/hr [41]. These initial rates decline quickly. Vigorous attack on concrete during the quasi-steady
state when the melt is rich in zirconium will produce erosion rates as high as 35 cm/hr [42]. Once
zirconium is consumed from the melt, erosion rates can be as low as about 3 cm/hr [43].

Gases evolved from the concrete react with the core debris. The reactions of carbon dioxide and steam
yield carbon monoxide and hydrogen:

Fe(l) + CO, = FeO(l) + CO
Fe(l) + HyO = FeO(l) +
2Cr(l) + 3CO, = Cry04(l) + 3CO
2Cr(l) + 3H,0 = Cry04(l) + 3H,
Zr(l) + 2CO, = ZrOy(l) + 2CO
Zr(l) + 2Hp0 = ZrO4(l) + 2H,

Some experiments involving high temperature melt interactions with concrete may not show this proportionality. This is
nearly always because the small concrete test fixtures develop cracks that would not form in the massive concrete structures
of a nuclear reactor. Cracks provide low-resistance flow paths for gas that permit the gases to flow away from rather than
through the high temperature meit.
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There is some thetmodynamic evidence that highly reactive metals such as Zr and possibly Cr can
reduce carbon dioxide completely to elemental carbon:

Zr + COy = Z2rOy + [Clpent
Evidence of this complete reduction has not yet been obtained in tests of melt interactions with concrete
[44, 45].
The extent of reaction depends on the composition of the melt. When there is metallic zirconium in
the melt, reduction can be very extensive. The hydrogen to steam partial pressure ratio in gases
emerging from the melt is about 10°. When zirconium and chromium have been oxidized from the melt,

the hydrogen-to-steam partial pressure ratio in gases emerging from the melt is only about 2,

The partial pressures of carbon monoxide and carbon dioxide in the gases emerging from the melt are
related to the hydrogen-to-steam partial pressure ratio by the "shift gas" reaction:

C02 + Hz « CO + H20

_ PCO) PH0) 1-4078.3

K(T) = F(COy) Py + 3.705
where
K(T) = equilibrium constant
P(i) = partial pressure of gas species i = CO, CO,, Hy, H,0

As gases cool after emerging from the core debris, this equilibrium is maintained until a temperature
is reached below which the kinetics of gas reactions are slow in comparison to the time scale of interest,
If temperatures fall quickly below that so-called "quench" temperature, the gas composition is "frozen"
at the equilibrium composition for the quench temperature. Cooling rates for gases emerging from melts
interacting with concrete without a water pool present are sufficient to produce this quenching behavior.
Quench temperatures are usually found to be between 1000 and 1300 K [46-48]. Quenching behavior
at similar temperatures would, then, be expected to definitely occur when a water pool overlies the core
debris.

With specification of the concrete erosion rate, hydrogen-to-steam partial pressure ratio and the "quench"
temperature, the carbon dioxide, carbon monoxide and hydrogen contents of the gas sparging through
the water pool can be determined. To specify the steam concentration, if is necessary to consider boiling
at the crust-water interface. The boiling of water on the crust is complicated by the "harbotage" effect
of gases generated by the attack on concrete [49]. For a long time, it was thought that water would be
in film boiling on the crusts of debris and that the heat flux from the crust to the water would be
enhanced by the barbotage effect as well as subcooling of the water [50]. Experimental data seem to
indicate, however, that water is in nucleate boiling on the crusts. Heat fluxes to the water observed in
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the SWISS-2 test were 70 to 80 W/cm? [16]. The recent MACE test indicated similar overall heat
fluxes with periodic excursions as high as 160 W/cm* [50].

The recent WETCOR-1 test [22] suggests heat fluxes can be as low as 30 W/cm?. Heat flux, and
consequently steam production, during boiling on core debris must be considered quite uncertain.
Recent uncertainty analyses by Theofanous et al. [15] consider the uncertainty range to be 50 to
100 W/em?. A requirement for advanced reactor designs suggested by the Electric Power Research
Institute [12] demands that the heat flux be at least SO W/cm?. Once the heat flux is selected, the steam
flux can be estimated and the gas composition of the aerosol-laden gas bubbles that enter the water pool
overlying core debris can be specified.

Gas phase properties are sensitive to gas composition. The gas density is probably specified adequately
by the ideal gas law:

P(Hy) 2.016 P(H,0) 18.015 P(CO) 28.00 P(COy) 44,001
= + + +
Pg RT RT RT RT

where R is the universal gas constant,
The viscosity of the gas mixture can be estimated from the Herning-Zipperer equation [52]:

N
Y. PG) i) M)’
i=1

Hg = N
Y PG M@)'"?
i1

where

N

]

number of gas species
P(i) = partial pressure of the ith gas species

M(i) molecular weight of the ith gas species

il

viscosity of the it gas species when pure and at the same temperature as the mixture.
y £as spec P

]

(i)

The pure gas viscosities are [25]:

1.5769 x 1076 T0.705712
1 -3387T1)

Poises

#H,y) =
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0.950 x 10_6 T0.892912

) Poi
01+ 2072197 D) olses

WH,0) =

14.151 x 1076 70.502012

Co) = '
HCO) AT <1718 7D Poises

15.957 x 107 10.457212

o
(0~ 246744 7T 018€8

WCOy) =

Predictions obtained with the Herning-Zipperer equation agree with data for CO-H, mixtures at 298 K
to within about 2 percent [25]. Predictions for steam-air mixtures agree with data to within about
4 percent [18].
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IIl. Analysis of Source Term Attenuation by
Overlying Water Pools in Mark I Reactors

A. Quantitative Analysis of Uncertainty

The previous chapter described the physical phenomena that affect aerosol scrubbing by a water pool
overlying core debris interacting with concrete. In this chapter, predictions are made of the source term
attenuation that can be achieved by such pools in severe accidents in Mark I boiling water reactors. The
discussion of the pertinent physical phenomena in Chapter Il identified several areas of phenomenological
uncertainty. Other uncertainties arise, of course, in the application of the models described in Chapter
I1 to specific situations. Many of the additional uncertainties arise because of variations in the boundary
conditions and initial conditions among the various severe reactor accidents hypothesized to occur in
Mark 1 boiling water reactors [2]. Understanding of the details of the progression of severe reactor
accidents up to the point core debris is expelled into the Mark | containment is imperfect. This, too,
can add uncertainty to the predicted performance of overlying water pools. All of these uncertainties
need to be taken into account in the prediction of source term attenuation by the overlying water pool.

A number of approaches to the estimation of uncertainty have been used in the analysis of severe reactor
accidents. Theofanous has categorized and criticized these approaches [53, 54]. Frequently "expert
opinion" or "engineering judgment” is used as the basis for estimating the uncertainty in predictions
made for high level issues such as decontamination by overlying water pools. The expert opinions or
eagineering judgments concerning these major issues of accident analysis may be obtained informally
by the analysts [55] or in a highly structured polling of internal and external authorities selected to
represent the range of views within the technical community.

This approach to uncertainty, no matter how elaborately conducted, does not provoke a great deal of
confidence. There have not been enough severe reactor accidents to support anyone's claim to have
expertise in the evaluation of such high level questions as the decontamination performance of water
pools under severe reactor accident conditions. Engineering judgment is suspected because of the all
too human tendency to underestimate the magnitude of uncertainty in areas of great uncertainty. But,
the greatest flaw in past approaches to uncertainty is that they are difficult to reproduce. Almost never
is a scrutable account of the expert opinion or engineering judgment set down so that a knowledgeable
individual who accepts the basic assumptions can follow the logic and the arithmetic to arrive at the same
conclusions reached by the "expert" or the engineer.

An alternate approach to the estimation of uncertainty is adopted here. This approach, first articulated
by Theofanous [54], attempts to avoid the failings of the past uses of expert opinion and engineering
judgment though both expert opinion and engineering judgment are still used. The essential step in the
analysis of uncertainty is to decompose a high level question into its component phenomenological parts.
This decomposition is done until each part is n area where there are or could be data and true expertise
could exist. Uncertainties within these individual phenomenological areas can be identified. Further-
more, defensible ranges for the values of uncertain quantities can be prescribed. The definitions of
uncertain quantities and the prescription of ranges for the values of these uncertain quantities are where
expert opinion and engineering judgment are: heavily used. More confidence can be had in this use of
expert opinion and engineering judgment because there are, or at the very least could be, data bases and
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theoretical bases for the expertise or judgment. Furthermore, it is convenient, if not mandatory, that
the bases for the opinions and judgments in individual phenomenological areas be described in a way
that is scrutable by other knowledgeable individuals. Conclusions reached by the experts can be
reproduced by others if the articulated assumptions are accepted.

Once the decomposition of an issue has been done, uncertainties identified and ranges for uncertain
quantities prescribed, the overall uncertainty in the high 'evel issue can be defined. The mechanics
adopled here involve Monte Carlo sampling of the predictions for an issue derived from the component
phenomenological parts. The sampling is done by randomly selecting values for the uncertain quantities
as prescribed by the probability distributions of values within the prescribed ranges. These sampled
values of the uncertain quantities are then used in the calculation of the phenomena of interest.

Definition of probability distributions for uncertain quantities is, unfortunately, a subjective task.
Though there have been some studies of the definition of these distributions [55], the author of this work
knows of no mechanical or non-controversial method for defining these distributions. All that can be
done is to clearly indicate what distributions are used. For the work described here, the probability
density functions for values of uncertain quantities within prescribed ranges are defined by rules:

- Where significant values of an uncertain quantity span less than an order of magnitude, the
probability density function for values of the uncertain quantity is taken to be a constant over
the prescribed range and zero outside the range. This is called a "uniform" distribution.

- When significant values of an uncertain quantity span a range that is more than an order of
magnitude, the probability density function for the logarithm of the value of the quantity is taken
to be a constant over the prescribed range. This is called a "log-uniform" distribution.

In those few cases in which a significant data base exists for an uncertain quantity, the
probability distribution is taken to be lognormal. The limits of the prescribed range for values
of the quantity are assumed to define the 1st and the 99th percentile of the cumulative
distribution.

The predictions obtained with the Monte Carlo sampling constitute a sample of the true uncertainty
distribution in the extent of decontamination by the pool. For the issue at hand here, the predictions
constitute a sample of the distribution in values of the decontamination that can be achieved by a water
pool overlying core debris in the drvwell of a Mark [ containment. This sample can be used to construct
an estimate of the true distribution of values of the decontamination. Because the sample is finite, the
estimate of the true distribution can be made only to a limited level of confidence. The mathematics and
statistical analysis used to construct the estimate of the true distribution and to characterize the
confidence level of the estimates are presented in Appendix A of this report.

B. Specific Uncertainties Considered

The specific uncertainties considered here in the analysis of aerosol scrubbing by an overlying water pool
are summarized in Table 2. Ranges for many of the uncertain quantities listed in the table have been
selected based on the discussions of physical phenomena presented in Chapter II. Probability density
functions for values within the ranges are specified by the "rules” listed above. Other features of the
various uncertain quantities are discussed below:
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Table 2 Uncertain parameters and properties

Parameter or property Range Probability density

Ambient Pressure 1-9 atms uniform
Concrete Erosion Rate 3-35 cm/hr log-uniform Ll
Carbon Dioxide Weight 0.01-0.36 log-uniform
Fraction in Concrete
Water Weight Fraciion in Concrete 0.05-0.08 uniform
Hydrogen-to-Steam Partial Pressure 2-10° log-uniform
Ratio

" CO/CO, Quench Temperature 1000-1300 K uniform
Solute Mass 0.05-100 g/kg H,0 uniform
Volume Fraction Suspended Solid 0-0.1 uniform

i Density of Suspended Solids 1-6 g/c:m3 uniform
Sign Indicator for Uncertainty in Water 0-1 uniform
Surface Tension
Mean Aerosol Particle Size 0.25-2.5 um log-uniform
Geometric Standard Deviation 1.6-3.2 uniform

I Aerosol Material Density 1.5-10.0 g/cm3 uniform
Coefficient in Davidson-Schular Model 1-1.54 uniform
for Initial Bubble Size

{| Contact Angle in Fritz Formula 20-120° uniform
Coefficient in the Taylor Instability 1.9-4 uniform
Model! for Bubble Size
Multiplier for Inertial Impaction 0-1 uniform
Boiling Heat Flux 0.16-1.6 MW/m? log normal

p = 0.5 = mean

II o = 1,645 = std. dev,
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1. Uncertainty in Drywell Pressure

‘The atmospheric pressure in the drywell of a Mark | containment during core debris interactions with
concrete and water is one of the boundary conditions that varies among the many, hypothetical, core
melting accidents that have been defined for Mark | boiling water reactors. The pressure affects both
aerosol trapping and steam production by boiling. It is only possible for generic analyses to assume
pressure in the drywell is between atmospheric pressure and the estimated failure pressure of the
containment. Mark I containments, though small, are quite strong. Estimates [6] of the failure pressures
of these containments range to over 10 atmospheres absolute pressure. The estimates have been made
for reactor containments as designed. Fabrication errors and corrosion of the steel liners since
installation undoubtably reduce the failure pressure for the containments though the failure pressure will
still be well above the design pressure which takes into account fabrication errors and corrosion. A
range of |1 to 9 atmospheres for the drywell pressure was selected here to capture, at least, the effect
of pressure on the predictions of performance.

2. Uncertainty in Concrete Erosion Rate

Based on the discussions in Chapter 11 the concrete erosion rate has been selected to vary over the range
of 3 to 35 ecm/hr. The erosion rate does of course vary with time during a specific accident. Time
resolved decontamination factors are not sought in the analyses presented here, so time variations in the
concrete erosion rates are not considered. In principle, the concrete erosion rate is correlated with the
composition of the concrete since the heat that must be imparted to a calcareous concrete to ablate a
given volume of the concrete is greater than the heat needed to ablate siliceous concretes [38;.
Inspection of a variety of published analyses of core debris interactions with concrete [7. 24] does not
reveal a clear correlation in the erosion rates with concrete type. There are enough variations in the
initial and boundary conditions for core debris/concrete interactions that the sensitivity of erosion rate
to concrete type is overwhelmed.

3. Uncertzinty in Concrete Composition

As discussed in Chapter II, the carbon dioxide contents of structural concretes vary between weight
fractions of 0.01 in concretes with siliceous aggregates to 0.36 in concretes made using calcareous
materials as both the coarse and the fine aggregate. A survey of what little information is available for
Mark I containments revealed only that there are reactors that use siliceous, calcareous, and limestone-
common sand concretes. Consequently, a distribution of the weight tractions of CO, was used in the
analyses below. Clearly, there is no distribution in this quantity for a specific plant,

As discussed in Chapter I1, the weight fraction of water in the concrete was taken to be uncertain over
the range of 0.05 to 0.08.

4. Uncertainty in the Gas Composition

The ratio of the partial pressures of hydrogen and steam in gases that emerge from the core debris
depends on the composition of the core debris. When the core debris is rich in metallic zirconium the
ratio is quite large, on the order of 10°. When reactive metals in the core debris have been oxidized
the ratio is only about 2, The initial composition of the core debris is determined by the rather uncertain
predictions of reactor accident progression prior to the onset of core debris interactions with concrete
in the Mark I drywell. Whatever the initial composition, the core debris composition, and consequently
the hydrogen-to-steam partial pressure ratio in gases emerging from the core debris, varies during the
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interactions with concrete. For a specific set of initial conditions this variation can be predicted with
acceptable accuracy. When averaged over a broad range of initial and boundary conditions the
hydrogen-to-steam ratio becomes an uncertain quantity.

The temperature at which gas kinetics significantly affect the evolution in the gas composition is an
important factor in the prediction of the gas composition. The range for this quench temperature
selected here, 1000-1300 K, is the vange inferred from various tests of high temperature melt interactions
with concrete [38, 46, 47).

£, Uncertainty in Water Properties

Solids dissolved in the water affect water properties. There is little information available on how much
material will be able to dissolve in the water pool. It is possible that water supplied to the drywell may
contain additives such as boric acid and sodium hydroxide. An especially likely source of additional
solute mass is the concrete. At high temperatures involvid in the ablation of concrete alkali metals (Na
and K) are vaporized from the concrete. These alkali m=tals are, of course, quite soluble in water. The
concentrations of dissolved species of this type will increase in the water pool if water is recirculated
from the steam suppression pool. The range for the concentrations of dissolved mass was selected
somewhat arbitrarily to capture the uncertainty that exists as the water becomes contaminated with

dissolved materials.

Much of the material in the water pool will not dissolve. Rather, it will be present as suspended solids.
Aside from the fact that suspended solids are present in the water, there is little information on how
much suspended material can be present. To some extent the volume fraction of suspended solids will
depend on whether water supplied to the drywell is recirculated. The range of the volume fraction of
solids selectea here was limited to an upper bound of 0.1. Above a volume fraction of suspended solids
of 0.1 the liquid phate begins to behave significantly differently than water.

Solid species found suspended in water during tests of the simultaneous mteracuons of high temperature

melts with concrete and wnh water [16] include ZrO, (’p = 5.9 g/em" ) SiOy(p = 2.2 g/cm3).
CaMg(CO4); (p = 2.87 g/cm ) NaAlSi04 (p =26 g/c ), Aly8i;04(OH) (p = 3.1 g/cm3) and
CaCOy (p = 2.7 g/cm’) Were vranium dioxide used in the tests, hydrates of uranium oxide
presumably would also be suspended in the water. Hydration will reduce the effective densities of the
suspended solids. A lower bound on the density of the suspended solids was therefore set to be
1 g/cm”. The upper bound on the density is determined by the ability of gas sparging to keep the solids
suspended. Without a surface active agent j)resem it is difficult for simple gas sparging to keep solids
of densities greater than about 6 grams/cm” suspended in water [36].

Data presented in Chapter Il show that solutes can either increase or decrease the surface tension of
water and that the effect varies linearly with solute mass. Consequently the surface tension of the liquid

phase is taker: to be:

a(w)(l ~9) fore < 0.5
UI =

a(w)(! +8) fore > 0.5
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where
o(w) =surface tension of pure water
S =weight fraction of dissolved solids

€ =uncertain parameter with values uniformly distributed over the range of 0 to 1.
6. Uncertainty in Aerosol Size Distribution

The size distribution of aerosols being injected into an overlying water pool is quite uncertain largely
because there are no data to indicate if the aerosol formation process is affected by the water pool.
Here, the aerosol size distribution is laken to be a lognormal distribution characterized by a mean and
a geometric standard deviation. Microscopic examinations of aerosol collected in tests of melt
interactions with concrete show that the aerosols are agglomerates with primary particles about 0.1 um
in diameter. It would seem unlikely, then, that aerosols entering the water pool would be smaller than
these primary particles. The mean size would, in fact, be somewha' larger since some particle
agglomeration would be expected even over the short transport distances available in cases with a water
pool present. Consequently, the lower bound on the mean aerosol size was selected to be 0.25 um. The
upper bound on the mean size was selectsd to be 2.5 um based on the larger sizes predicted to occur
during the most intense phases of aeroso! generation by core debris-concrete interactions as discussed
in Chapter I1.

The geometric standard deviation of the aerosol size distribution was selected to be uncertain between
1.6 to 3.2 based on the observations from tests with no water pool present. Arguments can be made
to suggest that the water pool could affect the geometric standaid deviation, There are, however, no
data to support contentions that the size distribution of aerosols being injected into the water pool is
either narrowed or broadened because a water pool is present, Nor are there data to support or refute
contentions that the geometric standard deviation is correlated with the mean size of the aerosol.
Consequently, the mean size and the geometric standard deviation are taken to be independent.

Aerosols are all assumed to have shape factors of 1. This was done in the belief that water would
condense in the interstices of agglomerates of primary aerosol particles. Surface tension forces exerted
by the condensed water will tend to pull chain aggiomerates of aerosols into spheres [S6).

7. Uncertainty in Bubble Size

The initia! sizes of bubbles entering the water pool are calculated from the Davidson-Schular equation
for low viscosity fluids:

0.4

6)1/3 Vq

as described in Chapter II. The leading coefficient € has a nominal value of 1.1, Various experimental
studies have shown this value to vary at least over the range cf | to 1.54 depending on the details of the
geometry of orifices at which bubbles are formed [26]. It was assumed then that e was uniformly
distributed over this range.
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A lower bound on the initial bubble size is defined by the Fritz equation:
, 1/2
Dy, = 0.0105 w[a, / el - pg)]

The contact angle ¢ in this equation depends on whether water can "wet" the interfacial crust that
separates water from molten core debris, If water cannot "wet" this surface ¢ » 120°. If water can
"wet" the surface ¢ approaches zero. Here a lower limit on ¢ is taken o be 20°,

An upper bound on the initial bubble size is taken to be defined by Taylor instabiiity:

D, = 2C ["l /g(pl - pg)]m

As discussed in Chapter 11, the leading coefficient is taken to be uncertain and uniformly distributed over
the range of 1.9 to 4. The Levich criterion is applied also to define an upper bound on the initial bubble
size and a bound on the bubble growth that can occur as butbles rise through the water pool.

8. Uncertainty in Inertial Impaction

Inertial impaction of derosols with the bubble walls is a factor in acrosol scrubbing only if gases within
rising bubbles circulate. In highly contaminated systems like water pools overlying core debris that is
interacting with concrete, it is by no means certain that gases will circulate or at what rate gases will
circulate within rising bubbles, Consequently, the coefficient fo, inertial impaction of aerosol particles
described in Chapter 1 has been multiplied by an uncertain parameter with values uniformly distributed
over the range O to 1.

9. Uncertainty in Bolling Heat Flux

The boiling heat flux from the interfacial crust to the water is controversial. The hope [23] that a
progressive fragmentation of the crust will result in very high heat fluxes to the water has not been
rewarded in experiments done to date. Progressive fragmentation and very high heat fluxes are
neglected here. There is some evidence [23] that when melt first begins to spread out of the pedestal
region across the drywell floor in a Mark | containment, high heat fluxes do develop. This is, however,
a very transient period of time. This transient may be quite important for the analysis of attack on the
containment liner. For source term considerations, the quasi-steady state heat flux to the water pool that
develops after the molten core debris has spread is of more interest. Based on the experimental data that
have been accumulated to date, this quasi-steady heat flux is assumed here to be lognormally distributed
with a mean of 50 W/cm* and a geometric standard deviation of 1.645.

C. Predictions of the Decontamination Factors

A model of aerosol scrubbing by a water pool based on the phenomena described in Chapter II has been
formulated. Details of the model are described elsewhere [18, 27). In summary, the model uses a
fourth order Runga-Kutta algorithm to solve the differential equation for aerosol scrubbing by
sedimentation, diffusion and inertiai impaction, Scrubbing due to the collapse of bubbles in a subcooled
water pool is assumed to occur instantaneously, Step sizes are controlled in the algorithm so that no
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more than 10 percent of the aerosol is removed during bubble rise in a given computation cycle. The
initial size of all bubbles entering the overlying water pool is taken to be the same. If buhbles grow to
exceed the Levich criterion (see Chapter I1), they are instantaneously divided into bubbles with half the
volume dictated by the Levich criterion,

Aerosols are assumed to be lognormally distributed in size. The cumulative, mass-weighted, size
distribution is taken to be:

Prd < D) = 0.5(1 + erf (2))

where

Pr(d, < D) = cumulative probability of the particle size being less than D

Y

2= In(D/w)/ {2 Ino

B = mean size
o = geometric standard deviation
erf (x) = error function of x

Calculations are conducted by dividing the initial aerosol size distribution into 20 equal mass "bins."
The necessary inversion of the error function is done with a Newton-Raphson method. The behaviors
of aerosol particles in each bin are assumed to be weil represented by a particle with the diametor of the
mass median particle diameter in the bin,

Calculations are done by randomly selecting values of the uncertain parameters according to their
respective probability density functions. This is easily done for the uniform and log-uniform
distributions. The inversion of the error function necessary for lognormally disiributed parameters is,
again, done with the Newton-Rapson method for locating roots of non-linear equations. Random
numbers needed for the selection of values of the uncertain parameters are obtained from a congruent
sequential generator algorithm. Such algorithms are known to have a cyclical behavior. To avoid this,
the random numbers were randomly "shuffled" using an algorithm by Knuth [57].

Results of the calculation are cast in terms of a decontamination factor (DF) defined by:

Mass of aerosol entering the water pool

DF =
Mass of aerosol emerging from the water pool

This method of presentation eliminates some of the sensitivity of results to the uncertain initial and
boundary conditions such as the mass of core melt on the drywell floor. Calculations were done using
methods described in Reference 17 to generate uncertainty distributions for the decontamination factor,
Typically about 500 calculations were done fcr each set of conditions. As is discussed in Appendix A,
this number of calculations assures to at least a 95 percent confidence that 99 percent of the range of
values of the decontamination factor has been sampled.

41 NUREG/CR-5978




Analysis

The purpose of this work is to show that provision of water to the drywell of a Mark I boiling water
reactor will reduce the magnitudes of the radionuclide releases from the plant even if the water fails to
prevent containment failure. Details on the way water is to be provided to the drywell have not been
specified. Possible variations in the supply of water include vasiations in the depth and the temperature
of the water to be maintained over the core debris that is interacting with the drywell concrete.
Therefore, calculations were done for water pool depths of 30 and 50 cm, and for water subcooling of
0. 2,5, 10, 20, 30, 50, and 70°C. The calculated values of the decontamination factors for each of the
sixteen sets of conditions were analyzed to construct at confidence levels of 50, 90, and 95 percent the
cumulative probability distribution functions for the decontamination factor. The detailed results are
presented in tabular form in Appendix B. Cumulative probability distributions for two typical results
are shown in Figure 11. These results are shown in the figure as plots of the natural logarithm of the
decontamination factor as a function of the quantile of the cumulative distribution. Confidence bands
of 95 and 50 percent are shown in the figure,

One of the most useful features of this type of analysis is that it permits separation of the
phenomenological uncertainty from the stochastic uncertainty associated with the finite size of the
samples taken of the distribution. It is apparent from the results shown in Figure 11 that the stochastic
uncertainties in the results rbtained here are small in comparison to the phenomenological uncertainties
in the vicinity of the mean. At the 95 percentile level and above the stochastic uncertainties are, in some
cases, quite large. The confidence intervals to account for stochastic uncertainties could be narrowed
by taking larger samples in the Monte Carlo sampling process.

Results obtained in the calculations for the median, the 10 percent quantile and the 90 percent quantile
are summarized in Table 3 for specific confidence levels. Each entry in the table is a range of values
whose width is determined by the specified confidence level.

The median decontamination factors (at 50 percent confidence level) for water pools 30 and 50 cm deep
are shown as functions of pool subcooling in Figure 12. It is evident from this figure that subcooling
greatly enhances the amount of decontamination that can be achieved by a water pool. Even for very
shallow water pools with proper subcooling, median values of the decontamination factor in excess of
100 are achieved. That is, even with only a 30 cm deep water pool the radionuclide release from core
debris interacting with concrete can be reduced by a factor 100.

Very conservative views of the state of phenomenological uncertainty might be based on the 10 percent
quantile of the uncertainty distribution. Even in this pessimistic case, factor of 10 reductions in the
radionuclide release can be achieved with well-subcooled, shallow water pools (see Figure 13).

The calculations presented here are for water pools overlying core debris within the drywell. Should
core debris penetrate the steel liner and flow into the reactor torus room, water would follow. Water
maintained over core debris in the torus room would achieve similar reductions of the aerosol and
radionuclide emissions as have been calculated here. The results described in this chapter are used in
Chapter VI to analyze aerosol concentration in the Mark I drywell for a particular accident.
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Figure 11 Cumulative probability distributions for the decontamination factors by water
pools 30 and 50 cm deep and 20 degrees subcooled
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IV. Source Term Attenuation by Drywell Sprays

A. Background

In the previous chapter, it was shown that water pools overlying core debris could reduce the aerosol
production and radionuclide release from core debris interactions with concrete. Release of radioactive
materials during core debris/concrete interactions is but one of the processes that can contaminate the
atmosphere of the Mark I drywell and contribute to the inventory of radioactive materials that could
escape the plant should the containment fail. Release of radioactive materials from the reactor coolant
system when core debris penetrates the reactor vessel, revaporization of radionuclides deposited in the
reactor coolant system and release of radionuclides from residual fuel in the reactor coolant system after
vessel failure are other ways the atmosphere of the drywell becomes contaminated with radioactive
materials. Water pools overlying core debris on the drywell floor will little affect these sources of
radioactivity to the drywell atmosphere.

The drywells of Mark I containments are equipped with sprays. The sprays are intended primarily to
be used to condense steam in design-basis loss of coolant accidents. The sprays might, however, be used
to supply the water needed to maintain a water pool over core debris deposited in the drywell during
severe reactor accidents. Falling water drops produced by the spray will trap aerosols suspended in the
drywell atmosphere. The sprays could, then, be used to attenuate the source term of radioactive material
injected into the drywell atmosphere by processes other than core debris interactions with concrete as
well as scavenge aerosols produced by core debris/concrete interactions and not trapped in the water

pool.

In this and the next chapter, a quantitative analysis of the decontamination of the drywell atmosphere
by drywell sprays is presented. The presentation is, in outline, rather similar to that used to present
analyses of the decontamination by an overlying water pool. Phenomena that affect spray performance
are discussed in the balance of this chapter. In Chapter V a detailed, quantitative analysis of spray
performance is presented.

There is an important difference in the analyses of spray performance from the analyses of the
decontamination by overlying water pools. Sprays can be operated for an indeterminant period of time.
The decontamination that can be achieved by sprays is, then, unbounded whereas the decontamination
by water pools is inherently limited by the depth of the pool and the rise velocities of aerosol-laden
bubbles through the pool. That is, aerosols rising through an overlying water pool are exposed to the
actions of the water pool for a fixed, predictable time. Aerosols in the drywell atmosphere can be
exposed to the actions of spray droplets for times that can be known only if the schedule for spray
operation is known. It would be presumptuous to assign a particular decontamination factor to the
sprays if some mandated schedule for their operation does not exist.

The formal differential equation that describes aerosol mass in the containment atmosphere is:

MM S +R
dt
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where

M = aerosol mass suspended in the containment atmosphere

A = a coefficient for decontamination by sprays

=
h

rate of aerosol removal by mechanisms other than spray decontamination of the
atmosphere

S = rate at which aerosol mass is injected into the containment atmosphere

A more convenient method for the analysis of spray performance is to determine A, the coefficient for
decontamination by sprays.  Specification of A provides a much more generically useful result than
does specification of a decontamination factor obtained by assuming some arbitrary operation of the
sprays. In the subsections below, it will be shown that A is not a constant. Rather, it has complicated
functional dependencies on the aerosol trapping processes, the characteristics of the spray and the
conditions under which the sprays operate.

*Regulatory descriptions of A use the definition [84):

where

fall distance
containment volume
water flow rate

Wnn

]

aerosol capture efficiency divided by droplet diameter

Clm <z

For 1000 pm diameter droplets a recommendsd value [84] for [g] is 10 meters™! until a decontamination factor of 50

(98 percent of the aerosol initially present has been removed) is reached. Then, the recommended value of [g] is reduced

1

to 1 meter . Values of A given in this report in units of hrl may be converted into values of [.g] in units of meters by:

-1
E l N Mhbr ) 0.01852
[ﬁ] (meters ) ..__....___Q_....__.

where Q is the water flux into the containment atmosphere in units of cm’ H,0/ cm?-s. The reciprocal of A is the time
in hours for sprays to reduce the aerosol concentration in the atmosphere by a factor of e » 2.7 if there is no unsprayed
volume.

NUREG/CR-5978 48




Attenuation

B. Trapping of Aerosol Particles by Water Droplets

Activation of drywell sprays in a Mark I boiling water reactor must be done manually. If the drywell
sprays are activated during a severe reactor accident the sprays will affect the pressure, temperature and
composition of the containment atmosphere, Sprays will cool the atmosphere and condense steam in the
atmosphere. Stefan forces on aerosol particles during the condensation of steam will drive aerosol
particles into falling water droplets. There will also be some modest thermophoretic forces on aerosol
particles that will drive the particles into the water droplets.

The dynamic conditions immediately following spray actuation will be of short duration. Rather quickly
a quasi-steady state will be established in which the pressure, temperature and composition of the
containment atmosphere are nearly in equilibrium with the falling spray droplets. It is the source term
reduction that can be achieved during this quasi-steady operation of the sprays that is of interest here.
Though a significant amount of decontamination of the drywell can be anticipated during the initial phase
of spray operation, this early decontamination driven by steam condensation is neglected here. Neglect
of decontamination during the early period of spray operation is not a serious omission if containment
failure is not coincident with actuation of the sprays,

Under the essentially steady-state conditions assumed here, falling water droplets still sweep aerosol
particles from the containment atmosphere. The predominant modes by which falling water droplets trap
aerosol particles are:

- impaction
- interception, and
- diffusion,

Impaction refers to the collision of water droplets with aerosol particles. As a droplet falls through the
drywell atmosphere, a flow field develops around the droplet. This flow field will carry aerosol
particles. Some aerosol particles will be too massive to respond to the sudden accelerations of gas flow
in the vicinity of the falling droplet. Inertia will allow these particles to cross the streamlines of the flow
field and to contact the water droplet. It is assumed here that contact between a water droplet and an
aerosol particle is sufficient to cause the capture of the aerosol particle whether or not the aerosol
material is soluble in the droplet. Surface tension and van der Waals forces are sufficient to hold even

insoluble particles to the droplet.

Particles of an intermediate size may be able to respond to the accelerations in the gas flow field near
the droplet. The centers of mass of these droplets will follow trajectories around the droplet. But,
because the droplets are of finite size, they may still be intercepted by the droplet.

Very small particles will be able to follow the flow field around a falling droplet easily. These small
particles also respond to impulses provided by collisions with gas molecules. Because of the stochastic
nature of these collisions, there is an apparent diffusion of small acrosol particles. This diffusive motion
can carry the particles across streamlines into the droplet surface. Again, surface tension and van der
Waals forces assure the diffusing particles are trapped by the falling drop once contact is made.
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It is possible for aerosol particles and falling drops to be electrostatically charged. Coulombic forces
between charged aerosols and charged droplets could attract or repel particles and drops depending on
the relative signs of the charges. Radiation fields are, however, often used to discharge aerosol
particles. Certainly under severe accident conditions both the drops and the aerosol particles in the Mark
I drywell would be exposed to an intense radiation field. Electrostatic intcractions are neglected here.
No entirely satisfactory proof has been formulated to defend the decision to neglect clectrostatic effects
(but, see References 59, 60).

The quantitative descriptions of aerosol collection by falling drops are based on the assumption that the
drops are spheres. This seems to be an acceptable assumption for droplets formed by sprays in nuclear
power plants. Water droplets falling through air needed to be larger than 0.1 cm to distort significantly
from spherical [26, 61]. The distortion of larger droplets and models for these distortions are described

elsewhere [18].

Consider a sphere of diameter D falling through space. After falling a distance x, the sphere will have
swept out a volume of gas given by:

Volume = ; Dg X

If the gas contains a concentration of n(i) aerosol particles of diameter dp(i). then the falling sphere
would have encountered:

2 .
; Dd n(i)x

of these aerosol particles in the absence of hydrodynamic forces on the particles. A convenient
definition of the efficiency with which falling drops capture aerosol particles 1s the ratio of the actual
number of particles captured to the number of particles in the volume swept by the falling sphere:

€(Dy . dy(@)) = 4AN(G) / =D n(i)x

where
€(Dy, dp(i)) = droplet capture efficiency for aerosol particles of diameter dp(i)

AN(i) = actial number of particles of diameter dp(i) captured during a fall of distance
X.

Hydrodynamic effects cannot be neglected in the analysis of aerosol capture by falling water drops. The
efficiency with which droplets capture particles should depend on the nature of the gas flow around the
droplet. Analytic results are available only for the limiting flow regimes of viscous flow (Reynolds
number = Re - 0) and of potential flow (Re ~ «), Pemberton [62] has argued that in view of the

substantial size differences between aerosols of interest (dp(i) < 10 pm) and water droplets
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(Dg > 100 pm). flows around falling water droplets can be satisfactorily treated as potential flows.
Others [63], however, have felt it necessary to consider some means for nterpolating between viscous

and potential flow to predict real decontamination rates. Not everyone has agreed with the interpolation
methods that have been proposed in the literature [64).
Widely used expressions for the efficiency of aerosol capture as a result of impaction are:
a. Potential Flow Regime
e(imp. pot) = 0 for Stk < 0.0833
e(imp. pot) = |Stk / (Stk + 8))°  for Stk 2 0.2
e(imp. pot) = 8.57 [Stk / (Stk + )% (Stk - 0.08333) for 0.08333 < Stk < 0.2
where 8 has been given values between 0.25 and 0.75.
b. Viscous Flow Regime
e(imp, visc) = 0 for Stk < 1.214

~ et = 0.75 In(2Stk)|-2
e(imp, visc) = || + = o=~ for Stk > 1.214
P Sk - 1719) o

¢. Transition Flow Regime

e(imp, visc) + Rey e(imp, pot) / 60
T~ Rey 7 60

€(imp, trans) =

where
Stk = dp2 pp U /9 ug Dy x

density of the gas phase

©
o
i

Ut = terminal velocity of the droplet
kg = viscosity of the gas phase

dynamic shape factor for the aerosol particle.

=
il

Note that two models of particle capture by impaction are presented above. All real flows are in the
transition regime between the viscous and potential flow limits. One model follows the argument by
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Pemberion [62) thet real flows of interest here are adequately approximated by potential flow and the
impaction efficiency is given by e(imp, pot). The other model is based on an interpolation between
potential and viscous flow.  The efficiency of acrosol capture by impaction is then given by e(imp,
trans). Plots of e(imp, pot) and etimp, trans) are shown in Figure 14 for water droplets talling through
air at 1 atmosphere pressure and 298 K. Properties used for these caleulations are shown in Table 4.
Fhe dynamic shape factor of the aerosol was taken to be 1 for the calculations used to prepare this
figure.

Expressions for the etficiency of aerosol capture by interception are:
o Poential Flow Regime

eqnt. pot) = 3y dy, / Dy
b. Viscous Fow Regime

edint. vise) = 1.5 (v dp 1 D /(1 + ydy / D'

¢. Transition Flow. Regime

edint, visc) + Rey e(int, pot) / 60

c(int, trans) = »
* Red / 60

where y is the collision shape factor for the aerosol particles.

The capture efficiency for the viscous flow regime is that recommended by lee and Gieseke |65] and
differs somewhat from that often quoted e(int, visc) = 1.5 (ydy / Dd)‘

Again, note there are two models of interception efficiency presented above. These efficiencies--e(int,
pot) and e(int, trans)--are shown as functions of aerosol particle size and droplet diameter in Figure 185.
Also shown in the figure is the efficiency of aerosol capture in the viscous flow limit.

Expressions available for the description of the efficiency of aerosol capture by diftusion include:

e(dif) = 3.18 pe?’3

i

e(dif) = (4/Pe) (2 + 0.557 Rey!/2 8¢38)

where
Pe = Peclet number = Red Sc
S¢ = Schmidt number = ug/pgu‘p
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Table 4 Properties of water and air

Water Density (g/cm’)

p = 0.849397 + 129812 x 10T - 2.69223 x 10°¢ T?

Water Viscosity (Poises)

). L3272 @93 - 1) - 152 x 107 (T - 2937

logyo uy = logjo (0.01002 (T - 168)

Water Surface Tension (dyne/cm)

o) = 34.6 (T/704)0-8373

Alr Density (g/cm?)

pg(air) = 0.352 P(atms)/T

Alr_Viscosity (Poises)

pglair, = 2.3013 x 106 '0.768

B R N S T T O . R OB A AN St

NUREG/CR-5978 54



Attenuation

1.0 v LILELELEARLL T (‘Ylllrrr o LR AL | LA

298 K, 600 um droplet

Interception Capture Eificiency

105 E(int, visc) »*”
i L 1 ainl ] 1 1 In'l‘_l‘_Jll 1 L1yl 1 14 11]]
0.01 0.1 1 10 100
Particle Size (um)

Figure 15 e(int, pot) and e(int, trans) as a function of aerosol particle size for droplets in air at
298 K and 1 atm
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Qp = diffusion coefficient for acrosol particles
= ¢ KT/3n kg dp
k = Boltzmann's constant = 1,38 x 10716 ergs/K
¢ = Cunningham slip correction

=1+ [31] [1.257 + 0.4 exp(-0.55 /T)]
a5 P

I = mean free path in the gas phase

1 (cm) = 2.3 x 10 T(K) / P(atm)

Great confidence cannot be placed in any of these expressions for aerosol capture by diffusion. The
expressions are based on isolated spherical collectors for aerosol particles. Spray droplets in the drywell
atmosphere of a Mark I containment will not be isolated. There is substantial evidence that in arrays
of spheres mass transport to a sphere is less than mass transport to an isolated sphere [65-66]. Detailed
results are available only for cases involving two equal size spheres [66-68]. At the limit of Pe - 0
where the Sherwood number for an isolated sphere is 2, the Sherwood number for a sphere in a pair as
a function of the septation between spheres is [68]:

Separation divided by

the radius of the sphere Sherwood number (Sh)
P 2.00
20.14 1.9056
8.288 1.7852
3.0862 1.5232
2.0402 1.3920

Thus, the deviation increases as the spheres become closer. The obvious limit is Sh = 1.0 when the
spheres coalesce. The presence of a second sphere drastically affects the angular distribution of local
Sherwood numbers around a sphere.

Useful results for randomly dispersed spheres with varying diameters do not appear to be available. It
1s apparent, however, that the wake behind a large, fast moving drop could affect diffusive collection

of aerosol particles by smaller droplets. Small droplets, it will be seen, are quite important in the
decontamination of containment atmospheres by sprays.

Often the various mechanisms of aerosol capture by spray droplets are considered to operate
independently. The overall efficiency of the spray is then given by (additive model):

e(total) = e(imp) + e(int) + e(dif)
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An alternate expression for the overall efficiency of decontamination by spray droplets is [69] (compound
model):

e'(total) = 1-(1 - e(imp)) (1 - e(int)) (1 - e(dif))

This expression differs markedly from the previous expression only for capture of aerosols by large
particles.

The overall efficiency of aerosol capture by water droplets is shown as a function of aerosol size and
droplet size in Figure 16. Note that there is a minimum in the capture efficiency when is plotted against
aerosol particle size. At this minimum, aerosols are too big to be significantly affected by Brownian
motion responsible for aerosol capture by diffusion. Yet, the particles are still small enough that they
have a high probability of avoiding capture by imp .ction or interception.

A great deal of significance has been attached to the existence of this minimum. Though sprays may
be effective agents for cleansing the atmosphere of general aerosols, they may be quite inefficient at
removing aerosols with sizes in the vicinity of the minimum. This size, not coincidently, is the aerosol
size likely to be injected into containment by sources subjected to other decontamination processes such
as overlying water pools or transport through the reactor coolant system. It is also the aerosol particle
size to be expected when vapors are released from the reactor coolant system are suddenly condensed
in the cooler drywell. The concern is, of course, that these particles might be substantially resistant to
scrubbing by sprays.

Note, however, that the location of the minimum is dependent on the droplet size. Droplets having
diameters of about 200 pm produce a minimum at a substantially different location than do droplets
600 pm in diameter and larger. At least some of the concern over the minimum in the overall
decontamination factor arises because models used to predict decontamination by sprays [70] use a single
monodisperse droplet size. Modeling sprays with a range of droplet sizes would reduce, but not
eliminate, the concern over aerosol particles resistant to cap‘ure by droplets.

C. Characteristics of Sprays

A comprehensive examination of spray systems in the drywells of Mark I boiling water reactors has not
been attempted. A brief description of features of these spray systems pertinent to the analysis of
aerosol removal is presented here. At least for the plants that were examined, the spray system consists
of at least two headers. One header is located near the waist of the so-called inverted lightbulb
containment about 8.5 meters above the drywell floor. The other header may be variously located. At
the Brown's Ferry plants, the second header is located 15.8 meters above the drywell. At other plants
there may be a header even higher in the drywell.

In all cases examined, the spray system must be manually actuated. In the case of the Brown's Ferry
plants, interlocks prevent actuation of the spray unless the drywell is pressurized and the core is 2/3
covered with water. Other characteristics of drywell sprays are listed in Table 5.

At the Brown's Ferry Units 1 and 2 sprays can provide 517 liters/second of water to the drywell. At
Unit 3 sprays can provide 577 liters per second. Such high flow rates from drywell sprays may not be
typical of all Mark I boiling water reactors. The containments of these reactors are designed for internal
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Figure 16 Overall capture efficiency as a function of aerosol particle size for various water drop
sizes according to the additive and compound models described in the text
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Table § Characteristics of drywell sprays in some Mark 1 boiling water reactors

— =

mp— S — S e
Drywell | Wellwell
volume | volume
Plant MW, (m~) (m~) Spray system description

Pilgrim 1 1998 4162 3398 Part of RHR; interlocks to prevent actuation
unless water level 2/3 of core height and drywell
pressure > 0.27 atms-gauge

Oyster 1930 5097 3596 | Two independent systems. Automatic initiation

Creek of one system on high drywell pressure and low
water level in core. Power from emergency
buses.

Nine Mile 1850 5037 3398 Independent system. One system automatically

Point 1 initiated on high drywell pressure and low water
level. Second system connected to emergency
diesel generators and manually initated.

Millstone 1 | 2011 4162 3540 Part of RHR. Manual initiation after core is
flooded.

Fitzpatrick 2436 4248 3398 Part of RHR. System can be manually initiated
after low pressure injection requirements are
met,

Hope Creek | 3436 4786 3879 Part of RHR. Manually initiated.

1 &2

Vermont 1593 3794 3058 Part of RHR.

Yankee

Dresden 2527 4474 3313 Part of RHR.

2&3

Quad Cities | 2511 4474 3313 Part of RHR. Manual initiation permissible after

1 &2 water level 2/3 of core height.

Fermi 2 3430 4644 3681 Part of RHR. Manual initiation permissible after
low pressure injection requirements are met.

Duane 1658 3086 2662 Part of RHR. Manual initiation after low

Amold pressure injection requirements are met.

Cooper 2381 3738 3115 Part of RHR. Manual initiation possible once
water level > 2/3 of core height and drywell
pressure > 0.27 atms-gauge.

Monticello 1670 3794 3058 Part of RHR. Manual initiation once low
pressure injection requirements are met.

——
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Table § Characteristics of drywell sprays in some Mark I boiling water reactors (Concluded)

Drywell | Wetwell
volume | volume
Plant MW, (m3) (m3) Spray system description
Edwin Hatch 2436 4134 3143 Part of RHR., Manual initiation possible
1&2 after low pressure injection requirements
are met.
Brown's Ferry 3293 4502 3370 | Part of RHR. Manual initiation after low
1,2,&3 pressure injection requirements are met,
Brunswick | & 2 | 2436 4644 3511 Part of RHR. Manual initiation after low
pressure injection requirements are met.

pressurization and are poorly suited to withstand pressurization by the external atmosphere. A concern
has arisen that actuation of the sprays in the drywell may cool the drywell so much that it becomes
externally pressurized. Some Mark I plants have been modified so that the drywell sprays can provide
only about 50 liters of water per wecond.

Based on the examinations done for this work, two types of spray nozzles are used in the drywell sprays
of Mark I boiling water reactors--Model 1-7G25 and 1-7G3 made by Spray Systems Co. A schematic
diagram of the Model 1-7G2S spray nozzle is shown in Figure 17. The Model 1-7G3 is quite similar.
Also shown in this figure is the spray pattern produced by the nozzle. About 65 percent of the water
flow is within a central core region. The remaining 35 percent of the flow is within a coaxial annulus.

Flow rates through the nozzles as functions of water pressure are shown in Figure 18. The volume-
weighted mean droplet sizes produced by the nozzles as a function of water pressure are shown in
Figure 19,

More detailed droplet size data are not available for the Model 1-7G25 spray nozzle. Droplet size data
have been obtained for the Model 1-7G3 nozzle [71]. These data were obtained by allowing droplets
to fall into pools of liquid nitrogen and sieving the frozen particles. Some results are shown in Table 6.
In comparison to photographic techniques, this method typically yields higher concentrations of fine
droplets. This may be because it is able to measure droplets that cannot be resolved well by
photographic methods. On the other hand, sieving may break particles and lead to erroneously high
indications of fine droplet contributions to the distribution [72].

A surprising finding of the droplet size distribution measurements is that droplets obtained with
"tap water" are somewhat smaller than droplets obtained with a sodium hydroxide-boric acid solution
(see Figure 20). The concentrations of solutes (3000 ppm boron and pH 9.5) used in the experiments
seem to be too low to produce changes in liquid properties that would account for the changes in droplet
size distribution. Of course, it may be that solutes make frozen droplets less susceptible to breakage
during sieving,
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Figure 18 Volumetric flow rates through the Model 1-7G25 and Model 1-7G3 spray nozzles as
functions of water pressure
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Table 6 Droplet size data for the Model 1-7G3 spray nozzle [71]

Mass on screen (g) In "
Test 3a Test 3b Test d4a Test 4b

Screen
opening (boric acid-sodium
(pm) 7 (Tap water) hydroxide solution)
2360
1700 154.3 0
1400 154.3 77.2
1180 77.2 231.5 77.2
1000 77.2 77.2 77.2 77.2
850 231.5 154.3 231.5 231.5
710 231.5 77.2 540.1 540.1
600 385.8 231.5 925.8 848.7
500 540.1 462.9 1311.6 1388.7
355 1080.1 1234.4 2468.8 3008.9
300 462.9 617.2 1080.1 1234.4
250 462.9 462.9 462.9 462.9
125 231.5 154.3 462.9 771.5
pan 308.6 231.5 231.5 308.6
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D. Droplet Terminal Velocities

The database available for the terminal velocities of water droplets is not large [26]. Most data are for
the terminal velocities of raindrops in air. Far fewer data have been obtained for the much finer drops
produced by containment sprays. Most data are for terminal velocities in air at normal conditions.
There appear to be no data for terminal velocities of water droplets in drywell atmospheres under severe
reactor accident conditions.

Three correlations for the terminal velocities of water droplets are:

* Model A [14]

Rep = exp [-3.126 + 1.01 In Np - 0.01912 (in ND)?]

for 2.4 < Np < 107 ;0.1 < Rey < 3550

where

Rep = terminal Reynolds number = Uy pg Dy / g

Np = Bust number = 493 (pp - Pg) B Dd3 /3 p.g2

Cp = drag coefficient = Np / Rep®
* Model B [261]
1.62 EXTS5 M0 for 05 < Ej < 1.84

Rep = | 1.83 E033 M025  for 1,84 < E, < 5.0

200 E2° M03  for B, > 50

and for EO < 0.5,
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Rey = Np /24 - 17569 x 107 Np? + 6.9252 x 1077 N
« 22,3027 x 10710 Np?
Np < 73 and Rep < 2.37

logjg Rep = -1.7095 + 1.33438 logjo Ny - 0.11591 (log;o Np)*
73 < Np < 580

logjo Rer = -1.81391 + 1.34671 logy Np - 0.12427 (log g Np)*

+ 0.006344log o Ny’  Np > 580
where
M = Morton number = g “84 (Pl - pg) / pg2 013

E, = Eotvos number = g (pj - pg) Dy / o

* Model C [26]

0.766 E,%6 MO8 for E_ < 164M /6

RCT =

137 ELX® M0 for > 164M1/6

Model C appears to be appropriate only for droplets much larger than those of interest here. Predictions
of the terminal velocities of water drops falling through air at 1 atms and 298 K obtaine.d with Models
A, B, and C are compared in Figure 21. Clearly, predictions of terminal velocities obtemed with Model
C are quite different than predictions obtained with Models A and B. Model C is nct used in analyses
described below.

The essential result shown in Figure 21 is that larger droplets fall through the atmosphere at higher
velocities than smaller droplets. Thus, the larger droplets will sweep out not just aerosols but also the
smaller water drops. From the discussion of the mechanisms of aerosol capture by water drops, it is
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evident that the small droplets play a very important role in the decontamination of an atmosphere by
sprays.

E. Droplet Trajectories

Droplet trajectories in the immediate vicinity of the spray nozzle are complicated. Directional orifices
of the Model 1-7G25 and the Model 1-7G3 spray nozzles greatly complicate analysis of these
trajectories. Small droplets emerging from these orifices quickly lose their horizontal components of
motion. They fall downward through streams of larger droplets that still have significant components
of horizontal motion. There are then opportunities for droplets to collide and for small droplets to
coalesce. Were each spray nozzle well isolated there would not be a critical need to analyze the
trajectories of water droplets and possible collisions of drople's. The droplet si~.: data discussed above
were obtained for the drops about 3 meters below the nozzle where all drops had reached steady,
downward motion. The drop size data reflect collisions and the loss of small droplets from the spray
distribution. But, nozzles are not iso'ated, There is a deliberate effort made in the spray systems to
overlap the spray patterns from adjacent nozzles to achieve complete coverage of the drywell annulus
cross section, Overlap creates additional opportunities for droplet-droplet collisions and the loss of small
droplets. Collisions among droplets from different spray nozzles are not reflected in the d.oplet size data
cited above. It would be expected that the contributions of small droplets to the spray are cerwinly no
larger than is indicated by the data obtained for the isolated nozzle. The matter is, however, not entirely
obvious. As discussed below, particularly energetic collisions of droplets possibie near the nozzles will
not result in coalescence of the droplets. The drops may bounce or even splatter into smaller droplets.

A detailed analysis of droplet trajectories and the possibilities of droplet collisions is not attempted here.
There do not appear to be data needed for such an ana vsis. The analysis would be complicated by the
coupling of atmospheric and liquid motions near the nozzle where the volume fraction of droplets is
high. Instead, analyses of aerosol capture are restricted to the region of droplet motion where horizontal
movement of the drops at least on some suitable time average bu-is has ceased. Certainly, this is
"conservative" in the sense that aerosol trapping does occur in the region where droplets have horizontal
motion. Some compensation for this conservatism can be achieved by considering the fall distance of
the droplets to be uncertain by the length of the curvilinear arc they traverse when they have horizontal
components of motion. The treatment adopted here is non-conservative in that the initial concentrations
of small droplets may be too high. Some compensation for this is achizved by recognizing that the
droplet size distributions are uncertain, especially with regard to the fraction of fine droplets.

F. Dropiet Agglomeration

Because of drag, there is relative motion among droplets of different sizes falling through the drywell
atmosphere. Large droplets falling faster than small droplets can sweep out the small droplets. Consider
N, droplets with a distribution of sizes such that initially there are f(i)N,, droplets with diameters
bctwecn Dd(x) and Dy(i + 1). For calculational purposes, it is convenient to assume that all droplets
in the i size class, lhal is droplets with diameters between Dy(i) and Dy(i + 1), have the same
diameter. As the droplets fall and droplet-droplet collisions occur a real dlsmbunon of sizes will
develop within a size class. Assume the aerodynamic properties of a size class i are well represented
by a droplet with radius R(i). In general, the volumetric properties of the ith size class will not be well
represented by this droplet. Let the volumetric properties of the size class be represented by a droplet
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of radius S(i). As droplets fall and strike or are struck vy other droplets these representative droplet
radii change.

Since all horizontal motions have been postulated to have ceased, the drywell can be treated as one
dimensional. Mass balance requires that at any horizontal plane in the drywell:

N 4

> nG, 0 Vi) 5 7 S0° = Q
i1

where

n(i, x) = number of concentration of droplets of size class i at a position x below the spray
nozzle

V(i) = terminal velocity of a droplet of radius R(i)

S(@i) = volume characteristic rodius of droplets in size class i

I

Q volume flux of water into the drywell produced by sprays

N = number of size classes

Consider a subvolume of the drywell defined by planes at x and x + dx. A number balance of droplets
of size class j in this region is:

Number of j Number of j number of j class number of j class
class droplets class droplets droplets removed droplets created by
that enter the - | that leave the = | by agglomeration | - | agglomeration in
volume in volume in in time dt in the time dt in the
time dt time dt volume volume

or

[0G,x) - nG,x + dx)] VG) A dt = ANG) - ()

where
AN(j) = number of j class droplets removed by agglomeration in the volume in time dt

number of j class droplets created by agglomeration in the volume in time dt

it

#G)
A

i

cross-sectional area of drywell that is sprayed

NUREG/CR-5978 70



Attenuation

A single droplet of size class i such that R(i) > R(j), falling a distance dx, will encounter

Vi) - VO 4

An(ij) = fR@) + RGP nG,x) s

droplets of size class j. During the period dt, the number of i class droplets that enter the volume is
given by:

n@i,x) V(@) A dt

If the efficiency with which a collision of i and j class droplets results in agglomeration is €(i, j), then
the number of j class droplets lost by sweepout by larger i class droplets is:

N
NG > =Y el = [RO + ROP nG,x) nGi,x) [VG) - VE) A dt dx

i=j+1

By analogous arguments the number j class droplets lost by collisions with smaller droplets is:

i-1
ANG > k) = Y €'Gk = [RG) + ROP nG,x) nk,x) [VG) - VO A dt dx
k=1

where €’(j, k) includes an additional term that indicates whether the agglomeration of an i class droplet
and a k-class droplet creates a droplet that is outside the size range of the j class.

Were all the droplets within a size class to have exactly the same diameter, then, under the idealized
assumptions made here, there would be no collisions of droplets from the same size class. Because
droplets within a size class are not all the same size, and because rather large size ranges are used to
define a class, there can be collisions of droplets within the same size class. Coalescence of two droplets
within a size class may yield a droplet with a diameter outside the boundaries of the size class. Such
a collision and coalescence reduces the population of the size class by two. On the other hand, collision
and coalescence of two droplets within a size class may yield a slightly larger droplet whose diameter
leaves it within the size class. The population of the size class is only reduced by one.

Considering the limits for a size class, the expression for the loss of j-class droplets by collision with
other j-class droplets can be constructed by analogy with expressions for collisions of droplets from
different size classes. Recognizing that a collision can remove two droplets from the size class, rather
than just one droplet as in other terms of the equation, yields:
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ANG = §) = €"G, j) g[nd(j + 1) + Dy (j)]2 nG,x)% AV() A dx dt

where
AV = V(Dy( + 1)) - V(D4G)

terminal velocity of a droplet of diameter D4(j)

I

V(Dy())

The efficiency term, €”(j, j), includes an expression for the probability that a collision results in
coalescence and a term that indicates if the droplet produced by coalescence is outside the size limits for

the j-size class.

The total number of j-class droplets lost by collisions in the spatial interval from x to x + dx is:

AN() = ANG > j) + ANG > k) + ANG, j)

Formation of j-class droplet by collisions of droplets in size classes k and ¢ such that j > k > { can
be analyzed in a similar fashion to yield:

j-1 k-1
W =Y Y ek On[REK + ROPnkx) n(e,x) [V - V()] A dt dx
k=2 f=1

i-1
+ Y ek, K %‘ [Dg &« 1) + Dd(k)]2 n(k,x)% AV(K) A dt dx
k=1

Then, from a number balance on droplets of size class j:
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Differential equations of this type for j = 1 to N were solved by an explicit, Eulerian method to obtain
the steady-state spatial distribution of droplet sizes. Term-by-term examinations were necessary to
account for the changes in the water volume and droplet cross-sectional area within each size class.
Values of R(j) and S(j) for each size class were adjusted at the end of each spatial step to reflect these
changes in the population of the size class. Mass conservation was enforced by adjusting N, such that:

N 4
Ny ¥ n6i,%) V@) 2x SG)>
i=1 3 =Q

Q

where

N
Q=Y n(,x)

i=1
G. Droplet-Droplet Interaction Efficiency

Collision of water droplets, even at low, terminal, velocities, does not ensure that the droplets will
coalesce. This is especially true for droplet-droplet collisions that are not "head-on" [73-78]. A
commonly cited expression for the efficiency of collisions at terminal velocities to result in coalescence

is [73]:

RG)?

m for R(i)) > R()
1) +

e(, j) =
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The minimum efficiency according to this description is 0.25. Experimental evidence indicates that
lower efficiencies can occur [74]. Collision efficiencies calculated based on various theoretical
arguments for a SO0 pm droplet are shown in Figure 22. As the small droplet involved in the collisions
is increased in size, the above expression becomes an upperbound for the theoretically calculated
efficiencies. An approximate lower bound for these efficiencies is taken to be:

1 - 8R(j) / R() for R(j) / R(@i) < 0.125

ed, j) =
0 otherwise

H. Droplet-Structure Interactions

The drywells of Mark I boiling water reactors are notorious for their congestion, An obvious issue,
then, in predicting the performance of drywell sprays is the effectiveness of droplets when they hit
structures and equipment within the drywell. Droplets can be imagined to bounce off structures and
continue to be effective as agents for cleansing the drywell atmosphere of aerosols. Droplets might
coalesce with liquid films on surfaces and thereby be removed from the drywell atmosphere. Droplets
may drip off surfaces, and droplets may splatter when they strike surfaces. Baker et al. [79] have
reviewed the literature concerning the possibie behaviors of droplets impacting surfaces. They conclude
that regimes of behavior can be defined based on the droplet Weber number, We:

We = del U-2r / g

At Weber numbers of 5 and less, droplets striking a surface bounce [80]. The recoiled droplet retains
only about 6 percent of its initial kinetic energy [81]. At Weber numbers between about 5 and about
65 water droplets spread over surfaces they impact or coalesce with a pre-existing water film. At higher
Weber numbers the droplets that hit a wetted surface begin to splash [81-83]. The amount of material
splashed back into the atmosphere increases with Weber number. About 50 percent of the incident water
mass for droplets with median diameters of 1000 to 500 pm is splashed at a Weber number of about
1500. Ata Weber number of about 3000, essentially 100 percent of the incident water mass is splashed
back into the atmosphere.

Based on these correlations in terms of the Weber number, larger drops in the spray distribution would
be expected to coalesce with water films on structure surfaces. Droplets smaller than about 400 pm
could bounce off the surfaces.

As water films collect on a surface, drips will form. Baker et al. [79] predicted that the major droplet
formed by dripping from a s “ace would have a diameter determined by Taylor instability to be:

D(dri)=3|_‘2.
gdrip Y
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Figure 22 Comparison of the usual collision efficiency (bold line) to theoretical analyses [73] of the
collision efficiency of a 500 pm droplet (symbols) and an alternate model (dashed line)
described in the text
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Such drops (Dy ~ 8500 um) are huge in comparison to spray drops and would be expected to be largely
ineffective at sweeping aerosols from drywell atmosphere. Baker et al. indicated, however, that when
the major drop detached from the surface, filaments of liquid ruptured and 4 or 5 smaller droplets were
formed. These smaller droplets should be more effective at aerosol removal from the drywell
atmosphere than the major drop. On a volumetric basis, however, their contribution to the spray flow
is small. At steady state, assuming the smaller droplets were 1000 pm in diameter, these small drops
would replace only about 4 percent of the water flow through the containment atmosphere lost by
interactions with structures. This, of course, is well within the uncertainty in the estimate of water lost

by droplet interactions with surfaces.

It appears at this juncture that water droplets striking surfaces should be considered to be lost from the
spray. The uncertainty in this position with respect to small droplets that bounce off surfaces may be
adequately reflected in the uncertainty in the size distribution of droplets.
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V. Analysis of Source Term Attenuation by Drywell Sprays

A Monte Carlo uncertainty analysis of the performance of drywell sprays is described in this chapter.
The approach to uncertainty and its quantifi~ation as well as the mathematical methods used in this
analysis are entirely similar (o those described in Chapter III concerning the analysis of decontamination
by an overlying waterpool. Here, however, the rate constant for spray decontamination, A, rather than
the total decontamination is taken as the uncertain quantity, Values of the rate constant are sampled
from its uncertainty distribution using a model of the phenomena and processes described above and
Monte Carlo sampling of uncertain quantities in the models. The set of sampled values of the rate
constant is analyzed using the non-parametric statistics described in Appendix A. This analysis is used
to construct an estimate of the uncertainty distributicn of A. Again, because only a finite sample is
taken, the estimated uncertainty distribution is known only to a specified confidence level. As in the
uncertainty analysis of decontamination by an overlying pool, stochastic uncertainty associated wit! the
finite sample sizes and phenomenological uncertainty are distinguished and separately quantified.

A key step in the uncertainty analysis is the identification of uncertain aspects of the prediction of spray
performance obtained with models of phenomena and processes described in the previous chapter. These
uncertainties are summarized in Table 7. They are individually discussed in the subsection below.
Ranges assigned to each of the uncertain quantities are described and probability density functions for
values within the ranges are defined. The model of spray performance and its predictions are described
in a subsequent subsection of this chapter.

A. Specific Uncertainties Considered

The principle objective of this section is to discuss uncertain quantities that arise in the description of
spray performance in terms of the phenomena and processes presented in Chapter IV. These uncertain
quantities are summarized in Table 7. For each of the uncertain quantities a range is specified for values
this quantity can adopt. The bases for these ranges are presented, in many cases, in Chapter IV as part
of the discussion of phenomena and processes. Only when some elaboration is thought necessary is
further justification or description of the ranges presented here. Probability density functions for values
of the uncertain quantities within their specified ranges are assigned here following the same set of rules
described in Chapter II1 in connection with the uncertainty analysis of decontamination by an overlying
water pool.

1. Uncertainty in Drywell Pressure and Temperature

Pressures and temperatures in the drywell atmosphere can affect the performance of sprays as a
mechanism for removal of aerosols. Actions of the sprays also affect pressures and temperatures in the
drywell. Certainly, sprays can condense steam from the atmosphere and cool structures within the
drywell. How much pressure reduction can be achieved by the sprays depends on the details of the
accident in question. The extent to which non-condensible gases such as CO, CO, and H, are produced
during the accident and the temperature of water used to feed the sprays will greatly affect pressures and
temperatures in the drywell. Pressure and temperature conditions in the drywell vary widely among the
many varieties of severe accidents hypothesized to be possible in a Mark I boiling water reactor. These
conditions also vary in the course of a given hypothetical accident sequence.
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A detailed analysis of the ranges of pressure and temperature in the drywell is beyond the scope of this
work., A more bounding analysis is undertaken here.

It is clear that pressures in excess of the containment failure pressure are not of interest, The pressure
boundary of a Mark I containment is very strong. Based on "as-designed" analyses, containment failure
pressure may be in excess of 10 atmospheres. There may have been, however, some degradation of the
strength of the containment structures over the years (for example corrosion of the liner in the sand
buffer) and there is the omnipresent difficulty of flaws in construction. Consequently, 9 atmospheres
is taken to be the limiting pressure of interest for the analysis of spray performance. The lower bound
on the pressure in the drywell is taken to be 1.1 atmospheres.

With sprays in operation, the atmospheric temperature will be such that the partial pressure of water is
in equilibrium with liquid water. The temperature can be found from:

In P(H,0) = :ZE;?FE._‘.? + 88,912 - 12,1215 InT + 0.011079 T

where P(H,0) is the partial pressure of steam in atmospheres and T 1s the Kelvin scale temperature,
Again, temperatures are not allowed to exceed the temperature of containment failure which is here taken
to be 533 K [8] which is significantly above the typical design temperature of 411 K.

The partial pressure of steam in the atmosphere is estimated to be between 0.1 and 7.8 atmospheres.
The partial pressure of nitrogen in the atmosphere is taken to always be T/298 atmospheres. The sum
of this partial pressure and the partial pressure of steam is constrained to be less than the total pressure,

The remaining source of pressure within the drywell is taken to be the non-condensible gases H,, CO,
and CO, produced during core degradation and core debris interactions with concrete.

The relative contributions H,, CO, and CO, make to the atmospheric composition depend on the extent
to which hydrogen is produced in the course of core degradation and the type of concrete used in the
construction of the drywell floor. Concretes composed of siliceous aggregates may contain as little as
I weight percent carbon dioxide. Concrete composed of calcareous aggregates (dolomite or limestone)
may contain as much as 36 weight percent CO,. All concretes contain 5 to 8 weight percent water.
Then, the gases evolved during core debris-concrete interactions may have the partial pressure ratio

P(CO) + P(COy)| / P(Hy) = 8(H)

as high as 3 in the case of concretes with calcareous aggregate or as low as 0.05 in the case of siliceous
aggregates. The same partial pressure ratio in the drywell atmosphere may be even lower if (he
production of hydrogen during core degradation is included.

Carbon monoxide and hydrogen are produced during core debris interactions with concrete when carbon
dioxide and steam from the concrete react with the metallic constituents remaining in the core debris.
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The extent to which carbon dioxide is reduced chemically to carbon monoxide (and steam is reduced to
hydrogen) depends on the chemistry of the metallic phase of core debris. When zirconium is present
in the core debris, chemical reduction of the carbon dioxide is very nearly compiete. The ratio of the
partial pressure of carbon monoxide to the partial pressure of carbon dioxide in the drywell atmosphere
evolves to quite high values:

| PCO)

104

Once the highly electronegative elements in the debris such as zirconium are consumed by chemical
reactions, iron becomes the most reactive constituent remaining in the core debris. The ratio of the
partial pressure of carbon monoxide to the partial pressure of carbon dioxide in the drywell atmosphere
will evolve toward one:

L, PCO) _,
§C) P(COy

Classic analyses of core degradation in Mark I boiling water reactors, such as those analyses dore with
the Source Term Code Package [85], often indicate that core debris interacting with concrete initially
contains large amounts of metallic core debris--certainly larger amounts of zirconium than in core debris
than in core meltdown accidents in pressurized water reactors. The larger amounts of netallic zirconium
occur, if for no other reason, because boiling water reactors use significant amounts of zirconium for
the channel boxes i the core as well as cladding on the fuel.

Recently, alternative depictions of the core degradation process in boiling water reactors have been
hypothesized. Ott and coworkers at the Oak Ridge National Laboratory [86] have suggest that core
debris is expelled from the reactor coolant system in a segregated manner. The first molten materials
expelled are metals which may be rich in molten zirconium. This expulsion is followed by the slow
draining of molten reactor fuel. Like the more classic analysis, this scenario would initially involve very
extensive carbon dioxide and steam reduction. Later in time, once all the highly reactive metals were
consumed, the reduction of carbon dioxide and steam would be small.

A third hypothesis is that molten metals are not majur contributors to the molten core debris expelled
into the drywell. The metals including unoxidized cladding on the fuel are assumed to melt early in the
accident, drain out of the core region and freeze on structures. Because of the low decay heating rates
in these metals, they do not remelt unless they come in comact with molten fuei. Molten fuel is assumed
to pour from the core region much as it did at Three Mile Island, penetrate the reactor vessel and
interact with the concrete in the drywell flcor. Except for a brief period during the first contact of
molten fuel with concrete, the extent to which this oxidic core debris can chemically reduce carbon
dioxide and steam liberated from the concrete is small throughout the ex-vessel phase of the accident.

At this juncture, it is by no means clear which of the above core degradation scenarios is correct.

Consequently, the parameter 8(C) is taken to be uncertain and to be log-uniformly distributed over the
range of 1 to 10", Then, the composition of the gas phase can be defined to be:
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P(Ny) = T/298 atms
P(t13) = A/(1+3(H))
P(CO) = 8(H)A/(1+8(H)) (1+d(c))
P(CO,) = 8(C)8(H)A/ (1+8(H) (1+8(C))

where
A = P-T/298 - P(H0)
P = 1otal pressure
P(H,0) = partial pressure of steam
8(H) = [P(CO) + P(CO,)] / P(Hy)
8(C) = P(CO, / P(CO)
2. Uncertainty in the Viscosity of Gas Mixtures

The viscosity of the ambient gas phase has a pervasive effect of the behavior of water droplets in free
fall and the ability of water droplets to trap acrosols. The gas phase in the drywell of a Mark I
containment will have a fairly complicated composition during the course of a severe accident. Initially,
the drywell is inserted with nitrogen (<S5 percent oxygen). As the severe accident begins, the steam
concentration in the atmosphere will increase. When core debris is expelled into the drywell, gases,
products of concrete decomposition (H,O and CO,) and the products of reaction of these gases with core
debris (H, and CO, respectively), wiﬁ be added to the atmosphere. Hot steel in the atmosphere can
catalyze reactions of hydrogen and carbon monoxide to form hydrocarbons such as methane, ethane,
ethylene and acetylene, It is likely, however, that hydrocarbons will not reach concentrations high-
enough to affect significantly the viscosity of the gas phase. Here, the gas phase in the drywell is taken
to be a mixture of N5, Hy0, CO,, H,, and HyO. The viscosity of this gas mixture is calculated from
the Herning-Zipperer formula [5%]:

P(@i)
;[ 5 ]ug(x) YMw(i)
Hg ®
Y PI(:] Mw()
i

where the summation are over the major constituents of the gas phase and
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P(i) = partial pressure of the jth gas phase constituent,
ug(i) = temperature-dependent viscosity of the ith gas phase constituent when pure, and
Mw(i) = molecular weight of the ith gas phase constituent,
The viscosities of pure gaseous species used in connection with the Herning-Zipperer formula are:
ng(Ny = 11.674 x 106795226021 4+ §7.143/T) Poise
ng(Hy0) = 0.950 x 10°6 102912, 4 207.219/T) Poise
ugHy) = 1.5765 x 100 70705712/ . 3, 378/T) Pouse
ug(COp = 15.957 x 10-6 TO45721% (| 4+ 246.744/T) Poise
ug(CO) = 14,151 x 106 70302012/ 4 117.178/T) Poise
The Heming-Zipperer formula has been shown to predict within about 2 percent the viscosities of
H,-CO gas mixtures at 298 K [25]. It has been shown to predict within about 4 percent the viscosities
of air-steam mixtures [18). For these two cases, the predictions of the Herning-Zipperer formula were
biased toward higher values than were observed, but there is no assurance that this would be the case
either for other binary gas mixtures or more complicated mixtures, Here the gas viscosity predictions

of the Herning-Zipperer formula are taken to be uncertain to +4 percent and to be uniformly distributed
over this range

3. Uncertainty in the Surface Tension of Water

The surface tension of pure water is not particularly uncertain. Solutes in the water can change the
water's surface tension. Changes in the surface tension of water caused by solutes can affect the
diitortion of the water droplets and the terminal velocities of the droplets. Sprays may contain solutes
such as sodium hydroxide and boric acid deliberately added to affect iodine chemistry in the
containment. When spra''s operate in the recirculation model, the spray water will accumulate both
dissolved and suspended material,

As discussed above in Chapter I, dissolved species may increase or decrease the surface tension of
water (see Figure 10, above). For solute concentrations likely to develop in severe accidents there ought
not be more than a 10 percent increase or decrease in the surface tension caused by solutes. The surface
tension of water used in the sprays is then taken to be

ap = o(w)(l + 8ay)
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where

o, = liquid surface tension

ao(w) = temperature-dependent surface tension of pure water (see Table 4)
and 0, is an uncertain parameter uniformly distributed over the range of 0.1 to +0.1.

4. Uncertainty in the Density of Water

The density of pure water is also not particularly uncertain, Materials dissolved and suspended in the
water will affect the liquid density used in the calculations of spray performance. The density of the
liquid is taken to be:

pp = p(W)(1 + &py)

where p(w) is the temperature dependent density of pure water and 8p, is an uncertain parameter
uniformly distributed over the range of 0 to 0.05.

S. Uncertainty in the Initial Droplet Size

The complexities of spray trajectories near the spray nozzles as well as some overlap of spray patterns
from adj».cnt nozzles forces the introduction of some artificiality in the analysis of spray performance.
The scrubbing of the drywell atmosphere is considered to begin only after droplets have traversed an
arc and lost all horizontal components of motion. During this travel there is, in reality, opportunity for
droplets to contact aerosol particles. There are also opportunities for droplets to coalesce and to distort
the size distribution of droplets that emerges from individual nozzles. Even the size distribution of
droplets emerging from the nozzles is uncertain. One cannot be absolutely confident in the distributions
determined by the freeze-and-sieve technique since particle breaking during the sieving process may lead
to over-emphasis of the contributors made by very fine droplets. Furthermore, it was found that
solutions containing modest concentrations of boric acid and sodium hydroxide produce different droplet
size distributions than does tap water. As spray operation continues during severe reactor accidents, it
is quite likely that water drawn into the spray system will become much more heavily contaminated with
both solutes and suspended particles than the boric acid-sodium hydroxide solutions used in the tests.
It is, of course, unknown if these solutes and suspended particles will cause further changes in the size
distribution of droplets produced by individual nozzles.

Under reactor accident conditions, it is by no means obvions that it will be possible to operate the sprays
at their design flow rates. Or, it may be that in the heat of the moment that a severe nuclear reactor
accident is likely to cause, that drywell sprays may be operated at beyond design flow rates. The spray
nozzles here are known to produce droplets with volume mean diameter that vary with the flow rate.

At a given flow rate, it appears that the principle uncertainty in the droplet size distribuiion is in the
contribution to this distribution made by droplets with diameters less than the mean size. The
experimentally determined droplet-size distributions only approximately fit log normal distributions.
This may be because the dauta are not sufficiently abundant or precise. It is convenient here to assume
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the distributions do fit a log normal distribution. It is further assuimed that the effects of the processes
that might affect the droplet size distribution produced by a nozzle are to narrow the spread in the
distribution by sweeping out the finer droplets without greatly affecting the volume weighted mean size.
Thus, for this work, the volume weighted mean droplet size is taken to be known precisely in terms of
its dependence on water flow (see Figures 18 and 19). Fittirg the mass fraction data obtained by freeze-
and-sieve technique to a log normal distribution yields geometric standard deviation values of
1.60 + 0.10. This same range of geometric standard deviation values is assumed to apply to the number
distribution of the droplets. The mean size of the number distribution is, then, given by:

p(number) = p(volume) exp [-3 In? og]
6. Uncertainty in the Droplet Shape

Only the largest water droplets of interest here distort significantly from spherical during fall through
the drywell atmosphere. Typically, only droplets larger than 0.1 cm (1000 um) distort significantly.
The Pruppacher and Board model [€1] considers distortion only of droplets larger than 0.1 cm. This
model is designated model A here. A more complicated model that considers distortion of droplets when
the Eotvos number, E, is greater than 0.4 is designated model B [18]. An uncertain parameter, €(1),
which is uniformly distributed over the interval 0 to 1 is used to select between these models, Model
A from Pruppacher and Board is used when e(1) is less than 0.5. Model B is used otherwise. Note,
that the distorted geometry is involved only in the calculations of impaction and interception of aerosols
by water drops and the sweepout of water droplets. The distorted geometry is not used for calculations
of the terminal velocity of droplets. Correlations used here to calculate terminal velocities implicitly
include the effects of droplet distortion.

7. Uncertainty in the Droplet Terminal Velocities

The limited data base on the terminal velocities of water droplets does not extend into the extreme
conditions of temperature, pressure, and atmospheric composition likely to develop in the Mark I drywell
under severe accident conditiors. Two applicable correlations of droplet terminal velocities were
described in the previous chapter. It is assumed that these correlations can be extrapolated to predict
terminal velocities in drywell atmospheres. The correlations considered here are:

Correlation A: A best it to droplet terminal velocities in air.,

Rer(A) = exp|-3.126 + 1.013 In N - 0.01912(In Np)?

Z
o
I

Rer = UTpng/p.g
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Correlation B: Used by others to extrapolate data [26].

1.62 EO7PM025  for 0.5 < E, < 1.84

Rer(B) = |1.83 E°PM 925 for 184 < E < 5.0

p.0 ECOMO025 for By > 5.0

Rep(B) = Np/24 - 1.769 x 107 N5 + 6.952 x 1077 N3,

-2.3027 x 10710 N,

for Np < 73 E, < 0.5; Rer < 2.37

logjo Req(B) = -1.7095 + 1.33438 log,q Np - 0.11591(log;q Np)?
for 73 < Np s 580; E, < 0.5; 2.37 < Rer(B) s 12.2

log;o Rep(B) = -1.81391 + 1.34671 log;q Np - 0.12427(log;q Np)?

+ 0.006344 (log ¢ Np)°
for Np > 580; E, < 0.5; 12.2 < Rey(B) < 6350

To account for the uncertainty in the extrapolation of these two correlations, an uncertain parameter
€(2), which is uniformly distributed over the range of O to 1, is defined. The terminal Reynolds
numbers of droplets in a calculation are found from:

Rer = Rer(A)e() + [1 - €(2)]Rer(B)

8. Uncertainty in Droplet-Droplet Interactions

Sweepout of small spray droplets by larger spray droplets is an important phenomenon in the prediction
of spray removal of aerosol particles. Small droplets can be more efficient at the capture of aerosol
particles than larger droplets. Simple contact between two spray droplets does not necessarily result in
the coalescence of the droplets into a larger droplet. Two limiting models for the efficiency with which
collisions of water droplets lead to coalescence are described in Chapter 1V:
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Model A:
R(G)? . :
€(A) = —_— for R(j) < R(i)
[RG) + R()]
Model B:

s 1 - 8RGY/R() for RGY/R() < 0.125
€ =
) 0 for RG)/R@) = 0.125

An uncertain parameter, 8(drop), is defined here to have values uniformly distributed over the range
from O to 1. This parameter is used to evaluate the efficiency of droplet-droplet collisions from

(A) for &(drop) < 0.5
€ =
e(B) for &(drop) > 0.5

9. Uncertainty in the Aerosol Size Distribution

The size distribution of the aerosols suspended in the drywell atmosphere will have an important bearing
on the efficiency with which sprays can decontaminate the drywell atmosphere. Shown in Figure 23 are
size distributions for aerosols in a Mark I drywell predicted with the Source Term Code Package [85)
to arise in various, hypothetical severe reactor accidents. The size distributions are complicated. Mean
sizes vary from fractions of a micrometer to nearly 10 um. The size distributions predicted with the
Source Term Code Package [85] do not reflect decontamination by a water pool overlying the core
debris. The principle interest in this work is, in fact, to ascertain the additional decontamination that
sprays can achieve on aerosols that have been subjected to the action of water pools overlying core
debris. As discussed in Chapter III of this document, aerosols that emerge from water pools have
narrow size distributions centered around the minimum in the decontamination efficiency size for the
water pool. Therefore, size distributions for the aerosols to be considered for the analysis of spray
effectiveness, while still uncertain, are quite different than the size distribution of aerosols found in past
accident analyses. Based on the analyses of decontamination by a water pool described above, the mean
aerosol diameter is taken to be uniformly distributed over the range of 0.15 to 0.65 um. The geometric
standard deviation of the distribution is taken to be closely correlated with the mean size:

oy = 0.860 + 3.6 p

where
o, = geometric standard deviation

p = mean of the aerosol size distribution in micrometers.
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Figure 23 Size distributions of aerosols in the drywell of a Mark | boiling water reactor during
various accidents as predicted with the Source Term Code Package [85)
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10. Uncertainty in the Aerosol Shape kactors

Models for the efficiency of aerosol capture by falling water droplets discussed in Chapter IV have been
derived assuming the aerosol particles to be spheres. It is likely in the water vapor saturated
environment that will exist once the sprays are activated that the aerosol particles will not deviate
markedly from spherical. Water will condense within the concave interstices of particles composed of
agglomerates of smaller particles. Surface tension forces generated by the condensed water will tend
to draw particles making up any agglomerate into a spherical shape. The two shape factors of interest
here, the dynamic shapz factor, ¥, and the collision shape factor, y, will be equal under these conditions
[571:

X =9

But, because the spheridized agglomerates are not uniformly dense, their shape factors need not be equal
to 1. Based on experiments with U3Og and Fe,O5 aerosols [87], Kress has suggested that under high
humidity conditions the shape factors will not exceed 3 [88]. The agglomerates of particles are, in fact,
likely to have shape factors that approach the theoretical packaging limit of 1.1.

For this work, the dynamic shape factor and the collision shape factor are taken to be equal. Values
are uncertain and given by

X =y =1+35()

where 8(s) is log-normally distributed with mean equal to 0.3 and a geometric standard deviation of
3.04. This uncertain distribution assures that shape factors are never selected to be less than 1 and that
about 80 percent of the distribution lies between 1.! and 1.9.

11. Uncertainty in Collection Efficiency by Impaction and Interception

It was noted in the description of aerosol capture by impaction and interception that correlations are
known only for the viscous and potential flow limits. Some have argued that because of the size
disparity between aerosol particles of interest and droplets of interest that correlations for potential flow
conditions are adequate for the description of impaction and interception under real flow conditions.
Others have argued that some interpolation between correlations for viscous and potential flows is needed
to describe impaction and interception under realistic flow conditions.

To account for the uncertainty reflected in the debate over the need to interpolate, a parameter &(i) is
defined and taken to be uniformly distributed over the range of 0 to 1. Efficiencies of impaction and
interception are then found from:
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(imp,pot) for 8(i) < 0.5

H]

e(imp)
€ (imp,trans)  for &() > 0.5

(int,pot) for 8(1) < 0.5

it

€(int)
e(int,trans) for 8(@1) > 0.5

Note that the selections of the models for impaction and interception are completely correlated. The
uncertainty being addressed with the parameter &(i) is an uncertainty in the flow field. Once this value
of 8(i) is selected to define the nature of the flow field, the correlations to be used for both impaction
and interception are dcfined.

12. Uncertainty in e(imp,pot)

The correlation given above for impaction efficiency under potential flow conditions involves an
uncertain parameter &:

( 0 for Stk < 0.08333
2
‘ .__S_t_k__.} for Stk 2 0.2
e(imp,pot) = }{Stk + &

Stk + &

2
8.57{ Stk ] (Stk - 0.08333) for 0.08333 < Stk < 0.2

This parameter, &, was taken to be uncertain and to have values uniformly distributed over the range
of 0.25 and 0.75.

13. Uncertainty in the Collection Efficiencies in the Transition Flow Regime

The Langmuir interpolation [63] between the viscous and potential flow regimes is used in many models
of aerosol collection by interception or impaction with water droplets. Fuchs [64] has criticized this
interpolation, but has offered no better altcinative. Here the Langmuir interpolation is generalized to
be:

e (viscous) + € (potential) Re /5 (t)

€ (transition) = 1 + Re/&(t)
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where
e(transition) = e(imp, trans) or €(int, trans)
e(viscous) = e(imp, visc) or e(int, visc)
e(potential) = e(imp, pot) or e(int, pot)
Re = Reynolds number = UrDy Pg/“g

In the Langmuir interpolation 8(t) = 60. Here §(t) is taken to be uncertain with values log-normally
distributed with mean 60 and geometric standard deviation of 4. Thus, the interpolation parameter has
an uncertainty distribution centered around the Langmuir value, but has significant densities for
somewhat higher and somewhat lower values.

14. Uncertainty is Aerosol Collection by Diffusion

Several possible models of aerosol collection by diffusion of particles across stream lines into water
droplets. Diffusion is by far the most uncertain of the aerosol collection processes. Yet, for the
particles of interest here, as it will be shown, diffusion is as important a collection mechanism as
interception and more important than impaction. To account for the uncertainty in the description of
the diffusion mechanism of aerosol capture a parameter, 8(dif), is defined and taken to have values
uniformly distributed over the range of 0 to 1. The efficiency of aerosol capture by diffusion is then
taken to be:

3.18 pe2/3 for 0 < (dif) < 0.5

e (dif) = |
[.};‘é] [2 . Rec‘j’2 s8] for 0.5 < 8(dif) < 1.0

Note that the term 0.557 Red“ 2 5c3/8 is the convective enhancement term in the third of these models.
This term is itself uncertain both because of the flow regime and because of wake effects caused by
adjacent droplets. Here, these uncertainties were thought to be adequately treated by consideration of
other models with empirical coefficients.

15. Uncertainty in the Summation of Efficiencies
Two methods for summing collection efficiencies due to impaction, interception and diffusion are
considered here. Selection of the method to be used in a particular calculation is based on the value of

the uncertain parameter &(sum) which is taken to have values uniformly distributed over the range of
O0tol. Then,
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Je(dif) + € (imp) + e(int) for 0 < &(sum) < 0.5

€ (total) = ‘
[1 - 01 - e@inl - eGmp)ll - e(ind]  for 0.5 < &(sum) 1

16. Other Uncertainties

The formulation of the spray decontamination process adopted here yields results in terms of the
fractional removal of aerosols. Consequently, the predictions are not especially sensitive to either the
amount of core debris expelled into the drywell or its initial temperature. There is some sensitivity to
the composition of the metallic phase of the core debris since this composition affects the composition
of the drywell atmosphere as discussed above.

The water flux provided by sprays to the drywell atmosphere has a first order effect on spray
performance. The water flux has not been defined. This water flux is treated here as a design variable

rather than an uncertain quantity. Results presented here may be of some use in specifying the need for
drywell sprays and the minimum useful levels of spray performance.

B. Model Description

The final steps in the uncertainty analysis of predictions of spray removal of aerosols involve the
repeated evaluation of spray performance while sampling from the uncertain quantities that affect spray
performance. The model used here for the evaluation of spray performance is based on the phenomena
described in the previous chapter. Predictions obtained in the repeated evaluations with the model are

accumulated and used to formulate estimates of the uncertainty distributions of the spray decontamination
coefficient, A,

Major steps in the calculation of spray performance are:
- select randomly the values of uncertain quantities,

- define the steady-state population and size distribution of water droplets in the drywell
atmosphere,

- evaluate the rates at which droplets of various sizes capture particles of various sizes, and
accumulate the results in terms of an overall rate of aerosol capture.
Uncertain parameters are selected using the same procedure as that involved in the uncertainty analysis
of decontamination by a water pool. That is, for each uncertain quantity a random number is selected.

T'he value of the uncertain quantity is found by solution of the equation:

md # = Pr(x < Xo)

NUREG/CR-5978 92



Sprays
where
rmd # = random number
X = value of the uncertain quantity

X

il

o selected value of the uncertain quantity

Pr(x < X;) = cumulative probability that x is less than or equal to X,.

This equation is readily solved for all the probability density functions used here by a sitnple Newton-
Raphson method. Again, random numbers used here were "shuffled" to avoid any periodicity in the
congruent, sequential random number generator [58].

The method by which water will be supplied to the drywell has not been specified. The most likely
method is to use the existing drywell spravs. In the case of the Brown's Ferry plant, there are two spray
headers located 15.84 meters and 8.53 meters above the drywell floor. For the analyses done here, this
was assumed to be the spray configuration. It was further assumed that half the available flux of water
was supplied by each header. Thus, in defining the water droplet population density in the drywell
atmosphere, there is half the total water flux between elevations 15.84 meters and 8.53 meters. Droplets
in free fall between these elevations were allowed to coalesce. At 8.53 meters the remaining half of the
water flux was injected. The injected droplets and the droplets from the upper header were allowed to
coalesce during free fall to the drywell floor. The water injected at 8.53 meters had the same droplet
size distribution as that injected at 15.84 meters.

The water flux that would be employed with the sprays is not defined. Here it was assumed that any
of the spray water that hit the vessel or the drywell liner was not able to remove aerosols from the
drywell atmosphere. (This water would, still, be able to contribute to the water pool overlying core
debris on the drywell floor.) The existin § spray system at Brown's Ferry is then able to supply a water
flux of about 0.25 Lm3/cm -$(0.125 cm /cm?-s from each header). In other plants, such intense water
fluxes may not be provided by the unmodified spray system. Further, accident management efforts may
restrict the amounts of water supplied to the drywell. Consequently, calculations were done for water
fluxes of:

Q = 0.25, 0.01, and 0.002 cm® H,0/cm?-s

Again, half of the water flux was assumed to come from each header. Results presented below can be
fit to simple polynomial expressions to interpolate or extrapolate to other values of the water flux.

The steady-state, spatial, size distributions of droplets in the drywell atmosphere were calculated using
an explicit, Eulerian differential equation solver for the droplet growth equations described in Chapter
IV. The initial size distribution of droplets was divided into 18 "bins." The size boundaries on these
"bins" are listed in Table 8. The volumetric properties of droplets within a given bin were assumed to
be represented initially by a droplet whose diameter is given by:
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Table 8 Droplet size bins

Size range
Bin # (pm) l]
1 2000-3000
2 1587-2000
3 1260-1587
4 1000-1260
5 794-1000
¢ 630-794
7 500-630
8 397-500
9 315-397
10 250-315
11 198-250
12 157-198
13 125-157
14 99-125
15 79-99
16 62-79
17 50-62
18 39-50
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» 1/3
D) = {D0? + Dai D2

where D(i) and D(i + 1) are the upper and lower limits defining the i bin. The hydrodynamic and
aerosol capture properties of droplets in the it bin were taken to be represented initially by a droplet
whose diameter is given by:

1/2
Dy = {(DO)? + DG+ 122

Values of D, (i) and Dy, (i) were adjusted as the average volume and average surface area of droplets in
a bin changed during free fall through the atmosphere.

Calculations of the spatial size distribution of droplets were done at spatial intervals such that the
population of a given bin did not change by more than 25 percent. Spatial intervals were, then, much
denser near the start of droplet fall than near the drywell floor. Spatial intervals were limited also to
be larger than 1 cm and smaller than 20 cm,

Capture of aerosol particles by falling droplets was also done using an explicit, Eulerian solver. The
calculations of aerosol capture were done at the same spatial intervals used for the calculation of the
droplet size distribution. Droplet size distributions at the end of an interval were assumed to exist over
the entire interval. Calculations done, instead, with the droplet size distribution present at the top of an
interval yielded very similar results.

For the calculation of aerosol capture, the aerosol size distribution was divided into 20 size bins. The
size limits on these bins were selected so that initially each bin contained 5 percent of thc aerosol mass.
The dynamic properties of aerosols within a size bin were assumed to be well represented by a particle
with the mass median diameter of particles in the size bin.

The capture rates were computed for aerosols in each size bin by droplets of each size class. That is,
the decontamination coefficient for aerosols in the j‘h size bin is defined by:

L dMG) _ ..
Mo a0

where M(j) is the mass concentration of aerosol in the jth size bin. The value of A(j) is determined by
the capture efficiencies of droplets in all size classes and the fall distance:

18
2) = T X 28 ara)? niox) Ve €i)
i=1 k
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where
Ax(k) = length of the kth spatial interval
n(i.x) = number concentration of droplets in the ith size class at the bottom of the kI spatial
interval
V(i,x) = terminal velocity of droplets in the ith size class
k
x = Ax(j)
=1

H = total fall distance = 1584 cm = Y} Ax(k)
k

Note, that droplets are assumed to be at their terminal velocities at the moment they start free fall
through the drywell atmosphere. Aerosols are assumed to be well mixed in the drywell so the terminal
velocities of the droplets are not adjusted in the above equation to be velocities relative to the settling
velocities of the aerosol particles.

Results of the calculations were then summed to yield an overall aerosol decontamination coefficient:

20
%‘.‘t_{ = —Afoverall) M = -3 AG) M()

i

where

20
M =Y M.
j=1

The calculations of the overall spray decontamination coefficient were done fo: fixed amounts of aerosol
in the drywell atmosphere and assuming that any unsprayed volume in the atmosphere was negligible.
Neglect of the unsprayed volumes in a Mark I dryweil may, at first, be surprising. In the last section
of this chapter it will be shown that the decontamination coefficients calculated here are readily corrected
to account for unsprayed volumes if, as seems likely, the atmospheres in these volumes mix rapidly with
the volumes subjected to the spray.

C. Results of the Uncertainty Analysis
The repeated evaluations of the spray performance model while sampling from the distributions of

uncertain quantities yield a sample of the uncertainty distribution for the spray decontamination
coefficient, A. The samples obtained here were analyzed using the distribution-independent order
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statistics described in Appendix A. These analyses produced cumulative probability distributions for the
spray decontamination coefficients. Because only a finite sample of an uncertainty distribution is
available for the analyses, an estimate of the uncertainty distribution can be done only to a prescribed
confidence level. Here, as for the analysis of the decontamination by overlying water pools, confidence
levels of 95, 90, and 50 percent are used. Thus, percentiles of the cumulative probability distribution
are defined by ranges of values. The range can be interpreted for a confidence level of C percent (here
C = 95, 90 or 50 percent) that there is a C percent probability that the true value of A corresponding
to the percentile of the distribution in question actually lies somewhere within the indicated range of
values. There is a 100-C percent probability that the true value of A corresponding to the percentile of
the distribution lies outside (either above or below) the indicated range.

An example of the tabulated probability distribution for A_is shown in Table 9. This particular example
is for a case in which the total water flux is 0.25 cm3/cm?-s and the mass fraction of aerosol remaining
in the drywell atmosphere is 0.9. Percentile levels from 5 to 95 percent at 5 percent intervals for
confidence levels of 95, 90 and 50 percent are listed in the table. Note that the range of values of A that
define a percentile level decreases in width as the level of confidence being demanded decreases. The
width of the range at a given confidence level is a measure of the stochastic uncertainty that exists
because only a finite sample of the uncertainty distribution was taken. The width of the range can be
decreased Ly taking a larger sample. Unfortunately, the width of the range varies with about the square
root of the sample size, so quite a large sample must be taken to dramatically reduce the range of values
defining the percentile levels.

Example probability distributions are shown graphically in Figure 24. The sample size chosen here
(400 samples) was selected so there was a 95 percent confidence that 99 percent of the range of the
uncertainty distribution of A was sampled. Ranges of values of A that cefine the percentile levels of the
distribution are shown for 50 and 95 percent confidence. (That is, one can be 50 or 95 percent
confident that the true value of A defining the percentile of the distribution in question lies within the
range indicated.) It is evident from the figure that the stochastic uncertainty associated with this sample
size 1s indeed quite small in comparison to the uncertainties in phenomenology, boundary conditions and
initial conditions that dictate the range of the distribution for A. It is also evident from results shown
in Figure 24 that the decontamination coefficient does depend on the mass fraction of aerosol remaining
In the atmosphere, mg. That is, A decreases as decontamination progresses.

Tables showing the cumulative probability distributions for A in other cases are collected in Appendix C.
Summaries of these results are shown in Tables 10-12. This summary indicates the 90 percentile and
10 percentile of the distribution at 90 percent confidence as well as the median or 50 percentile at
50 percent confidence for each calculated case. The rationale for focusing on these particular percentiles
of the distributions is the same as the rationale described in connection with the distributions of
decontamination factors for overlying water pools. Median values of A are representative of the spray
performance, but analyses using median values are not likely to demand high confidence levels. The
90 and 10 percentile values of the distributions are reasonable upper and lower bounds on the
distributions for many purposes. Analyses using such upper and lower bounds are likely to also demand
high confidence levels.
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Figure 24 Cumulative probability distribution for A in the cases Q = 0.25 cm3/cm2-s, mg = 0.9
and m; = 0.01
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These spray decontamination coefﬂcnents derived here gre ngt espemally large. They may bg compared
for mstance, to values of 135 hr’! for Q = 0.25 cm’/cm*“-s, 5.4 he'! for Q = 0.0l cm /em®-s and
1.08 hr! for Q = 0.002 cm3/cm?-s derived from recommendations for analyses of spray performance
[89]. The values of A found here are smaller because:

a. the aerosol particles that will pass through a water pool will be of a size that is inefficiently
trapped by falling droplets, and

b. the water droplet size is not constant throughout the entire sprayed volume as was assumed
when previous recommendations were developed.

Sprays will be far more efficient at scrubbing relatively large aerosol particles released into the
containment without passing through a water pool. For further discussions of spray effectiveness at
removing more general aerosol particles see Reference 18.

The median values of A are shown in Figure 25 as functions of the mass fraction of aerosol remaining
in the containment atmosphere. The curves in this figure show that the spray decontamination coefficient
decreases as decontamination of the atmosphere progresses. This occurs because spray droplets remove
aerosol particles in a size-selective manner. That is, the spray not only attenuates the amount of aerosol
present in the atmosphere, it also changes the size distribution of the aerosol that is remaining in the
atmosphere. As decontamination progresses the remaining aerosol has a size distribution that evolves
toward the size of minimum decontamination efficiency. The distribution is progressively narrowed
around this size of minimum efficiency. As decontamination progresses, the remaining aerosol becomes
less efficiently trapped by the spray droplets.

The variations in A with the mass fraction of aerosol remaining in the atmosphere, m¢, shown in
Figure 25 and listed in Tables 10-12, must be carefully used. There is a strong correlation among values
of A at various values of my. That is, sets of vales of uncertain quantities that produce large values of
A at my = 0.9 are also likely to produce relatively 'irge values of A at smaller values of m;. This
correlation among values of A is readily seen in the plot of samples of A(my = 0.01) against values of
A(mg = 0.9) shown in Figure 26.

Some of the correlation can be eliminated by considering A(mp = 0.9) and A(mg)/A(mg = 0.9) as the
quantities of interest. The plot of A(mg = 0.01)/A(mg = 0.9) against A(m¢ = 0.9) shown in Figure 27
reveals that much of the correlation has, indeed, been removed.

Samples of the spray decontamination coefficient were reanalyzed to obtain probability distribution
functions for A(mg)/A(mg = 0.9) for m¢ = 0.5, 0.3, 0.1, 0.01, and 0.001 (these values of mg correspond
to decontamination factors of 2, 3.3, 10, 100, and 1000, respectively). The detailed distributions are
collected in Appendix D. The results are summarized in Table 13.

Plots of A(mg)/A(m¢ = 0.9) against m¢ for various values of the water flux, Q, are shown in Figure 28.
It is evident that the dependence of the spray decontamination ratio on mg is quite uncertain. The
90 percentile values show very little variation with m¢. The 50 percentile and 10 percentile values show
an initially sharp variation as mg goes from 0.9 to 0.1, Thereafter, the ratio changes little with m¢. This
behavior comes about because the initial size distributions for aerosols emerging from water pools into
the drywell atmosphere can have mean sizes rather close to the size that is trapped with minimal
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Figure 25 Median values of A(mgp = 0.9) for Q = 0.25, 0.01 and 0.002 em3/em?-s as functions
of m;
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efficiency by spray droplets. Also, relative to aerosols injected into the drywell without passing through
the water pool, the aerosols hypothesized here to be in the drywell initially have narrow size
distributions.  After some small amount of decontamination, an aerosol remaining in the drywell
atmosphere is very narrowly distributed around the size of minimum trapping efficiency by the spray.
Thereafter, there is only a small variation in the efficiency of aerosol trapping as decontamination
progresses.

The values of the ratio A(mf)/).(mf = (0.9) may be compared to the recommendation [84] that the
decontamination coefficient attributed to sprays be reduced by a factor of 10 once the decontamination
factor exceeds 50 (my s 0.02). It is e 'ident from the results shown in Figure 28 that such a sharp
reduction in the decontamination coef .cient would be quite a conservative estimate of the rate of
atmosphere dcontamination. Even at the 10 percentile level, the decontamination coeficient has fallen
by only about a factor of 3 from its initial value once the decontamination factor exceeds 50 (m¢ < 0.02).

A plot of A(mg = 0.9) against the water flux to the drywell atmosphere, Q, is shown in Figure 29.
A(mg = 0.9) is not just linearly dependent on the water flux. As Q increases the rate of water droplet
coalescence to form larger water droplets that less efficiently trap aerosols increases more rapidly than
the rate of droplet-particle interactions. It is also evident from results shown in this figure that spray
decontamination of the small aerosol particles considered here is not very efficient. A principle
interest of analyses done here is the rapid decontamination of the drywell atmosphere even if the
drywell has been ruptured. At the highest water fluxes considered here, spray decontamination factors
are large-enough to provide significant decontamination of the atmosphere over short periods of time
(<15 minutes), At water fluxes less than about 0.08 cm3/cm?-s, spray decontamination coefficients
become so small that significant additional decontamination of the atmosphere (DF ~ 10) could be
achieved only if drywell liner penetration were delayed or the rupture of the drywell were small so the
contaminated atmosphere is exposed to the spray for protracted periods.

Median values of A(mg)/A(m; = 0.9) are plotted in Figure 30 against the water flux to the drywell
atmosphere, This ratio has only a very weak dependence on the magnitude of the water flux to the
atmosphere.

D. Effects of Unsprayed Volumes

All of the discussions to this point have assumed implicitly that the entire aerosol-laden gas phase is
exposed to the direct actions of spray droplets. This is certainly not the case in the Mark | boiling water
reactor. Certainly, the volume within the pedestal support wall is not subjected to the spray. Also,
spray headers are not at the top of drywell. In the case of the Brown's Ferry plant, spray headers are
located at elevations 15,84 and 8.53 meters above the floor. The top of the drywell is 32.03 m above
the floor,

It is likely that there will be very rapid mixing of the unsprayed volumes in the drywell with the volumes
that are exposed to the actions of the spray. Displacement of gas by the falling spray as well as
temperature differences between sprayed and unspray:d volumes will assure this mixing. If it is
assumed that this mixing is rapid in comparison to the rate of decontamination, the spray
decontamination coefficients are readily adjusted to account for the unsprayed volumes:

109 NUREG/CR-5978




Sprays

1000 oo

10.0 |

1.0 |

A (hr' 1)

0.1 -

NS R | - Y N | & b FR G T |

0.01 0.1
Water Flux (cm3/cm?2 -s)

Figure 29 A(mg = 0.9) as a function of water flux, Q

NUREG/CR-5978 110

1.0




1 T & ¢ T O] D R LR Tr g+ 1 T VinT
mt
09T e W — 0.5
" I‘F----H--I.---------------: 0.3 -
—_ I -
o 07 T, L 0.1
o T
I - T ~—T: -
v Teee... T0.01
E 'I-l----u---------I
~ 057 103
<
)
c | -
£
S’
< 0.3
017}
gl 3ol 3 Lt
0.01 0.1

Figure 30 Median values of A(mg)/A(mg

0.1, 0.01, and 0.001

Water Flux (cm3/cm2-s)

111

1.0

Sprays

= 0.9) as functions of water flux, Q, fer mg = 0.5, 0.3,

NUREG/CR-5978



Sprays
A(real) = A(Q,mp/(1 + a)

where
A(real) = the apparent decontamination coefficient for the drywell spray including the
effects of unsprayed volumes
A(Q,mg) = decontamination coefficient calculated here for the sprayed volume

a« = V(unsprayed)/V(sprayed)

The ratio of sprayed to unsprayed volume is not easily calculated with confidence. For the Brown's
Ferry plant the ratio of unsprayed volume to sprayed volume is about 2.6. Other values of this value
might be found for other plants. The ratio is large-enough that the quantitative estimates of spray
capabilities are affected. Qualitative conclusions that have been drawn above are not greatly affected.

E. Simple Correlation of the Results

The detailed, mechanistic analyses presented above and in the previous chapter provide quantitative
predictions of the decontamination of the drywell atmosphere that can be achieved by sprays and the
uncertainties that ought to be ascribed to these predictions. From these results, a reader can easily
derive a qualitative indication of the effects sprays in the drywell might have on severe accident
source terms. More quantitative insight could be obtained from simple correlations of the results in
a form suitable for routine calculations. The results obtained above for A(m¢ = 0.9) may be
correlated with a polynomial expression in the water flux to the drywell atmosphere, Q. The results
for A(mg)/A(m¢ = 0.9) may be correlated in terms of Q and the mass fraction of aerosol remaining in
the drywell atmosphere, m;. Such correlations, derived by least-squares analyses, are developed here
for the median values at 50 percent confidence, the 90 percentile values at 90 percent confidence, and
the 10 percentile values at 90 percent confidence. The correiations are:

* Median (50 Percentile) Values at 50 Percent Confidence
Mme = 0.9) = Q[51.073 + 5759.2 Q - 22662 Q?]

A(mg/A(me = 0.9) = (0.50730 - 0.02055 log,q Q)(1 - 2) + 2
f f 10

where z = (mf./0.9)0"4'9”3‘5
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* 90 Percentile Values at 90 Percent Confidence
A(mg = 0.9) = Q[218.705 + 14133.3 Q - 55379.6 Q]

Amg/A(mg = 0.9) = (0.90531 + 0.00708 logyq Q)(1 - 2) + z

where z = (mf/0.9)0'207‘5]5
* 10 Percentile Values at 10 Percent Confidence
A(mg = 0.9) = Q[17.446 + 2434.05 Q - 9617.81 Q?]
A(mg/A(mg = 0.9) = (0.27608 - 0.00284 log;n Q)(1 - 2) + z
where z = (mf/0.9)°'73410
Note that values of the decontamination coefficient derived from correlation should be corrected for the
effects of unsprayed volumes in the drywell. If rapid mixing of the atmospheres of the sprayed and

unsprayed volumes occurs, the correction is given by:

A = A(correlation) / (1 + «)

where
A = corrected value of the spray decontamination coefficient
A(correlation) = value of the spray decontamination coefficient derived from any of the above
correlations
a = V(unsprayed) / V(sprayed)
V(unsprayed) = volume of the drywell that is not directly affected by the spray

V(sprayed) = volume of the drywell through which spray droplets fall.

These correlations will be utilized in an example accident analyses in Chapte: VI of this report.

113 NUREG/CR-5978




Sprays
V1. Accident Analyses

The analyses of decontamination by an overlying water pool and the analyses of the decontamination
coefticient of sprays presented above certainly indicate that some substantial source term reduction can
be achieved if water is present in the Mark I boiling water drywell during a severe reactor accident.
It is useful to have a quantitative indication of the magnitude of source term reduction by applying the
results presented above to a specific reactor accident., Recent probablistic risk assessments [2] have
shown that the risk dominant accidents in a particular Mark I boiling water reactor are anticipated
transients without scram (ATWS) and station blackout accidents in which off-site and on-site AC power
fails. The ex-vessel phases of these two classes of hypothetical accidents are rather similar (see for
instance Figure 4). Analyses here focus, then, on the ATWS type accident.

The predicted rates of aerosol generation by core debris interactions with concrete during an ATWS
accident with no water in the drywell are shown in Figure 4. Aerosol generation is very intense for the
first 2 to 3 hours of ex-vessel core debris interactions. At the maximum shown in Figure 4, aerosol
generation rates reach nearly 1000 g/s. Once reactive zirconium metal in the core debris has been
consumed by chemical reactions, the core debris temperature falls rapidly and the rate of aerosol
production drops to 1 to 2 g/s.

Were the aerosols produced by the core debris interactions with concrete unable to settle or deposit in
the Mark I drywell, aerosol concentrations shown by the curve marked "no mitigation" in Figure 31
would develop during the accident. Ten hours after the onset of core debris interactions with concrete
aerosol, concentrations reach about 457 g/ m3. Most of the particulate materials suspended in the drywell
atmosphere are products of concrete vaporization or are constituents of steel. Mixed with these materials
can be a substantial amount of radionuclides from the core debris.

Aerosols lofted into the drywell atmosphere will, of course, agglomerate, deposit, and settle within the
drywell. Barring some resuspension process, settled and deposited particles are removed from the
inventory of aerosol that could escape into reactor building in the event the drywell integrity is lost by
any mechanism (overpressurization, overheating or direct attack by the melt on the drywell liner). Some
indication of the magnitude of the effects of settling and deposition on aerosol concentrations is shown
in Figure 31 by the curve marked "natural mitigation." Natural mitigation processes reduce the peak
aerosol concentration in the drywell from about 460 g/m3 to about 46 g/m3‘ At 10 hours after the start
of core debris/concrete interactions, aerosol concentration in the drywell is only 0.75 g/m3. The safety
advantages of delaying drywell failure so that there is time for the natural mitigation processes to operate
are apparent from these results,

Even when natural mitigation processes are considered, it is evident that substantial masses of radioactive
material may be available for release if the drywell fails. It is of interest, then, to see what additional
attenuation of the potential source term might be produced by water in the drywell. Both the effects of
a water pool overlying the core debris and the effects of sprays are demonstrated below. For these
demonstrations, aerosol concentrations are compared to the concentrations that would be present were

*Aerosols that settle onto the core debris could, presumably, revaporize. There has been no attempt to take this into account
in preparing Figure 31,
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Aerosol concentrations in the drywell during an ATWS accident with no water
present. The dashed curve marked "no mitigation" indicates concentrations that
would exist if natural processes such as settling and deposition are neglected. The
solid curve marked "natural mitigation" was calculated including these natural

deposition processes.
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there no natural mitigation by settling and deposition of aerosols. This type of comparison makes it
more apparent how much aerosol mass is prevented from being available for release irrespective of the
time at which a rupture in the drywell occurs,

First, the effect of an overlying water pool on the mass of aerosol available for release is considered.
Only the decontamination effects of the water pool are considered here. Any effects an overlying water
pool might have on reducing temperatures of the core debris, and consequently reducing the rates of
aerosol generation, have been neglected here. The case of a 50 cm deep water pool subcooled by 20°C
is shown in Figure 32. The 90 percentile, median and 10 percentile aerosol concentrations are shown
in this figure. (These aerosol concentrations correspond, of course, to the 10, 50, and 90 percentile pool
decontamination factors, respectively.) The median decontamination factor produced by the 50 cm deep
pool is about 180. Even in the very pessimistic case represented by the 90 percentile aerosol
concentration, the water pool provides a decontamination factor of about 26, The 10 percentile aerosol
concentration corresponds to a decontamination factor produced by tne overlying water pool of almost
3000,

Subcooling of the water pool is important in achieving high levels of decontamination. Results are
shown in Figure 33 for the case of a 50 cm deep water pool with only 2°C subcooling. The median
decontamination factor in this case is only about 16. The 10 and 90 percentile aerosol concentrations
correspond to decontamination factors by the water pool of about 83 and about 4.8, respectively.

Increasing the depth of the water pool will, of course, increase the extent of decontamination. The effect
is not, however, especially large until depths in excess of about 1 meter are reached. Such water pool
depths could be produced in the Mark | drywell only by filling the wetwell with water,

It might be argued that subcooling, even by only 20 degrees, necessary to achieve large decontamination
coefficients by water pools might be difficult to maintain early in the ex-vessel phase of an accident
when nost of the aerosol release occurs. Or, it might be contended that the violence of the early stages
of core debris interactions with concrete could disrupt the water pool so that evolved streams of aerosol-
laden gas are not efficiently scrubbed Evidence from tests of combine.d core debris-concrete-coolant
interactions done to date [16, 22, 46, 51, 52] indicate that any violent disruption of the water pool takes
place only for a brief period. Extrapolation of these results to reactor accident conditions is, of course,
uncertain. Furthermore, recent tests [S1, 52] suggest that there can be episodic eruptions of melt into
a well-established water pool that might, in extreme cases, result in, at least, localized disruption of the
water pool. For these reasons the incremental decontamination of the drywell by sprays is of interest.
Spray would, of course, also scrub from the atmosphere aerosols that were not exposed to the overlying

water pool.

To illustrate the effects of sprays, it is assumed that a 50 cm deep water pool, subcooled by only 2°C,
is maintained over the core debris and that the decontamination efficiency of this pool is at the
pessimistic 10 percentile Ievel e,‘crosol concentrations in the drywell atmosphere with sprays operating
at a water flux of 0,25 cm3/cm?-s are shown in Figure 34. The spray was assumed to contact only
28 percent of the containment volume. (Note that the drywell volume during the ex-vessel stage of the
accident includes the volume of the reactor coolant system and the reactor vessel). The median aerosol
concentration curve shown in this figure has a maximum aerosol concentration of 3.4 g/m”. This
corresponds to an overall decontamination factor of about 134. After 10 hgurs of core debris
interactions with concrete, the aerosol concentration is reduced to about 5.3 x 10™ g/m*. The overall

NUREG/CR-5978 116




Sprays

1000 F—T—"T—"T""T"T""T""T T

/

100 /,:

a /

£ JE— ariommaasassessaatasssisesasasessasason

) 10 90 Percentile

S

o=

2

© Median

§ 1

==t

8 0.1 10 Percentile

g 0.01 !

- § i ]
10-3

Time (hours)

Figure 32 Aerosol concentrations in the drywell when a 50 cm deep water pool subcooled
by 20°C is maintained over the core debris. The median (solid line),
90 percentile (dashed line) and 10 percentile (dotted line) concentrations are
compared to concentrations for the case when no water pool is present.
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Figure 33  Aerosol concentrations in the drywell when a 50 cm deep water pool subcooled
by only 2°C is maintained over the core debris. The median (solid line),
90 percentile (dashed line) and 10 percentile (dotted line) concentrations are
compared to concentrations for the case of no water pool present.
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Figure 34 Effects of sprays on aerosol concentrations in the drywell atmosphere. A 50 cm
deep water pool, subcooled by 2°C was asgumeil to be present. Sprays were
assumed to supply a water flux of 0.25 cm”/cm*-s.

119 NUREG/CR-5978




Sprays

decontamination factor at this time is about 8.6 x 10, The apparent, overall, decontamination factor
increases with time because aerosols suspended in the drywell atmosphere continue to be exposed to the
spray. Though sprays do not have as immediate effect on aerosol concentrations as water pools, the
effects of sprays accumulate with time. Delaying drywell failure or limiting drywell failure to a small
leak greatly improves the effectiveness of sprays at source term mitigation.

Reduction in the spray flow rate, of course, reduces § ?ray effectiveness. Results are shown in Figure 3§
for a spray operating at a water flux of only 0.0l cm /cm?-s and other conditions the same as they were
for calculations used to prepare Figure 34, The median aerosol concentration curve has a maximum gt
about 13.5 g/m3 The 10 and 90 percentile concentrations reach maxima of about 9.8 and 14.9 g/m”~,
Late in the course of the core debris interactions with concrete tlge 90, 50 and 10 percentile aerosol
concentrations are calculated to be about 7.4, 1.6, and 0.036 g/m”, respectively.

The relatively high concentrations of aerosol that are calculated here to exist even with the spray
operating (albeit at lower water fluxes) arise because aerosol particles are too small to be efficiently
removed by spray droplets. At these higher concentrations, the aerosols would agglomerate, As this
agglomeration progresses, the efficiency of particle removal by sprays would improve in comparison to
what has been calculated here neglecting particle agglomeration. Nevertheless, it is evident that low
water flux spray operations do not greatly augment the decontamination effect achieved by water pools
overlying core debris, Certainly, low water flux spray operation does not produce a prompt
decontamination that would be important for source term mitigation after drywell failure.

To summarize the findings of the accident analysis, a comparison of the effects of various mitigation
processes is shown in Figure 36. Shown in this figure are aerosol concentrations in the drywell during

an ATWS accident considering:
. no mitigation processes,
2. mitigation by natural processes of settling and agglomeration,

3. natural processes supplemented by the effects of a 50 cm deep 20°C subcooled water pool
(median value of the decontamination factor), and

4. natural proceises supplemented by the effects of both the water pool and sprays operated at
0.25 cm3/cm?-s (median value of the decontamination factor).

By far the biggest reduction in the aerosol mass produced promptly in the first 1 or 2 hours is that
provided by the water pool. The incremental effect of sprays in this early period is not espeically large.
Sprays, and to a lesser extent the "natural" aerosol removal processes, have, howcver, an accumulating
effect on aerosol concentrations. With continued operation sprays continue to decontaminate the
atmosphere, Depending on when drywell failure occurs, these example calculations indicate that the
combination of a subcooled water pool and high water flux sprays could reduce the amount of
radioactivity released after drywell failure by factors of 4000 to over |
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Figure 35 Effects of sprays operated at a water flux of 0.01 em>/cm?2-s on aerosol concentrations
in the drywell. A water pool 50 cm deep and 2°C subcooled was assumed to be
present,
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Figure 36 Comparison of aerosol concentrations considering various mitigation processes.
The dotted curve was calculated neglecting any mitigation, the curve marked
natural mitigation was calculated by aerosol settling and deposition. The other
curves were calculated considering mitigation by a 50 cm deep 20°C subcooled
water pool alone and in conjunction with a spray operated at 0,25 em/em?-s.
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VII. Conclusions

The principal conclusion that can be reached from the analyses presented in this report is that water in
the Mark I drywell can reduce substantially the reactor accident source term in the event of drywell
rupture. That is, water in the drywell can reduce the risks of severe reactor accidents even if the water
cannot prevent or delay the rupture of the drywell, Water can reduce the amount of radioactive material
suspended in the the drywell atmosphere and available for release should containment fail by direct melt
attack, overpressurization or as result of excessive temperatures.

Attenuation of the releases of radioactive materials by an overlying water pool during core debris
interactions with concrete is the most important process by which drywell water reduces the severe
accident source term. The key to achieving high levels of decontamination by shallow water pools in
the Mark I drywell is substantial subcooling of the water. If median values of the uncertain
decontamination factors calculated for water pools are considered, then releases of radioactivity during
cere debris, concrete interactions can be reduced by a factor of about 180 with a 50 cm deep watcr pool
that is kept subcooled by about 20°C. Allowing the pool to become saturated reduces the source term
mitigation to about a factor of 16. More pessimistic views of the uncertainties in the predictions of
decontamination by a water pool overlying core debris still indicates that a 50 cm deep pool with 20°C
subcooling can reduce releases of radioactive materials during core debris interactions with concrete by
factors of about 26.

Whereas water pools overlying core debris in the Mark I drywell only affect the radionuclide releases
during core debris interactions with concrete, drywell sprays can attenuate radionuclide inventories in
the diywell atmosphere from all sources. That is, drywell sprays can reduce the inventory of
radionuclides suspended in the containment atmosphere as a result of core debris/concrete interactions,
revaporization, and releases from residual fuel in the reactor coolant system. Drywell sprays lose
effectiveness as aerosol particles become small. Only at high water fluxes do the sprays significantly
augment the prompt attenuation by water pools of radionuclide releases during core debris/concrete
interactions. Protracted exposure of aerosols to the action of sprays can produce very large reductions
in the amounts of radioactive material available for release in the event of drywell rupture.

Simple correlations of the results obtained here can be used to prepare estimates of decontamination by
water pools and sprays in the Mark I drywell at prescribed levels of conservatism and confidence.

A decision to assure water is present in the drywell during a severe reactor accident to protect the
integrity of the drywell liner would have the derivative benefit of reducing the magnitude of radionuclide
release to the reactor building should the drvwell fail. Most of the potential attenuation of the severe
accident source term comes from a water pool overlying the core debris interacting with concrete,
Admission of water to the drywell by sprays could augment the source term attenuation. The
augmentation provided by the sprays could be important if:

the drywell water pool could not be kept subcooled,

- there was extensive, late, release of coarse aerosols from residual fuel in the reactor vessel
directly to the drywell atmosphere, or

- there was extensive revaporization of deposited fission products from the reactor coolant system
after reactor vessel failure.
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Appendix A: Statistics of Order Distributions

The statistical methods used to develop the probability distributions described in the text are derived in
this appendix. The derivations used here follow directly from derivations presented by Hogg and
Craig [1].

Consider a random variable X. Assume this random variable to have a continuous, positive probability
density function f(x) over the interval from a to b such that a < b. The cumulative probability
distribution function for X is F(X) and is given by:

X X
F(X) = [ f(x)dx = I f (x)dx
-~ 00 a
such that
+ 00 h
J f(xydx =1 = J f (x)dx
-‘o0 a

The probability density function. f(x) or equivalently the cumulative probability distribution function
F(x), are unknown for the problems posed in the text of this report. The objective of the Monte Carlo
sampling is to obtain a sample of the random variable X from which some estimate of f(x) or F(X) can
be made.

At the conclusion of the Monte Carlo sampling for a given problem. a set of n possible values of the
random variable X is available:

{x1~ X2, X3-Xp-. Xn}

These sampled values can be arranged in increasing order--say, for example, X, X,_|. X5... X}, X3.
The values can then be relabelled Y, such that Y; < Y;

{Yl' Y2 Y3-Yqoo. Yn}

This ordered set of the sampled values of the random variable is the "order statistic" for the sample of
size n. The joint probability density function for this order statistic is labelled g(Y|. Y5, Y3...Y, |,
Y,) and is given by:
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nlf(y 1 )f(Y2)f(¥3)-£(Yn-1)f(Yn)
g(Yl.Yg.Y;;,.-..Yn_l.Yn) = for Y;{< Y, fori=lton-1

0 otherwise

This follows directly because there are n! ways that it might have been necessary to arrange the sampled
values of X in order to formulate the statistic.

A new statistic Z can be formulated from:
Z; = HYj)

where F(Y,) is the cumulative probability distribution function for the random variahle X. The Jacobian
for this transformation of Y into Z is:

dY,
e Do, 0
dZ

dY,

J 42y dY(dY,dY; dY,
dY, iz, 42,4z 9z,
dzy "

dyY
0 0 0o
iz,

S

dZ,dZ,dZ; dZ,

dY;dY,dY; dYy

Since Z = F(Y) and dZy/dY; = f(Y;)

1

J =

(v (va)f(vs)-f(¥al
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Then, the joint probability density function for the Z statistic is:

h(Zy. Zy. Z3-Zy) = Jg (Y1, Y2. Y3-yp)

= n!

The probability density function of a particular Zy is:

h{Zg) =

Z2 IR |1 T

. L{) zj j j Wz1.25.23.... 20020 | dZy 1 | .. dZg oy |d2ZK | .02,
K Zp-2 | Zp-)

Zy Zg | 1 1

. LL J [ nl(1-Zy_1)4Zp-y | o dZK oy |dZK g |02
K Zy-2

72 g

n! . -K .
" LL T (I—LK)n dZg _1....d2

. n! K o \n-K
w2k 2K)

Now, for some probability p such that 0 < p < 1, the solution for
F(x) = p

is &, = x. &, is the pth quantile of the cumulative distribution function. The order statistic for the
sample of size n of the random variable X can be characterized by the probability that Yk < Ep or

Pr(YK < ep) = Pr(ZK < p)
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From the probability density function of Z:

, n! K n-K
Pr(zg <p) = L hZg)dzg = L m Zy(1-2g)" dzg
n! K n-K n! K+l n-K-1 n
+ ]~ . -
" gy P UP ®nekm P P P

n
. LI PN T
% e PP Pr(Yk <t

This result is sufficient to provide a basis to bracket critical values of the unknown distribution function
F(X) from the order statistic Y [2]. Note that

PrlY; < &p) = Pr{Y) < &p) + PrlY} < £ < Y))
and that

PrlYi < &, < Yj) = PrlY} < &) - PrYj < &)
The joint probability density function of Z; = F(Yi) and Z; = F(Yj) fori < jis:

hy2i. Z5) =
Z Zizj Zj 1 1

. fu ..... j i [ nldZy,...dZ;, dZ;.}...dZ;,1dZ...dZ;_;
i Zj-2Zy Zy

! i-1 ii- N
i (i-l)!(j—?—-l)!(mj)! z (gzi) {1z

fO!‘O<Zi<Zj<l

The niost interesting of the joint probabiiities is that of Zyand Z,. Then,

hin(Z1: Zp) = nON-1) (Zy - 2y} 2 for 0 < 2; < Z; < I
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Then, the probability that the sample of X exceeds some fraction p of the range of values of X is given
by:

PriF(Yp) - F(Y}) 2 pl = Pr(Zp-2) = pl

l-p 1
. L I n(n-1{2p-24)""2dz,47,
p+Z)
= lunp"’"l +(n-np"=C

C is then the confidence level that a sample of n values spans a fraction p of the distribution.

Some values of the confidence level C for various values of n and p are shown in Table A-1.

Table A-1 Sample size necessary to span
a fraction of the uncertainty distribution,
p, at a confidence Level C

Confidence  Sample size to span p =

level
% 09 095 0% 0.9%

90 37 76 388 3888
95 46 93 473 4742
99 64 661 6635
88 919 9228

An example is used to illustrate how the characterization of the distribution improves with the sample
size. For this example, samples of 100, 500, 1000, and 3000 values were taken from a lognormal
distribution with a mean of 1.48 and a geometric standard deviation of 2.546. The samples were
ordered and subjected to the non-parametric statistical analyses described above, Cumulative probability
distributions derived from the samples at the 95 percent confidence level are shown in Figures A-1 to
A-4. These are conventional cumulative probability plots. The known distribution is shown as a solid
line in the figures for comparison purposes. These results show that median values are derived faitly
accurately from samples of just 100 values if the distribution is not too complicated. Samples of about
1000 values are needed to get accurate values at the S percent and 95 percent quantiles.

The principal advantage of the Monte Carlo method and the non-parametric order statistic analysis

adopted here is that the number of samples that must be taken to characterize a distribution is
independent of the number of uncertain quantities that arise in calculations of the type described in the
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100 Sample Case
a9

951 . Monie Carlo —

estimate
90 L i

-= Actual ,

80 L _
70 L ’ i
60 | -
50 L 4
40 L i
30 L -
20 L i

Probabili

2.5 -1.5 -0.5 0.5 1.5 2.5

In (X)

Figure A-1 95 percent confidence intervals for quantiles of the example distribution derived from a
100 value sample. The actual underlying distribution is shown by the continuous liue.
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500 Sample Case
99 lH[IHI]IHI[IYH[HH[IHIUIH]IIHUHl”l”[ll” it
951 - Monte Carlo -
estimate
00 L , i
- Actual

80 L -
70 L i
E‘ 60 L -
= S0 L 4 -
3 o _ﬁ
a 30 L -
20 L -
10 | i
5L -

1]

-2.5 -1.5 -0.5 0.5 1.5 2.5

In (X)

Figure A-2 95 percent confidence intervals for quantiles of the example distribution derived from a
500 value sample. The actual underlying distribution is shown by the continuous curve.
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1000 Sample Case

99 AR AR R RN R AR R R RRARE R RN ILRRRSRRRRSARRANRARES AL

951 — Monte Carlo -
estimate

90 L .

- Actual

Probability

In (X)

Figure A-3 95 percent confidence intervals for quantiles of the example distribution derived from a
1000 value sample. The actual underlying distribution is shown by the continuous curve.
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3000 Sample Case

99 IH[IITI[FIII]THI[I”I]ITIT]IIH]IIH[IHI]IIH[IIH Tt

95 L ~— Monte Carlo 4
estimate

90 L -

- Actual

80 |

70 L
60 |
50 L
40 L

30 |
20 L

Probability

1 I b b oo o bbb g
-2.5 -1.5 -0.5 0.5 1.5 2.5

In (X)

Figure A4 95 percent confidence intervals for quantiles of the example distribution derived from a
3000 value sample. The actual underiying distribution is showp by the continuous cirve.
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text. The values listed in Table A-1 can be compared to the number of calculations of values that would
be required in a deterministic analysis. For instance. a simple two-level factorial analysis of a problem
with 16 uncertain variables would require

216 = 65536

calculations. A far more complete characterization of the distribution is obtained at fairly high
confidence levels with only a few hundred calculations following the Monte Carlo method.

References:
1. R. V. Hogg and A. T. Craig. Introduction to Mathematical Statistics, MacMillan Co.

2. The factorials found in these equations can be accurately calculated for values greater than 10 from:

1
20D 350m0)3

In n! = [m%] In(n+1) - n-1 + %ln(27r) .

-

1 1

-+ -

1260(n+1)°  1680(n+1)’

See
M. Abramowitz and I. A. Stegan, Handbook of Mathematical Functions, Dover Publications, 1970.
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Appendix B: Detailed Results of the Uncertainty
Analyses of Decontamination by an Overlying Water Pool

Results of the Monte Carlo uncertainty analyses for decontamination by an overlying water pool are
collected in this appendix. Results are for water pools 30 and 50 cm deep subcooled by 0, 2, 5. 10,
20. 30, 50. and 70°C. The results are shown as cumulative probability distributions at confidence
levels of 50. 90, and 95 percent as defined in Appendix A. Tabulated results are shown in the enclosed
tables for guantiles of the distribution from 5 to 95 percent at 5 percent intervals. Mean values and
standard deviaitons are also shown in the tables.
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Appendix C: Uncertainty Distributions for the Spray Decontamination Coefficient

Detailed uncertainty distributions for the spray decontamination coefficient, A(hr” l ), are presented in the
tables of this appendix. Uncertainty distributions were calculated for total water fluxes of 0.002, 0.01,
and 0.25 cm” H,O/cm*-s and fractions of the initial aerosol remaining in the atmosphere of 0.9, 0.5,
0.3. 0.1, 0.01, ‘and 0.001. The distributions are calculated for confidence levels of 50, 90, and
95 percent. That is, percentiles of a cumulative probability distribution are defined by a range of values
of . Ranges such that there is a 50. 90, or 95 percent confidence that the true value of N characteristic
of the specified percentile lies within the range are given. Percentiles of 5 to 95 percent at 5 percent
intervals are tabulated. Means and standard deviations for the distributions are also given. though for
these distributions neither of these quantities is especially useful.
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Appendix D: Cumulative Probability Distributions for A(mg)/A(mg = 0.9)

Correlations among the values of the spray decontamination coetficients for various values of the mass
fraction of aerosol remaining in the containment, mg. make results of the uncertainty analyses difficult
to use. Much of this correlation can be eliminated by selecting as the uncertain variables for a given
water flux AMmyg = 0.9) and Mmgp)/Mmg = 0.9) for mg = 0.5, 0.3, 0.1, 0.01. and 0.001. Samples of
the spray decontamination coefficient were reanalyzed in terms of these variables. Deatiled culgulati‘ve
probability distributions for the variables A(mf)/)\(mf = (0.9) for Q = 0.25,0.01, and 0.002 cm-/cm=-s
are shown in the tables in this appendix. The form and the contents of these tables are rather similar
to the tables in Appendix C. showing detailed probability distributions for the spray decontamination
coefficients.
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