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Abstract

Phenomena that can decontaminate aerosol-laden gases sparging through steam suppression pools of boiling
water reactors during reactor accidents are described. Uncertainties in aerosol propenies, aerosol behavior
within gas bubbles, and bubble behavior in plumes affect predictions of decontamination by steam
suppression pools. Uncertainties in the boundary and initial conditions that are dictated by the progression
of severe reactor accidents and that will affect predictions of decontamination by steam suppression pools
are discussed.

Ten parameters that characterize boundary and initial condition uncertainties, nine parameters that
characterize aerosol property and behavior uncenainties, and eleven parameters that characterize
uncertainties in the behavior of bubbles in steam suppression pools are identified. Ranges for the values of
these parameters and subjective probability distributions for parametric values within the ranges are defined.
These uncertain parameters are used in Monte Carlo uncenainty analyses to develop uncertainty distributions
for the decontamination that can be achieved by steam suppression pools and the size distribution of aerosols
that do emerge from such pools.

A simplified model of decontamination by steam suppression pools is developed by correlating features of
the uncertainty distributions for total decontamination factor, DF(total), mean size of emerging aerosol

| panicles, d,, and the standard deviation of the emerging aerosol size distribution, o, with pool depth, H.
Correlations of the median values of the uneenainty distributions are suggested as the best estimate of
decontamination by suppression pools. Correlations of the 10 percentile and 90 percentile values of the
uncenainty distributions characterize the uncertainty in the best estimates.
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I. Introduction

Formulation of a simplified model of aerosol removal by boiling water reactor steam suppression pools
is described in this report, Development of this simplified model is one part of a program to define the
attenuation of severe accident source terms by natural processes and by engineered safety features of
nuclear power plants. Previous efforts in this program have led to the development of simplified models
of source term attenuation by water pools overlying core debris interacting with concrete [1], aerosol
removal by containment sprays [2], and aerosol removal by natural aerosol processes [256].

The simplified models are intended for use in conjunction with the revised severe accident source term
proposed by the U.S. Nuclear Regulatory Commission [3]. The simplified models are not intended to
replace detailed, mechanistic analyses of specific accidents hypothesized to occur at particular plants.
Such detailed accident analyses of specific plants and accidents are best done with integrated accident
analysis computer codes such as CONTAIN [4] or MELCOR [5]. Rather, a simplified model is
intended to provide readily accessible indications of source term attenuation that can be achieved under
generic circumstances. The simplified models are constructed so that selected levels of conservatismi

can be imposed on the predictions of source term attenuation.

In this document, attentions are directed toward the source term attenuation that can be produced by the
steam suppression pools in boiling water reactors. These steam suppression pools were incorporated
into the design of boiling water reactors to mitigate containment pressurization by steam in the event
of a design-basis accident such as a large break in the reactor coolant system (a large break LOCA) or
an anticipated reactor transient without scram (an ATWS accident). Steam vented from either the
reactor coolant system or from the reactor drywell is condensed when injected into a steam suppression
pool. It has long been recognized that venting steam and noncondensible gases through the suppression
pools would also remove radioactive aerosols from the gases even during severe accidents that
progressed beyond the design-basis conditions. Removal of radioactive aerosols by the steam
suppression pools can significantly reduce risks posed by accidents at boiling water reactors.

Overall, the steam suppression pools in the three major types of boiling water reactor containments have
qualitative similarities (see Figure 1). Pressure-relief lines from the reactor coolant system discharge
gases and vapors into the suppression pools through quenchers. The drywell atmospheres of the
containments vent to the suppression pools through large diameter downcomers or horizontal vents.
Details of these venting arrangements are, however, quite different among the major types of boiling
water reactor containments. These construction details can affect the efficiency of aerosol removal from

| gases discharged to the suppression pools and are discussed further in Chapter II of this report.

Flows to the suppression pools during design-basis accidents or during the deliberate depressurization;

! of reactor coolant systems are intense, but of short duration. The flows to the suppression pools during
i events anticipated in the designs of boiling water reactors consist primarily of steam. Relative to the

situation in severe reactor accidents, g .ses discharged to the suppression pools during design-basis
events contain little radioactive material. Suppression pools are designed so that the pool temperature
remains below saturation during design-basis events.

On the other hand, during severe reactor accidents when damage to the reactor fuel is taking place and
radioactive materials are being released from the fuel, flows to the suppression pool are not especially

| vigorous. The gas discharged to the suppression pool can contain substantial amounts of noncondensible
| gas such as hydrogen or other gases produced in the reactor drywell. Substantial quantities of aerosol

| material, some of which is radioactive, will be present in gases discharged to the suppression pools.
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Introduction

Sufficient energy can be imparted to the suppression pools that temperatures rise to near the boiling
point. The gas discharge rate, gas composition, and the suppression pool temperature all affect the
attenuation of the source term that can be produced by the pool. Further descriptions of the features
of severe accidents that can affect the ability of suppression pools to remove radioactive aerosols from
gas streams are provided in Chapter III of this report.

Steam suppression pools function by dispersing gases as relatively small bubbles into a water pool.
Rapid heat and mass transfer from the bubbles to the liquid prevents overpressurization during
accidents. Aerosols within the bubbles are captured in the water pool by a variety of mechanisms
including inertial impaction, diffusion, gravitational settling, diffusiophoresis and thermophoresis.
Detailed descriptions of the behavior of bubbles and the trapping of aerosols are provided in Chapter
IV of this report.

The discussions of severe accident conditions in Chapter III and the physical phenomena affecting
acrosol removal by suppression pools in Chapter IV identify a number of uncertainties that affect
predictions of source term attenuation by suppression pools. These uncertainties include uncertainties
in the boundary and initial conditions for suppression pool performance arising from the range of severe
accidents thought possible in boiling water reactors as well as uncertainties in the predictions of accident
progression. There are also uncertainties in bubble behavior and in the behavior of aerosols. A
mechanistic model of aerosol removal by suppression pools is formulated in Chapter V of this report.
The model is used to quantitatively characterize the magnitude of uncertainties in predictions of aerosol
removal by suppression pools. This mechanistic model builds upon descriptions of aerosol removal by
suppression pools found in some available computer codes such as SPARC [6], SUPRA [7,8], and
BUSCA [9].

The analyses of uncertainties is done here in a manner similar to that employed in previous uncertainty
analyses associated with the development of other simplified models [1,2]. Each of the important
uncertainties identified in Chapters III and IV is characterized by a parameter that arises in the model
used to predict source term attenuation. A plausible range of values for each of the parameters is found
by examination of published analyses and experiments, bounding analyses based on physical limitations,
or, when no other basis is available, engineering judgement. Parameters that describe the various
uncertain aspects of the prediction of source term attenuation are selected so that the parameters are
usually mutually independent. When independence of the parameters is thought not to be plausible,
additional parameters are defined to describe the correlation among the parameters.

A subjective probability distribution is defined for values of each parameter within its plausible range.
The subjective probability distribution is defined according to a set of rules described in Chapter V.
The subjective probability distributions are used in a Monte Carlo uncertainty analysis of aerosol
removal predicted by a mechanistic model. Parametric values are randomly selected according to the
respective probability distribution of each parameter. A set of these parameter values is used to
calculate aerosol removal by a suppression pool. The process is repeated until there is a 99 percent|

confidence that 95 percent of the range of values has been sampled. The accumulated predictions of
aerosol removal are then used to construct uncertainty distributions at prescribed levels of confidence
using nonparametric, order statistics (see Appendix A of Reference 1). Results of these ur. certainty

| analyses are described in Chapter VI.

|
|
|
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Introduction

As mentioned above, aerosol-laden gases may be injected into steam suppression pools by way of
quenchers or large diameter downcomers or horizontal vents. The method of gas injection does affect
aerosol removal from the gas. Uncertainty analyses are reported here only for decontamination of gases

injected through quenchers.

Results of the uncertainty analyses are used to formulate simplified expressions for aerosol removal by
suppression pools. These simplified models are formulated by regression of results of the uncertainty
analyses against suppression pool depth as described in Chapter VII. Application of the simplified
models produced by this regression requires only minimal input. The user is required only to specify
pool depth. Such models requiring minimal input are sought to render them readily useable. The
simplified models are, of course, not replacements for mechanistic models or computer codes [6,7,8,9].

Regression analyses are done for the median, 90 percenale and 10 percentile values within the
uncertainty distributions found for aerosol removal by suppression pools. For the purposes of this
work, median values of the uncertainty distributions are considered "best estimates" of aerosol removal
by suppression pools. The 90 percentile and the 10 percentile values are considered reasonable upper
and lower bounds, respectively. From another point of view, the 90 percentile values may be used as
conservative estimates of the radioactive material accumulated in a suppression pool. On the other
hand, the 10 percentile values may be used as conservative estimates of the amount of radioactive
material that escapes a suppression pool. The availability of simplified models for these various
quantiles of the uncertainty distributions makes it convenient to estimate the uncertainty in predictions
of aerosol removal by steam suppression pools.

1
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II. Steam Suppression Pools

An overview of stesm suppression pools in Mark I, Mark 11 and Mark III boiling water reactorcontainments is shown in Figure 1.
Additional information on boiling water reactors is shown in

Table 1. The qualitative similarity of the pools in these three designs lies in the modes of injection of
aerosol-laden gases. Gases from an intact reactor coolant system are injected through the quenchers.
These quenchers consist of large diameter pipes with many small holes in them. On the other hand,
gases from the drywell are injected into the suppression pool through very large diameter vents. In the
cases of Mark I and Mark 11 containments, these vents are downcomers. In the case of Mark III con-'

;

tainments, there are horizontal vents from the drywell to the suppression pool.

The authors have not attempted a comprehensive survey of the design features of suppression pools in
existing boiling water reactors. In fact, detailed information on these designs proves difficult to acquire|

from the open literature. It does appear that there can be important differences in the suppression pool!
'

designs even within a particular class of boiling water reactor containment types. Descriptions of the
suppression pools presented below should, then, be taken as representative and not necessarily definitive
for the containment types or even for particular reactors within a class of containments.

A. Mark I Suppression Pools

The suppression pool in a Mark I containment is a torus surrounding the distinctive " inverted light bulh"
drywell as shown in Figure 2. The water volume in the torus is about 2.4 x 10 cm . The radius of9 3 ;

the torus is about 1699 cm. The internal diameter of the torus is about 472 cm. |

|

There are 12 discharge lines from safety relief valves on the reactor coolant system that go to 'T' l

quenchers in the suppression pool. A diagram of a 'T' quencher is shown in Figure 3. The 'T'
quencher has two arms constructed from 30-cm-diameter schedule 80 piping. The inside diameter of
such piping is 28.890 cm. The wall thickness is 1.748 cm. The flow area is 655.52 cm . At the end2

of each arm of the 'T' quenchers are 794 holes. The holes are typically 0.933 to 1.27 cm in diameter. l

Arms of the 'T' quenchers are typically submerged to a depth of 198 cm.

The venting arrangement from the Mark I drywell to the suppression pool is complicated and not well
described in the readily accessible literature. There are eight vents symmetrically arrayed around the
drywell. Some indication of the design variability of suppression pools in Mark I reactor containments
is provided by the diagrams in Figure 4 of three classes of vents into the suppression pools. Typically,
these vents are 206 cm in diameter.

Each vent from the drywell is supported in the suppression pool by two girders. The vents connect to
a header about 145 cm in diameter within the pool. There are 96 downcomers from this header.
Typically, the downcomers are 59.7 to 61 cm in diameter and are submerged to a depth of about
122 cm.

B. Mark II Suppression Pools

The suppression pool in a Mark 11 containment is a large body of water (2.3 to 4.4 x 10 cm ) below9 3

the reactor vessel (see Figure 1). Vent lines from the reactor coolant system discharge to 'T'
quenchers in this pool. The *T' quenchers are rather similar to those used in Mark I suppression
pools. They are, however, typically submerged to a depth of about 540 cm [11]. Each arm has only
about 748 holes.

5 NUREG/CR-6153
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l

K2
Z
h Table 1. Containment types of existing boiling water reactors |
C

Wetwells

'O
Safety / relief valves W ater design Design

[
G Power BWR volume temp. pressme

9 3
Reactor (MWth) Type Number Capacity (kg/s) 10 cm (K) (atms)"

Mark I Containment Reacton

Brown's Ferry 1 3293 4 13 108 - 109 2.407 411 3.8

Brown's Ferry 2 3293 4 13 108 - 109 2.407 411 3.8

Brown's Ferry 3 3293 4 13 108 - 109 2.407 411 3.8

Brunswick 1 2436 4 11 105 - 114 2.481 377 4.2

Brunswick 2 2436 4 11 105 - 114 2.481 377 4.2

2381 4 11 -81 - 110 2.482 411 3.8
Cooper
Dresden 1 2527 3 9 68 - 78 3.177 411 4.2

Dresden 2 2527 3 9 68 - 78 3.177 411 4.2

Duane Arnold 1658 4 8 81 - 105 1.742 411 3.8

Fermi 2 3293 4 15 111 - 114 3.429 411 3.8
*

2436 4 11 101 - 108 2.973 377 4.2
Fitzpatrick
Ilatch 1 2436 4 11 110 2.482 411 3.8

Hatch 2 2436 4 11 110 2.482 411 3.8

3293 4 14 111 - 114 3.429 427 4.2
IIope Creek 1

3293 4 14 111 - 114 3.429 427 4.2
Ilope Creek 2

Millstone 1 2011 3 6 101 2.365 411 4.2

1670 3 6 106 2.208 411 3.8

Nine Mile Point 1 1850 2 16 80 2.520- 369 2.4Monticello

1930 2 16 80 2.208 369 2.4

Peach Bottom 1 3293 4 13 103 - 117 3.483 411 3.8Oyster Creek

Peach Bottom 2 3293 4 13 103 - 117 3.483 411 3.8

1998 3 5 81 - 101 2.379 411 3.8

2511 3 9 75 - 81 3.273 411 3.8Pilgrim 1

2511 3 9 75 - 81 3.273 411 3.8Quad Cities 1

1593 4 6 101 - 117 2.208 411 3.8Quad Cities 2
Vermont Yankee

- . _ - _ _ - - _ _ - _ - - _ _
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Table 1. Containment types of existing boiling water reactors (concluded)

Safety / relief valves WMwell
Water design Designy Power BWR Capacity volume temp. pnssureReactor (MW ) Type Number (kg/s) 10 cm39g (K) (atms)

Mark II Containment Reactors

La Salle 1 3293 5 17 108 3.511 408 3.1La Salle 2 3293 5 17 108 3.511 408 3.1Limerick 1 3293 4 14 114 - 116 3.811 411 3.8Limerick 2 3293 4 14 114 - 116 3.811 411 3.8Nine Mile Point 2 3323 5 18 114 - 117 4.383 373 3.6
Shoreham 2436 4 11 112 2.304 380 3.3Susquehanna 1 3292 4 16 107 3.725 377 3.6Susquehanna 2 3292 4 16 107 3.725 377 3.6WNP2 3292 5 18 109 - 114 3.177 405 3.1

Mark III Containment Reactors

Clinton 1 2894 6 16 107 - 115 3.843 358 1.0Grand Gulf 1 3833 6 20 107 - 115 3.851 358 1.0Grand Gulf 2 3833 6 20 107 - 115 3.851 358 1.0Perry 1 3579 6 19 107 - 115 3.398 358 1.0Perry 2 3579 6 19 107 - 115 3.398 358 1.0
2 R.iver Bend 1 2894 6 16 115 3.623 358 1.0C
M Source:

P. Lobner, C. Donahoe, and C. Cavallin, Overview and Comparison of U.S. Commercial Nuclear Power Plants,
NUREG/CR-5640, SAIC-89/1541, Science Applications International Corp., San Diego, CA, September 1990.
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Figure 2. Torus suppression pool of a Mark I containment
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Steam

Vertical downcomer pipes connect the Mark II drywell to the suppression pool. There are variations
in the designs of these pipes. Some characteristics of the pipes are listed in Table 2. Kuhlman et al.
[11] indicate that there may be as many as 136 of these downcomers. The variability in the details of
the design can also be seen in the diagrams of the diaphragm floors of various Mark 11 containments
shown in Figure 5.

C. Mark III Suppression Pools

The Mark III suppression pool is an annulus surrounding the base of the drywell (see Figure 1). There
are eight quenchers fed by lines from 20 relief valves on the reactor coolant system as shown in
Figure 6 [12]. The design outlet temperature and pressure for the relief valves are 533 K and
42.5 atmospheres.

The quenchers used in the Mark III suppression pools are called X-quenchers and are shown in
Figure 7. Each arm of the X-quencher is 30-cm-diameter schedule 80 piping 148.6 cm long. Each arm
has 374 holes 0.993 cm in diameter. The X-quenchers are submerged to depths of 427 to 579 cm.

The most unusual feature of the Mark III suppression pool is the venting from the drywell to the '

wetwell. There are 102 to 135 horizontal vents about 72 cm in diameter [13]. A diagram of the
horizontai vents is shown in Figure 8. Vent submergence varies. The centerline of the uppermost vent
is 213 cm below the low water level marked in Figure 8. The next layer of vents have centerlines
340 cm below the low water level. The bottom layer of vents have center lines at a depth of 465 cm.

9 3A typical Mark III suppression pool volume is about 3.6 x 10 cm ,

Table 2. Characteristics of downcomers in some Mark II containments [11]

Downcomers

Diameter
Plant Ex-pedestal In-pedestal (cm)

Limerick 87 0 61.0
LaSalle 98 0 59.7

Susquehanna 82 0 61.0

WNP-2 84 18 61*
Nine Mile 115 8 59.0
Point Unit 2

Shoreham 78 4 59.0

*In-pedestal downcomers are 46 cm in diameter.

11 NUREG/CR-6153
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Figure 5. Diagrams of the diaphragm floors of various Mark II containments [12]
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Figure 6. Positioning of quenchers in the Mark III suppression pool [13]
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D. Conclusions

The details of suppression pool construction vary among classes of plants and even within each |

particular class of plant. But, similarities in the pool designs are noteworthy in connection with
prediction of source term attenuation by steam suppression pools. Injection of aerosol-laden gases by
way of quenchers are similar for all three major boiling water reactor containment types. That is, the
injection is through small diameter holes clustered at the ends of quencher arms. Similarly, injection
from the drywell is by large diameter vents. In the case of the Mark I and Mark II designs, the vents j
are downcomers. In the case of the Mark III containment, the vents are horizontal. j

It appears that a single, simplified model of aerosol removal by steam suppression pools can be defined
for gas injection through all types of quenchers. Only the depth of submergence is a significant f
difference among the various containment types.

A separate, simplified model has to be constructed to predict aerosol removal from gases injected into
the suppression pool through large diameter vents. Injection through vents in Mark I and Mark II
containment types can be treated with the same model. A different model may be needed for treating
aerosol removal from gases injected through horizontal vents in the Mark III containment design. A
difficulty in modeling the Mark III vent design will be prediction of the number of active vents and the
initial sizes of bubbles emerging from these vents.

,
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III. Accident Analyses

A. Overview I

Steam suppression pools were designed to mitigate overpressurization threats posed to the integrity of
boiling water reactor containments by design-basis accidents. The models discussed in this document
are intended to predict the source term mitigation that suppression pools can achieve during severe
reactor accidents that involve core degradation and fission product release well beyond what would be
expected in design-basis accidents. The initial conditions and boundary conditions for suppression pool |
performance during severe reactor accidents are rather different than conditions considered in predicting
suppression pool performance during design-basis accidents. The most intense challenges to suppression
pools during design-basis accidents occur shortly after initiation of the accident and cease once other
engineered safety systems return the nuclear plant to a safe condition. Severe accidents, on the other
hand, can last for tens of hours if there is no intervention from outside the plant. During this protracted
accident period, the boundary conditions on the suppression pool can change substantially. Prediction
of the boundary conditions dictated by the accident progression is still far from an exact science.
Uncertainties in the boundary conditions must create uncertainties in the predictions of suppression pool

i performance. It is necessary, then, to develop some sense of the range of initial and boundary
I conditions for suppression pool performance during severe accidents.

Among the varying factors affecting suppression pool performance during severe accidents is the nature

f of aerosols that must be scrubbed from gases sparging through the suppression pool. The severe

| accident source term for boiling water reactors proposed by the U.S. Nuclear Regulatory Commission
'

[3] is shown in Table 3. The releases are listed in this table as fractions of the core inventory.
Inventories for a particular plant are listed in Table 4. Note that the proposed releases include large
amounts of nonradioactive materials. With the exception of the noble gases and a small fraction of the
iodine, the released materials will be in the form of aerosols when they reach the suppression pool.
Particle sizes for aerosols are not specified.

The first significant release of radioactivity occurs when the zircaloy cladding on the fuel ruptures.
Volatile species accumulated in the gap between the fuel and the clad are then vented into the reactor |

'

vessel. The gap release takes place shortly after coolant has been boiled out of a substantial fraction

| of the core. The gap release is spread over time because fuel rods in the various regions of the core
; and even fuel rods within a particular subassembly do not heat at uniform rates. Temperatures

necessary to cause the clad to rupture are reached at various times throughout the reactor core.

! Gap inventories of volatile materials promptly released when the cladding on the fuel is ruptured are

| small. Precise values of the gap inventories have been controversial since the time of the Reactor Safety
| Study [29]. Values picked for NUREG-1465 and the proposed, revised Severe Accident Source Term

appear to be conservatively large values. Release of these vapors will, typically, be into steam Dowing[

at relatively high Dow rates. Consequently, vapor concentrations will be small. If particles nucleate
from the gas phase as the gas temperatures fall, these particles would be expected to remain quite small

| (<0.5 pm) because particle coagulation rates wili be slow at the low particle concentrations. Vapors
might, instead, condense on relatively coarse (~50 m) fragments of fuel that escape into the Dow'

when the clad ruptures [241]. Such coarse particles might not be carried as far as the suppression pool.
If such large particles do reach the pool, they will be quantitatively trapped in the pool.
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Table 3. Proposed severe accident source term for boiling water reactors [3]

Late
Gap In-vessel Ex-vessel In-vessel

release release release release
Duration (hours) 1.0 1.5 3.0 10.0 )
Release

(fraction of
core inventory)

Noble Gases 0.05 0.95 0 0

Iodine 0.05 0.22 0.37 0.07

Cesium 0.05 0.15 0.45 0.03

Tellurium 0 0.11 0.38 0.01

Strontium 0 0.03 0.24 0

Barium 0 0.03 0.21 0

Ruthenium 0 0.007 0.004 0

Cerium 0 0.009 0.01 0 i

Lanthanum 0 0.002 0.01 0

Nonradioactive 780 5600
materials (kg)

NUREG/CR-6153 18
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Table 4. Core inventories for a 3578 MW BWR-6th

..
Inventory Representajive

Radionuclide (g-atoms) Element

Americium 30.54 La
Antimony 11.13 I
Barium 883.8 Ba
Berium 1711 Ce
Cesium 1741 Cs

Cobalt 142.1 Ru
Curium 8.62 Ce
Iodine 148.6 I
Lantharium 760.2 La
Molybdenum 2810 Ru

Niobium 38.99 Ru
Praeseodymium 671.1 La
Plutonium 3735 Ce
Phodium 339.5 Ru
Rubidium 372.1 Cs

Ruthenium 1768 Ru
Strontium 954.8 Sr
Technetium 710.6 Ru
Tellurium 289.7 Te
Yttrium 491.5 La

Zirconium 3341 Ce

* Representative element to use in estimating the release fraction according to the prescription
shown in Table 3.

**Should scale with reactor power.

|

|
|

I
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At the time fuel cladding ruptures, temperatures even in the hotter portjons of the core will not be
especially high. In the case of a depressurized reactor coolant system, clad rupture may occur at
temperatures in the vicinity of 1000 K [247]. If the reactor coolant system is pressurized at this early
stage of the accident, clad rupture may occur at temperatures near the clad melting point, ~2125 K.
Even if temperatures are this high in local regions, most of the reactor core is still relatively cool. At
low temperatures, steam reactions with the cladding to form hydrogen will be limited by chemical
kinetics [10]. Much of the gas that carries aerosol and vapors through the reactor coolant system will

j

be steam.

Temperatures in the reactor core rise slowly early in the accident. Typical rates of temperature increase
are less than 1 K/s. Steam production during this period is not expected to be large. Radiation heat
transfer to residual coolant is limited by poor view factors from the hotter fuel rods to lower regions
of the reactor vessel where cooling water remains.

Eventually, temperatures are reached by the fuel rods that are so high that the steam reaction with the
clad becomes quite rapid. Heat transfer from the fuel rods to the fuel assembly channel boxes, which
are made of a zirconium alloy, raises surface temperatuies sufficiently that the channel boxes, too, react
with steam to form hydrogen. It eventually becomes impossible to supply steam fast enough to meet
the reactivity of the clad. Chemical heat produced by the reaction of steam with the clad greatly
augments the heating of the fuel by radioactive decay. Fuel temperatures increase at rates of up to
20 K/s. Gas that emerges from the core is essentially hydrogen. This hydrogen is, however, diluted
and cooled by steam that bypasses the core region. Nevertheless, the gas that carries aerosols through
the reactor coolant system and into the suppression pool during this period contains much less steam )
than did the gas during the earlier, gap release stage of the accident. |

As temperatures in the fuel rise, there is a corresponding increase in the rate of vapc-ization of both
radionuclides and nonradioactive materials. Nonradioactive materials that can make significant
contributions to the aerosol mass include tin from the zircaloy cladding and even UO itself. Because2
the more rapid vaporization of more materials creates higher total aerosol concentrations, the rate of
aerosol coagulation greatly increases. Thus, aerosol particles can grow to sizes greater than 1 pm.

Eventually, cladding on the fuel melts and drains down the fuel rods. Still later, fuel itself can melt
,

'

or the fuel can collapse within the core into a rubble bed. Melting of cladding and melting or collapse
of fuel can increase the rate of steam flow into the core. Relocation of molten cladding, channel boxes
and the like bring hot material closer to residual water in the reactor coolant system.

Available accident-analysis models differ in their predictions of the extent to which steam production |
increases. Models in the Source Term Code Package [14] are based on the hypothesis that molten clad I

drains into lower, cooler portions of the core where it temporarily forms an impermeable crust. Fuel
collapses onto this cmst, heats and eventually melts. Once molten material penetrates the crust, it
cascades into the lower plenum of the reactor vessel. The sudden interaction of large amounts of high
temperature melt with water in the lower plenum produces large amounts of steam that will purge
aerosols from the reactor coolant system into the steam suppression pool. Somewhat similar models
are employed in the MELCOR code for severe reactor accident analysis [15].

1 oiling water reactors are equipped with automatic depressurization systems. Risk dominant accidents in boiling water
reactors tend, however, to be those in which this automatic system fails to function.
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Models in the BWRSAR code [16] are based on a different hypothesis concerning the behavior of
molten material during core degradation (see Figure 9). It is hypothesized that molten material drains
completely out of the core region. No crust is formed. Instead, molten material falls into residual
water low in the reactor vessel. The continuous draining of small amounts of melt into the water,
where it quenches, augments steam production. Decay heat eventually boils the water away, and the
debris can heat to melting and cause mpture of the vessel head.

Available models differ in their predictions of the extent to which steam will be reduced to hydrogen.
The MAAP code (18] indicates that blockages formed by freezing of molten material in lower, cooler
regions of fuel subassemblies prevent steam from reaching and reacting with core debris. The bulk of
the steam flow is diverted around the hottest region of the core. The gas that carries aerosol out of the
core region to the suppression pool is then expected to be rich in steam. Other models assume local
blockages do not completely prevent steam flow through fuel subassemblies so there are opportunities
for vigorous reaction of the steam to form hydrogen. The condensible fraction of gases transporting
aerosols from the reactor coolant system to the suppression pool is, then, smaller.

Eventually, core debris is expected to rupture the reactor pressure vessel, fall into the drywell and attack
concrete. Accident progression models differ on the details of these events. Predictions of the models
can be grouped into two classes. Most models predict that a molten pool forms in the lower plenum
of the reactor and penetrates the vessel head. A substantial fraction (~ 50 percent) of the core material
is suddenly released into the drywell. The remainder of the core slowly melts and drains into the
drywell.

The BWRSAR code [16] predicts a different sequence of events. Core debris that falls from the core
l region is assumed to quench and form a debris bed in the lower plenum. As the debris bed drys and

reheats, constituents of the debris bed melt according to their respective melting points. Melting points
of metallic constituents are lowest so the metals form a molten pool that penetrates the vessel. Thus,
the first core debris expelled into the drywell is a largely metallic melt. As shown in Figure 10, molten
oxide materials drain into the drywell slowly over an extended period of time.

Interaction of core debris with concrete produces aerosols (19] and noncondensible gases such as
hydrogen, carbon monoxide, and carbon dioxide [20]. Unless some modifications have been made to
the plants to ensure water is in contact with the core debris in the drywell, there is little steam present
in the gases generated during core debris interactions with concrete. If metallic zirconium is present
in the core debris, water vapor evaporated from concrete exposed to core debris will be nearly
completely reduced to hydrogen. (Equilibrium hydrogen-to-steam partial pressure ratios will be on the a

5order of 10 .) Once zirconium and chromium in the core debris have been oxidized, the hydrogen-to-
steam partial pressure ratio in gases evolved during the attack on concrete will be determined by the
reaction with iron:

Fe(l) + H O # FeO(l) + H22

and for most conditions the hydrogen-to-steam partial pressure ratio will be about 2.
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Aerosols and gases produced during core debris interactions with concrete in the reactor drywell will
vent through downcomers into the suppression pool.

During the late stages of a reactor accident, volatile radionuclides previously deposited in the reactor
coolant system may vaporize. The revaporization of these materials is driven by their continued decay
heating. Some fraction of the revaporized materials will be transported out of the reactor coolant |

system into the drywell and then into the suppression pool. The revaporization release of deposited
radionuclides can be a long term process. Analyses with the MAAP code of revaporization during i

'

hypothetical accidents at the Peach Bottom Mark I boiling water reactor indicate revaporization can
persist for 50 hours after core meltdown started [21].

Quantitative details of the accident progression depend, of course, on the particular accident scenario.
The NUREG-1150 study [22] identified the frequency-dominant accident scenarios caused by internal
initiators for representative Mark I and Mark III boiling water reactors: ;

l

M ark I:*

1. loss of offsite power (mean frequency = 2.2 x 10-6/yr)

2. anticipated transients without scram (mean frequency = 1.9 x 10-6/yr)

23. medium size breaks in the reactor coolant system (break areas of 3.7 to 93 cm )
(mean frequency = 2.6 x 10-7/yr)

Mark III:*

1. loss of offsite power (mean frequency = 3.9 x 10-6/yr)

2. anticipated transients without scram (mean frequency = 1.1 x 10-7/yr)

Payne [239] has described severe accident frequencies for the La Salle Mark Il reactor. Over 70 per-
cent of the risk from accidents caused by internal initiators is due to loss of off-site and on-site power.

For the lo.ss-of-offsite-power accidents and the anticipated-transient-without-scram (ATWS) accidents,
the reactor coolant system is intact throughout core degradation. Radionuclides released during core
degradation vent to the suppression pool through the quenchers. Only after core debris has penetrated
the reactor vessel do aerosol-laden gases pass into the suppression pool by way of the downcomers in ;

the drywell. |

1

Loss-of-coolant accidents are not exceptionally important contributors to the core meltdown accident
frequency of boiling water reactors if only internal initiators are considered. Loss-of-coolant accidents
are expected to make bigger contributions to the core meltdown frequency when external events such
as earthquakes and fires are considered as initiators. In loss-of-coolant events, aerosol laden gases can
vent from the reactor coolant system to the drywell and then from the drywell to the suppression pool
by way of the drywell downcomers.
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For the purposes of this development of a simplified model, scrubbing of aerosol-laden gases produced
during the early stages of an accident is considered to occur only by injection into the suppression pool
through the quenchers. That is, injection of aerosol-laden gases into the suppression pool through the
drywell downcomers is considered to occur only after the core debris has penetrated the reactor vessel.

{Injection via the downcomers early in an accident, such as might occur during a loss of coolant
accident, is neglected.

B. Accidents in Mark I Reactors

Detailed accident analyses were done for the NUREG-1150 study using the Source Term Code Package
[14]. Results of these analyses provide some indication of the range of gas flows and gas compositions
that will be discharged to the quenchers. Molar flows through the reactor coolant system for a TC3
sequence [23] are shown in Figure 11. The TC3 sequence is an anticipated transient without scram
(ATWS) accident sequence. The reactor coolant system is assumed to remain pressurized during core

3

degradation. The wetwell is assumed to be vented.
I

It is apparent from results shown in Figure 11 that gap release will take place under conditions of high
flow. Molar flow rates during the period immediately following core uncovery vary from about 2500
to 400 moles per second. During this period, hydrogen makes up only about 2 to 3 percent of the gas
flow through the core region. Early in-vessel releases will take place at How rates of only 400 to
180 moles per second. Hydrogen will make up 10 to 95 percent of the gas flow. Core slumping and
collapse prompt a huge increase in flow to about 2000 to 2500 moles /s. During this period of rapid
How, hydrogen will make up only 1 to 3 percent of the gas. The rapid flow associated with core
slumping and core collapse will drive any aerosols suspended in the reactor coolant system into the
suppression pool.

Had the BWRSAR code been used for these calculations instead of the Source Term Code Package,,

flows during core melting would have been somewhat higher-perhaps as high as 500 moles /s. The
huge increase in flow at 86 minutes would not have occurred.

Flows to the suppression pool during the ex-vessel stages of the TC3 sequence are shown in Figure 12.
Note that these calculations were done assuming that the concrete was fabricated with limestone
aggregate. Limestone concrete produces more gas when it ablates than does siliceous aggregate
concrete [24]. On the other hand, it takes more energy to ablate limestone concrete than it does to
ablate siliceous concrete. Consequently, had siliceous rather than limestone concrete been assumed,
molar flow rates would have been one-half to two-thirds those shown in Figure 12.

Early in the course of the core debris interactions with limestone or siliceous concrete essentially none
of the gas is condensible. For the purposes of the analyses presented here, essentially all of the steam
has been reduced to hydrogen. Other gases in the flow are noncondensible carbon monoxide and carbon
dioxide. After 3 to 6 hours of core debris / concrete inte. actions [25] when iron is the strongest reducing
agent in the core debris, about 12 percent of the gas evolved during interactions with limestone concrete
is water vapor. During interactions with siliceous concrete, about 32 percent of the gas can be water
vapor late in the interaction.

The Source Term Code Package uses an assumption that primary particles formed from vapors
evolved from the core are 0.05 pm in diameter. It is also assumed the particle material has a

25 NUREG/CR-6153
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density of 3 g/cm'. The code does a mechanistic calculation of aerosol growth by vapor condensation and
coagulation of panicles. Example predictions of aerosol particle size distribution for material venting
through the safety relief valves are shown in Figure 13. The mean size of the aerosol particles is predicted
to be about 3 pm. There must, however, be a great deal of uncertainty in this prediction. Despite the many
tests of radionuclide release from degrading reactor fuel, there appears to be no suitable data base for
comparison to the code predictions. Perhaps, the PHEBUS-FP tests now being planned [257] will provide
the needed information on acrosol particle sizes being vented to the suppression pool from the reactor
coolant system.

The mean sizes and densities of the aerosol particles predicted by the Source Term Code Package to be
produced during core debris interactions with concrete are shown in Figure 14. These sizes are predicted
based on fitting to experimental data and assuming that particles grow until the number concentration falls
to about 10' particles per cm'[19]. The relatively large particle sizes predicted to be present during the early
stages of vigorous attack on concrete are consistent with experimental data. The fall in aerosol mean size
when aerosol generation rate falls is the product of the assumption concerning the particle growth and must
be considered quite uncertain.

The proposed revision to the severe accident source term [3] indicates that the majority of the release of
radionuclides during core debris / concrete interactions takes place during the first tm hours of interaction.
During this period the acrosol particle sizes are relatively coarse. Mean sizes of the particles are on the order
of 1.2 pm. Aerosol material densities calculated with the Source Term Code Package during this stage of

3an accident in a Mark I boiling water reactor vary from 4.33 to 3.15 g/cm [23).

The production of aerosol during longer term phases of core debris interactions with concrete does
not contribute significantly to the radioactivity releases. These aerosols produced between 2 and 10 hours
after the onset of core debris / concrete interactions are composed primarily of constituents of concrete-SiO .

2

Na 0, and K 0. Particle sizes are predicted to be quite small. Mean sizes are on the order of 0.25 pm.2 2

These aemsol particles will mix with radioactive aerosols produced by the revaporization of radionuclides
from the reactor coolant system. Material densities of aerosol produced by core debris / concrete interactions
have been calculated with the Source Term Code Package [23] to be in the range of 3.15 to 2.65 g/cm .3

Aerosols produced during core debris / concrete interactions are assumed here to have log-normal size
distributions with a geometric standard deviation of 2.3. The gv) metric standard deviation of aerosols
produced in experiments varies from 1.6 to 3.8 [26).

Molar flows through the reactor coolant system during a station blackout accident (the TB2 sequence) at a
Mark I boiling water reactor as calculated with the Source Term Code Package are shown in Figure 15.
Though the onset of core degradation is offset in time, molar flows following core uncovery exhibit qualita-
tive similarities to molar flows calculated for the TC3 ATWS sequence. Molar flow rates to the suppression
pool during the ex-vessel stages of the station blackout accident are shown in Figure 16. These flows exhibit
qualitative similarities to those calculated for the ATWS sequence. Aerosol particle size and aerosol
material density during the melt / concrete interactions in a station blackout accident are shown in Figure 17.
Again, the similarities of these results to those calculated for the ATWS swquence are quite noticeable.

|
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C. Accidents in Mark II Reactors

There have been very few severe reactor accident analyses published for Mark II containment boiling
water reactors. Dingman et al. [236] have used the MELCOR code to calculate the progression of a
station blackout accident at the La Salle Mark II reactor. The progression of the accident is rather
similar to the progression of station blackout accidents at other types of boiling water reactors. Gap
release is predicted to occur over a 46 minute period beginning 73 minutes after accident initiation and
37 minutes after core uncovery. Vessel penetration by core debris occurs 281 minutes after accident |
initiation. During core degradation, hydrogen is produced at the rate of 94 moles per second.

The most remarkable results obtained by Dingman et al. in their analyses of the station blackout ;

accident concerned the gas geneation once core debris had been expelled from the reactor vessel. Their I

analyses indicate that degassing oiconcrete produces far more gas than do the direct interactions of core )
debris with structural concrete. Degassing of concrete is predicted to produce 29 moles /s of steam and
between 7 and 25 moles /s of carbon dioxide. Hydrogen production during this period when core debris ;

is interacting with concrete is reported to average about 1.4 moles /s. Carbon monoxide generation rates |

are not reported. |

Steam production by concrete degassing is significant for the prediction of source term attenuation. |

This steam could be condensed in sufficiently sub-cooled steam suppression pools. Condensation of the |
steam could sweep aerosols from gas bubbles rising through the pool.

Shaffer et al. [235] have reported results of calculations with the MELCOR model for various types of
station blackout accidents at the La Salle plant. For the "high pressure, short term, station blackout"
scenario, hydrogen was calculated to be generated at the rate of about 60 moles /s during the period of
gap release and the period of in-vessel release. Steam flow through the safety / relief valves fell from
about 2400 moles /s prior to gap release to about 200 moles /s during the period of extensive core
degradation. Sudden eruptions of steam were calculated to occur whenever core debris fell into the
residual water in the reactor vessel.

Hydrogen generation rates calculated to occur during a " low pressure, short term, station blackout"
scenario were about 21 moles /s during gap and in-vessel release. The hydrogen generation rate during
a "long term, station blackout" scenario was about 20 moles /s. Steam flow through the relief valves
during the core degradation process was small except for episodic eruptions of steam when core debris
relocated.

Shaffer et al. also considered degassing of concrete as well as the interaction of core debris with
concrete as sources of gas production during the ex-vessel phases of a severe reactor accident. Total
gas production rates and gas compositions during the early stages of ex-vessel core debris interactions
for various station blackout scenarios are compared below:
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Total
Gas Molar Gas Composition (%)

Production
Scenario (moles /s) H HO CO CO22 2

Short term high pressure
station blackout 200 26 24 30 20

Short term low pressure
station blackout 159 19 20 45 16

- Long term station blackout 134 14 31 38 17

Similar comparisons for longer term phases of the ex-vessel core debris interactions which will affect
the attenuation of the late in-vessel release are:

Total
Gas Molar Gas Composition (%)

Production
Scenario (moles /s) H HO CO CO2 2 2

Short term high pressure
station blackout 49 4.4 44 13 39

Short term low pressure
station blackout 55 5.6 42 17 35

Long term station blackout 63 4.0 61 6.1 29

D. Accidents in Mark III Reactors

Molar flows to the suppression pool calculated with the Source Term Code Package [27] for a station
blackout accident and an ATWS accident sequence in a Mark III reactor are shown in Figure 18. These
flows are quite like those calculated for similar accidents in a Mark I reactor. Gas production and
aerosol production during core debris interactions with concrete are also quite similar to results
calculated for ccrresponding accidents in Mark I reactors.

| Dingman et al. [236] have used the MELCOR code to predict the progression of a station blackout
accident at the Grand Gulf Mark III boiling water reactor. Hydrogen production rates during the gap
release phase of the accident and during much of the in-vessel release phase are predicted to be about
117 moles /s. This hydrogen production rate decreases to about 22 moles /s during the period fuel is
relocating within the reactor vessel. Hydrogen production rates once fuel has been expelled from the
reactor vessel and core debris / concrete interactions begin are about 14 moles /s.

Dingman et al. consider concrete degassing during the ex-vessel phase of the accident. They find steam
j release rates due to degassing to be about 20 moles /s. Their calculations indicate that the atmosphere

of the drywell is 80 to 95 percent steam during most of the ex-vessel phase of the accident. The
remainder of the gas is largely hydrogen. Carbon dioxide and carbon monoxide are found to make

f
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negligible contributions to the drywell atmosphere composition throughout most of the ex-vessel phase
of the accident. Only for a period of about 90 minutes, when gas production from core debris / concrete
interactions is very high and presumably radionuclide releases are also high, carbon monoxide makes
up 9 to 12 percent of the drywell gas. During this period, hydrogen is about 3 percent of the drywell
gas.

Calculations by Dingman et al. [236] show wildly varying flows through the suppression pool during
the ex-vessel phase of the station blackout accident. Flows vary from about 160 moles /s to about
1055 moles /s. The time averaged flow rate to the steam suppression pool is about 470 moles /s. Much
of this flow must come from steam formed from water that floods into the reactor cavity frem the Mark
III suppression pool.

Greene et al. [234] have used the MELCOR, BWRSAR, and BWR-LTAS codes to analyze station
blackout accidents in the Grand Gulf Mark III boiling water reactor. They too find that the drywell
atmosphere becomes rich in steam in the later phases of core debris / concrete interactions. The molar
composition of the drywell atmostaere during the period of late, in-vessel release is found to vary
between about 50 and 95 percent steam depending on the details of the accident scenario.

The QUEST study examined uncertainties in the aerosol produced by core debris interactions with
concrete during a station blackout accident at a Mark III boiling water reactor [25]. Mean aerosol
particle sizes during the periods of intense aerosol productions were found to vary between 0.9 and

31.1 pm. Aerosol material densities were calculated to vary from 2.9 to 3.5 g/cm during this period.
During later stages of the accident, mean aerosol particle diameters were calculated to be in the rang:

3of 0.4 to 0.6 pm. The aerosol material density was calculated to be 2.9 to 3.1 g/cm ,,

E. Conclusion.s

From the several accident analyses described above, it can be concluded that:

gap release will involve production of rather fine aerosols. Steam production rates during this phaseo

of the accident will vary from 2500 to 400 moles /s. IIydrogen generation rates will vary from about
120 to 20 moles per second.

early in-vessel release will produce coarser aerosol particles in gas containing 10 to 90 percento

hydrogen flowing at rates of 50 to 500 moles /s.

the last portion of the early in-vessel release may be purged from the reactor coolant system byo

flows of 2000 to 6000 moles per second of steam containing 2 to 3 percent hydrogen.

molar flows to the suppression pool during core debris / concrete interactions are 100 to 300 moles /so

with occasional excursions to over 800 moles /s. Aerosols have uncertain sizes of 1.5 to 0.25 pm.

I *The eruption of carbon monoxide release predicted in these calculations stems from the treatment of carbon dioxide
reactions with molten, metallic zirconium in the core debris. This reaction is predicted to produce elemental carbon until
the zirconium is completely oxidized. Then, carbon dioxide and steam from the concrete are predicted to react with the
elemental carbon to form carbon monoxide. This type of behavior has not been observed in experiments done to date.
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!

; Accident

! * Little of the gas produced during the early stages of core debris / concrete interaction in a Mark I
boiling water reactor will be condensible. At later times during the so-called " late in-vessel release"
stage of the accident,10 to 35 percent of the gas being discharged to the steam suppression pool
will be water vapor.

Degassing of concrete during the ex-vessel stages of a severe reactor accident in Mark II and Mark*

III reactors can introduce substantial amounts of water vapor into the gases being discharged to the
suppression pools.

There have not been detailed analyses of aerosol particle sizes for the late in-vessel release of
radionuclides by revaporization. Some analyses for revaporization from the pressurized water reactor
Sizewell B suggest these particles can be quite small (~0.1 gm) [28]. The aerosols produced by
revaporization will be carried into the suppre-ssion pool by gases generated during core debris
interactions with concrete.

!
l

1

I

:

1

1
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IV. Physical Phenomena

The physical phenomena that affect aerosol removal from gases that sparge through steam suppression
pools are described in this chapter. The important phenomena can be broadly categorized as those
phenomena affecting bubble and gas behavior and those phenomena affecting aerosol behavior. In the
discussions of these two categories of phenomena presented below, emphasis is placed on the
identification of areas of uncertainty that will affect the accurate prediction of aerosol removal by steam
suppression pools. These phenomenological uncertainties, together with uncertainties concerning severe
reactor accidents, are summarized in Chapter V and used in an uncertainty analysis of scrubbing by
steam suppression pools described in Chapter VI.

| A. Bubble Formation

Gases are injected into steam suppression pools via both quenchers and downcomers. In both cases,
the details of the bubble size, shape, rise velocity, and the like significantly affect the extent of aerosol
removal. There have been two studies of the behavior of bubbles released from models of quenchers
in simulated steam suppression pools [30,69]. Both studies showed the same qualitative behavior. A
schematic depiction of the observed behavior is shown in Figure 19. Large bubbles form at an orifice,
detach and begin to rise. These bubbles collapse and shatter into smaller bubbles because of steam
condensation in a subcooled pool or because of simple physical instability. A swarm of small bubbles
then rises through the pool as a plume. That is, the rising bubbles entrain water in the upward How.

The various regimes in the bubble plume have been named. The region near the orifice and to a height
of about 10 bubble diameters is called the " injection zone." The injection zone is the region of rapid
heat transfer from the bubbles to the liquid. Completion of bubble collapse marks the end of the
injection zone and the beginning of the " zone of established flow." The zone of established flow
extends to within less than a meter of the surface. The " zone of surface inDuence" is the region of the
plume where the vertical component of water velocity is converted entirely into radial How.

In the discussions below, models of the injection zone and the zone of established flow will be
presented. A detailed description of hydraulics in the zone of surface in0uence is not included here.
Amos [70] has discussed the complexity of this regime and its relative unimportance in the prediction
of aerosol scrubbing by steam suppression pools.

'

Though the scrubbing of aerosols from gases released to a steam suppression pool has some qualitative
similarities to aerosol removal by water pools overlying core debris interacting with concrete, there are
a number of quantitative differences and several additional phenomena to consider. Certainly, the way
bubbles are formed in the water pool is different as is the plume behavior of rising bubbles.
Furthermore, gases directed to the suppression pool through quenchers and downcomers can be very
rich in condensible water vapor whereas water vapor produced during core debris interactions is largely
reduced to hydrogen. These and other physical phenomena that affect bubble behavior are discussed
further below.

39 NUREG/CR-0153
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1. Hubble Formation at Quencher Orifices

Paul et al. [30] have examined bubble formation by noncondensible gases (He, H and air) at orifices2
0.9 to 2.02 cm in diameter. A schematic diagram of the injection apparatus used in this work is shown
in Figure 20. Paul et al. indicate the system capacitance to be 3.25. Tsuge and Hibino [207] indicate
that bubble formation is sensitiw to variations in system capacitance in this regime.

Volumes of the gas bubbles detaching from orifices were correlated by Paul et al. in terms of a Weber
number:

N = 3.45 We .46
0V

i

where

3 1f

x D /6[ (#I~# )1/2
B 1/2 -1/2

VN= 2 8 8 #
I'

xD /4)g

2We = Weber number = U p D /o > 40,g g

DB = diameter of the sphere with a volume equivalent to the bubble when it detaches from

( the orifice,

D = orifice diameter,o

2U = gas velocity in the orifice = 4rh/p (o) xDg g g,

rh = mass input rate of gas to the pool,

p (o) = density of the gas at the orifice,g

pg = liquid density, |
1

g = gravitational constant, and

og = liquid surface tension.

Predictions of this correlation are compared in Figure 21 to data obtained by Paul et al. [30] and data
obtained by other investigators [32,36-39]. These data are listed in Table 5. Data are also consistent
with the Davidson-Schuler model (see Figure 22) which will be discussed further below.

'The authors acknowledge the exemplary documentation provided by Paul et al. [301 for their work.
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Figure 20. Bubble injector apparatus used in tests of bubble hydraulics by Paul et al. [30]
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Physical Phenomena

Table 5. Sizes of bubbles formed at submerged orifices under constant flow conditions
,

I

jLiquid Surface Orifice Bubble
viscosity tension Flow rate diameter volugte3Liquid Gas (g/cm-s) (dyne /cm) (c m /s) (cm) (cm ) Ref.

;

IWater Air 0.012 72.8 0.0081 0.036 0.0072 36

Water Air 0.012 72.8 0.06083 0.141 0.0292 36

Water Air 0.012 72.8 0.205 0.388 0.0984 36

Water Air 0.01 72 0.025 0.102 0.0212 37

Water Air 0.01 72.7 0.5 0.0668 0.026 32

Water Air 0.01 72.7 1.0 0.0668 0.0365 32

Water Air 0.01 72.7 1.5 0.0668 0.0365 32

Water Air 0.01 72.7 2.0 0.0668 0.050 32

Water Air 0.01 72.7 2.5 0.0668 0.068 32

Water Air 0.01 72.7 5.0 0.04 0.2 32

Water Air 0.01 72.7 10 0.04 0.42 32

IWater Air 0.01 72.7 20 0.04 0.90 32

Water Air 0.01 72.7 30 0.04 1.3 32
i

Water Air 59.5 1.27 6.33 30

110 1.27 9.71 30

140 1.27 8.62 30

4070 1.27 225 30 ;

18000 1.27 1090 30

579 2.02 57.9 30

1590 2.02 164 30

3510 2.02 32.8 30

128 0.99 10.9 30

349 0.99 35.9 30

730 0.99 70.2 30
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Table 5. Sizes of bubbles formed at submerged orifices under constant flow conditions (concluded) :

Liquid Surface Orifice Bubble
viscosity tension Flow rate diameter

volug)eLiquid Gas (g/cm-s) (dyne /cm) (cm /s) (cm)
3

(cm Ref.
Water Helium 80.8 1.27 7.35 30

309 1.27 28.1 30 1

1644 1.27 61.9 30
Water IIydrogen 71.7 1.27 7.63 30

360 1.27 42.8 30

623 1.27 80.1 30

1.5 0.43 0.1 39
| 22 0.43 0.8 39 1

1.5 0.27 0.1 39
1

22 0.27 0.6 39

, 1.5 0.15 0.06 39

10 0.15 0.25 39 !

1.5 0.107 0.05 39

7 0.107 0.15 39

| 1.249 0.32 0.0833 38

160 0.96 4.445 38

120 0.80 4.393 38
'

60 0.79 1.335 38I

50 0.42 1.406 38 |

60 0.40 1.443 38

! 60 0.32 1.098 38 I

18 0.164 0.418 38

8 0.1 0.015 38 i

9 0.1 0.019 38
;

!
t

!
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Physical Phenomena

Though Paul et al. did experiments with bubbles supersaturated with steam (relative to the pool), they
did not indicate that the above correlation was applicable to condensible gases. Besset [208] has investi-
gated bubble formation with 373 K steam in subcooled water pools. This work was done with a 0.2-cm

orifice. Some of the data she obtained are listed in Table 6. Besset tound her data somewhat similar
to predictions of the Davidson-Schuler model. Besset proposed a modification of this model to account
for the effects of steam condensation during bubble formation:

VB= _
5x 3

QJa -3Do3g/ gD*o

where

Q = volumetric flow rate

Ja = Jakob number = p; C AT/p L,p g
'

C = heat capacity of water,p

AT = T - T ,o p

T = temperature of the vapor in the orifice,o

T = water pool temperature, andp

L = latent heat of vaporization of water.

IIer data are compared to this correlation in Figure 23. Deviations from the correlation become
significant when AT is greater than about 30 degrees Kelvin. The modified model tends to underpredict
bubble sizes when the driving force for condensation is large. This may be complicated by the presence
of small amounts of noncondensible gas dissolved in the water or in the steam.

Schmidt {293] has reported data on the formation of steam bubbles in subcooled water with very large
driving forces for steam condensation. Some of his data is listed in Table 7. These data are not well
predicted by the modified Davidson-Schuler correlation suggested by Poset. The data can be fit to a
Weber number correlation similar to that suggested by Paul et al. [30], but the coefficients derived from

; such a fit are quite different than those found by Paul et al.:

N = 0.306 We .303
0V

|
|

The fit of the data to this correlation is shown in Figure 24. Schmidt suggested a rather different
,

correlation for the data:
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Table 6. Besset's data on steam bubble formation in subcooled water [208]

f=
*

T(water) di V(bubble) frequency f V (bubble)
3 3

(K) (2/s) (cm /s) (cm ) (bubbles /s) (cm f3)
I296 0.0013 2.18 0.017 i 0.0060 130 23 2.21

296 0.0016 2.68 0.008 0.0034 340 167 2.72
296 0.0016 2.68 0.014 t 0.0059 200 i 64 2.80
296 0.00178 2.98 0.015 0.0054 200 64 3.00

325 0.0033 5.52 0.050 i 0.0085 110 13 5.50
325 0.0040 6.69 0.050 0.014 140 15 7.00
325 0.0043 7.19 0.033 0.012 220 31 7.26
325 0.0052 8.70 0.018 0.0063 450 99 8.10

t 339 0.0035 5.86 0.083 i 0.008 75 5 6.22

: 339 0.0047 7.86 0.100 i 0.013 80 i 7 8.00
339 0.0093 15.56 0.130 0.025 120 13 15.60

2 339 0.0098 16.40 0.096 i 0.021 176 i 21 16.90 e

:

347 0.0040 6.69 0.1'20 0.011 55 i 3 6.60'

i 347 0.0058 9.70 0.170 0.019 59 6 10.03

347 0.013 21.75 0.250 i 0.028 86 9 21.50

]| 347 0.0195 32.62 0.290 0.041 115 14 33.35

354 0.00058 0.97 0.040 0.016 25 4 1.00

) 354 0.0095 15.89 0.320 0.045 51 6 16.32

359 0.0013 2.18 0.056 0.005 41 2 2.30 1
.

! 359 0.0076 12.72 0.340 0.119 39 i 7 13.26

359 0.0092 15.39 0.410 0.057 38 4 15.584

359 0.0108 18.07 0.460 0.138 41 9 18.86

359 0.0155 25.93 0.700 0.119 38 10 26.60
359 0.0293 49.02 1.100 0.297 46 i 12 50.60'

363 0.0022 3.68 0.098 i 0.021 37 i 7 3.63
363 0.0045 7.53 0.210 i 0.010 36 t 1 7.56

366 0.0016 2.68 0.093 i 0.010 29 3 2.70 |
366 0.0108 18.07 0.450 i 0.018 41 8 18.45 )

i

4

d
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Table 7. Schmidt's data [293] for steam bubble formation in water

P* D TT m V g A
(atnis) (cm) h (g/s) (cm ) (cm /s) (ad2)

, 40 0.3 150 2.63 0.140 190.6 1.304
| 2.74 0.151 198.5 1.371
'

2.74 0.169 198.5 1.478
4.25 0.159 308 1.419
4.93 0.174 357 1.507

! 11.5 0.248 833 1.909
! 11.5 0.276 833 2.050

16.1 0.259 1167 1.965
16.8 0.374 1217 2.510
19.1 0.326 1384 2.291

| 40 0.3 100 2.54 0.127 167 1.222
5.00 0.149 328 1.359
6.03 0.192 395 1.610
8.24 0.205 540 1.681
8.24 0.220 540 1.762

9.56 0.262 627 1.989
11.5 0.286 754 2.099
13.1 0.325 859 2.286
16.8 0.290 1102 2.I19
16.8 0.281 1102 2.075

40 0.3 200 2.63 0,154 208 1.389
! 3.40 0.180 269 1.542

6.14 0.220 485 1.762
8.24 0.311 651 2.220
8.24 0.294 651 2.138 ;

11.55 0.325 913 2.286
11.55 0.364 913 2.465 l
16.11 0.402 1273 2.634 |

16.8 0.465 1329 2.903
19.1 0.414 1510 2.686 j

19.1 0.339 1518 2.351
8.24 0.280 651 2.070 |

l

6.14 0.205 485 1.681

80 0.3 100 3.I1 0.0542 104 0.693 I
5.09 0.0752 170 0.862 l
8.40 0.118 283 1.163
9.38 0.0918 313 0.984
9.54 0.131 318 1.247

80 0.3 150 1.93 0.0612 71.9 0.751 |

2.59 0.0656 96.5 0.787
2.76 0.0682 103 0.807
3.16 0.0656 118 0.787 |
5.00 0.0856 186 0.939 j

5.31 0.115 198 1.144 ,

6.10 0.109 227 1.104 |

6.64 0.122 247 1.190 l
'

9.36 0.129 348 1.235

|
9.52 0.163 355 1.443

aAt 40 atms, the water temperature is 524 K. Liquid surface tension is 26 dynes /cm and the liquid density
3is 0.7977 g/cm

,

i At 80 atms, the water (fmperature is 569 K. The liquid surface tension is 15.2 dynes /cm and the liquid
I density is 0.7206 g/cm
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Figure 24. Fit of Schmidt's bubble volume data to a correlation in ternts of the Weber number
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B = 1.913 x 10-3 D f 1/3A g

where

AB = bubble surface area, and

f = (81)1.35 [C (T -T )/P]2.675 2q 9 -2.35 g g .353
p o p 9

Note that f is dimensionless so some care must be taken in the selection of units for the heat capacity
and the pressure.

2. Models of Bubble Formation

The modeling of bubble formation at an orifice has received a great deal of attention. Available models
can be categorized as:

a. Single-stage models

b. Two-stage models

c. Numerical models

Some of the many examples of these various models are discussed below,

a. The Davidson-Schuler Single-Stage Model ;

!

The quintessential example of a single-stage model is that developed by Davidson and Schuler [32].
The volume of the bubble at the time it detaches from the orifice is given in this model by:

| 3
xD 6/5 lB CQN,B " *

36 g /5

where C is a constant and Q is the volumetric flow rate into the bubble. The original model, developed
for constant flow conditions, used C = 1.378. Empirical correlation of data yields C = 1.722 [33]. J

Kumar and Kaloor [31] have shown that a simplification of a two-stage model yields C = 0.976. An
alternative derivation by Davidson and Harrison [34] yields C = 1.138. A critical step in the derivation

I
| of the model is the specification of the volume of water that is " attached" to the bubble. It is assumed
; that this water volume is proportional to the volume of the bubble. The proportionality constant is often '

taken to be 11/16. But, values as low as 1/2 have been used. The selection of the proportionality
constant will affect the value of C in the Davidson-Schuler model.

.

| The Davidson-Schuler model has been compared to data for noncondensible gases above (see
Figure 22). The derivation of the model does not include treatment of condensation of the gas within

; the forming bubble. As noted above, when the driving force for steam condensation is not too large,

i
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!

observed bubble volumes agree rather well with the Davidson-Schuler model predictions especially if
the uncertainty in the multiplicative coefficient C is recognized.

' 1

'

b. Two-stage Bubble Formation Models

Two-stage bubble formation models make a distinction between the initial growth of a bubble, which
I is assumed spherical, and growth once the zone of attachment between the bubble and the orifice begins'

to " neck down." The model suggested by Kumar and Kaloor for constant flow conditions is [311:

l/3 2/35 2 2.418 jQViv /3 , 0.04739 Q xD oi V cos 6o gi + +
8 pig pg g

L

!

BfV
2

g ,} C(VB-V) 3DfV 2/3 _ y 2/3'-VB 1 _ B 1ricos 6 + 0.5D sin 6 =o _
3

2Q(A + 1) AQ 2Q(A - 1/3)
i

j where:
1

VB = final bubble volume
i

Vi = bubble volume at the end of the first growth stage

r1 = (3V /41)1/3i

A = 1 + 14.6167 V l/3i / Q(pg + 11pi/16)

| B = (pg - p ) g / Q (pg + 11pg/16)g

C = xD og cos 6 / Q (pg + 11pg/16)o

D = 2.418 g / (pg + 1l#1/16)
|

! and 6 is the angle describing the orientation of the orifice. When 6 = 0, the orifice is horizontal with
its axis pointing upward. When 6 = 90", the orifice is vertical with its axis horizontal. The physical
descriptions of bubble behavior that are the basis of the Kumar and Kalcor model are questionable for
6 > 60* and inappropriate for 6 > 90".

| As the volume behind the orifice becomes very large, it becomes better to consider bubble formation
|to occur at constant pressure rather than at constant flow. Kumar and Kaloor's model for bubble
j formation at constant pressure is [31]:
;

i

|
4
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0.2068 K2 (p8 + 11pi/16) 1/3 , 3.224 oj
', P + 0.6204pigVI 2/3

'

V (pj - p )g = 2S V
'

i g v i
3

0.055556 K2 (#8 + 11p1/16) -10aif,1/3 2/3

' f2.4814 PV- 1.1545pigV3- ' 3

- 1/2
2.418 K 1 1/3_3.224 oj

+ xDo icos(6)
'

P +0.6204 pig Vi o+

V V
3 3

,

.
-

and

-VC(V -V ) 3D (VB iB(VB -Vi) B 1

ri cos 6 + 0.5Do ,sm 6 -
, _

2Q(A + 1) AQ 2Q (A-1/3) ,

,

where K is a constant peculiar to the system. When multiple orifices are connected to the chamber
volume, it is not immediately obvious whether the constant pressure or the constant flow models should

,

be applied. Typically, analysts seem to hau divided the chamber volume by the number of orifices andi'
have used the resulting quotient to adjudicete the appropriate model to use. Such an analysis suggests
that quenchers would be properly treated as they yielded bubbles formed under constant flow conditions.

,

The predictions of bubble diameter for noncondensible gases discharged into water obtained from the ;

Kumar and Kaloor model are compared to data (Table 5) in Figure 25. It is clear from the comparison ,
in this figure that the Kumar and Kaloor model is a much better predictor of the data than either the
Davidson and Schuler model (see Figure 22) or the correlation developed by Paul et al. (see Figure 21). .
The Kumar and Kaloor model predicts well data obtained for small orifices at low flow rates which are '
not predicted well by the other model and correlation.

;

Ruff [35] has made empirical modifications to the Kumar and Kaloor model. His modified model is:
,

VB=VB Q E

V * = V * + AV *B

|

*
0.0578 2.417V*= + 0.204 # + x(D oj) *o *

|

(V * )2/3 (y * )1/3 y*

I
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|

AV * = 1 + 4(p * )3/4

where

3= pi pi g /5 g /5/ 1*
p

2 6/5(D ai)* = D og/g /5 9 go o

Ruff's empirical corrections modestly improve the prediction of data as is shown in Figure 26.

The variation in the bubble diameter with orifice orientation predicted with the Kumar and Kaloor model
is shown in Figure 27 for air injected into water through a 1.27-cm orifice. Also shown in Figure 27
is the bubble diameter that would be predicted with Ruff's empirically modified model for a horizontal
orifice (0 = 0) and the range of bubble diameters that would be predicted with the Davidson-Schuler
model. The prediction obtained with the correlation developed by Paul et al. [30] is off the scale of;

| this figure. The Kumar and Kaloor model predicts that bubble diameter increases with increasing
orifice angle to a broad maximum centered at about 37 . The bubble diameter decreases noticeably
with increasing orifice angle for angles greater than about 45 . The range of variation is, however, not

| large in comparison to the scatter in data about the model predictions for horizontal orifices (see
Figure 25).

| The two-stage models of bubble formation seem to be superior to the single-stage model or the empirical
correlation by Paul et al. The superiority is revealed, however, by comparisons to data for orifices i

much smaller than those encountered in steam suppression pools. It might, then, be argued that the
superiority is irrelevant. All of the models and the correlation do equivalently well predicting data for
orifices that are about I cm in diameter. The problem is, however, that the available data do not really
span the entire regime of interest for the analysis of aerosol removal by suppression pools during severe
reactor accidents. Since extrapolations will be necessary, the physically-based model developed by
Kumar and Kaloor is quite attractive. Extrapolations can be done with more confidence since the model
does account for so much data.

Attractive as they are, the Kumar and Kalcor model or the empirical modification by Ruff do not
account for condensation of water vapor during bubble formation. Perhaps the simplest modification
to account for condensation is to correct the volume flow of gas through the orifice for steam

| condensation. The rate limitation for steam condensation is the convective removal of heat from the
hubble by the suppression pool water. Detailed calculation of the rate of heat removal by water during|

the growth of a bubble would be a challenging undertaking. This also might be substantially more
detailed than the available data on bubble formation. A simpler approach is to estimate an average heat
transfer over the period of bubble formation. Then, the corrected volume flow of gas to form the
bubble is given by:

X1i RTB
Q' = Q 7 (TB-T)w p

|
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where

,

Q' = volume flow corrected for the effect of condensation,
.

Q = measured volume flow

XIi = average product of bubble area and the heat transfer coefficient,

| TB = saturation temperature in the bubble gas, ;

!

| T, = bulk water temperature, and
!

l

! P = pressure in the bubble.
|

Similar averaging formulations have been found useful for the estimation of mass transport during
bubble formation [82].

Under most conditions hypothesized to develop in steam suppression pools during reactor accidents, the
driving force for steam condensation, T - T , is not expected to be large. Certainly, it is not expectedB w
to be as large as the driving force for steam condensation in Schmidt's experiments [72]. Data obtained
by Besset [208] involve conditions more nearly like those expected to exist during bubble formation in
a steam suppression pool. Consequently, the Ruff model with the simple average correction for the
effects of steam condensation was fit to Besset's data. It was found that a decidedly better fit could be
obtained by allowing the heat transfer coefficient to be proportional to the steam flow rate:

XIi = (Q
;

The value of the proportionality constant derived from the fit is:
;

,

( = 4.24 x 10-3 cal /cm -K3

Predicted and observed bubble diameters are compared in Figure 28. The simple correction for the
effects of condensation tends to overpredict bubble sizes for T - Tw < 50 K. For larger condensationB
driving forces, the simple model under-predicts bubble size. The differences between predictions and
observations are, however, not large.

ce Numerical Models

!

In recent years, detailed numerical models of bubble formation at submerged orifices have become more |

popular than derivation of approximate analytic expressions. The numerical models are able to account
for the nonspherical nature of bubbles and other complexities such as flows in the liquid phase. The
numerical modeling of bubble formation was, apparently, pioneered by Kupferberg [258). Since this
original work, the method has been developed substantially [207, 259-264]. Recent models are able
to show the " necking" of bubbles (that leads to detachment) is a natural consequence of the governing
equations [262).
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Most of the very detailed, numerical simulations of bubble growth have not considered condensation.
In any event, the models are far more detailed than can be used or is needed for this work. Though
this topic will be pursued further in connection with aerosol trapping, it is not discussed further here.

t3. Bubble Formation at Downcomers '

The regimes of bubble formation at downcomers have been studied primarily in connection with
investigations of steam suppression pool behavior during design-basis accidents. Lee and Chan [40]
have reviewed some of this literature. Based on small-scale experiments with a 5.08-cm-diameter
downcomer, they produced the flow regime map shown in Figure 29. This work was done for higher
mass flows than would be expected for the ex-vessel phases of severe accidents. Also, the vapor of
interest in design basis studies is nearly all steam and does not contain the substantial fraction of
noncondensible gases (nitrogen, hydrogen, carbon dioxide and carbon monoxide) that would be expected
to be present in gases passing through downcomers in a severe accident. The disparities between flow
rates and gas compositions in severe accidents versus flow rates and gas compositions in design basis
accidents, make it difficult to believe the precise boundaries between regimes found by Lee and Chan
are applicable to severe accident source term attenuation that is of interest here. Further doubt on the
absolute applicability of the Lee and Chan results is raised by the issues of scaling the findings from
tests with a 5-cm diameter vent to full-size vents and downcomers that have diameters of about 60 cm.
Certainly, the regime that Lee and Chan indicate will allow steam to escape their small scale pool
cannot be extrapolated to actual suppression pools in which the downcomer is more deeply submerged.
The qualitative features of flow through a downcomer observed by Lee and Chan may be applicable to
issues of severe accidents if allowances are made for the presence of noncondensible gases.

At very low flows, Lee and Chan observed no bubble formation. Steam simply condensed within the
piping system. An interface with the liquid in the pipe was maintained. Were substantial amounts of
noncondensible gas present, bubbles would form in the downcomer at least episodically. Nevertheless,
the important observation that at low flows substantial condensation can take place within the
downcomer has a bearing on aerosol removal. Condensation of vapor would sweep out aerosol particles
(diffusiophoretic deposition). Temperature gradients within the gas phase could also cause some
decontamination (thermophoretic deposition).

lee and Chan [40] clearly felt most of the vapor condensation took place on the submerged walls of
the downcomer. The interface between the liquid and the gas phase within the downcomer was assumed
to be quickly steam-saturated. Other theoretical analyses of downcomer performance have considered
mechanisms by which condensation at the interface could be important (41].

The focus of studies by Ixe and Chan was on " chugging" in the downcomer. Chugging occurs when
condensation of steam proceeds more rapidly than supply. A partial vacuum is created and water is'

pulicd up into the downcomer until the rate of condensation falls below the rate of supply of steam.
At low flow rates of steam, the chugging phenomenon occurs entirely within the downcomer. A
schematic illustration of liquid behavior in such an internal chugging event observed by Lee and Chan
is shown in Figure 30. Of course, with substantial amounts of noncondensible gas piesent, chugging
could not be confined entirely to within the downconwr even at very low flows.

With increases in mass flow and decreases in the water pool subcooling,12e and Chan observed4

chugging phenomena outside the downcomer. Schematic illustrations of gas behavior in chugging with

61 NUREG/CR-6153

_ _ _ _ - _ _ _ _ _ _ _ _ _



_ _ _ _ _ _ _ _ _ _ _ . - . -

,

,

.

z E
g 1
m 9. |9 @o

a
. oe !a a

y i i i I I I
'

__

U Oscillatory Ellipsoidal 'o
~

Bubble Oscillatory Ellipsoidal
| W

Bubble Jet -

{ 80 |

l- External
h Chugging '

uJ with Encapsulating' Oscillatory !

,

Bubble
[ 60 Oscillatory [

Jet ~

p Bubblej3 External Chugging ;

a
O with Detached j

O Bubble i

' !-

40 --

DC .

u.I |

k internal
'

3 Chugging
! l

, , i i
!20

01 02 0.3 0.4 0.5 0.6 0.7 0.8
;

2MOLES STEAM PER cm -s

i

i
i

Figure 29. Flow regime map developed from results of studies with a small-scale model of a suppression pool downcomer
- - - - - - _ _ - - - - - - - _ - - . _. _ - - - _ _ - - - - - - - - -



|
Physical Phenomena

i

|

O

i -

,

1

| D
i
l
i

:

|

1
:

I

i 0 8 ms 21 ms 45 ms 61 ms

|

I

|
I

|
i

l
.

,

i
t

i
:

!

| Figure 30. Internal " chug" observed in tests by Lee and Chan [40]

|

| 63 NUREG/CR-6153
,

I

!
, -_ __ _ __ _ - - . - __ _ _ _ - . - - - - _ _ _



Physical Phenomena

bubble detachment and without bubble detachment are shown in Figures 31 and 32. In the case of
chugging without bubble detachment, a vapor volume rose up around the downcomer.
Finally, Lee and Chan did not observe chugging at low levels of subcooling. Instead, vapor

permanently extended to the end of the downcomer. Bubbles would detach and rise up around the j

downcomer.

Detached bubbles were observed to collapse and disintegrate as they rose through the subcooled water |

pool. Lee and Chan describe the collapse as beginning in a smooth fashion. As collapse progressed,
indentations and evidence of instability appeared on the surface of the bubble. The appearance of
irregularity in the bubble surface marked the beginning of bubble disintegration.

The qualitative observations made by Iee and Chan indicate that there are two classes of bubble
behavior in the case of downcomers. In some cases, bubbles detach from the orifice and disintegrate.
This case is not greatly different than the situation considered for bubbles forming at orifices on
quenchers. The second class of bubble behavior does not involve detachment of the bubble. Instead,
the bubble envelops the downcomer and rias up around it before disintegrating. This is called the
" encapsulating bubble" case.

One would expect that there is some effect of the downcomer on the bubble swarm produced by bubble
disintegration. It may be that bubbles rising near the downcomer behave differently than bubbles rising
in the bulk suppression pool. Entrainment of liquid by the rising swarm to form a plume (see below)
must be affected. This issue is not pursued further here aside from acknowledging it as an uncertainty
that might affect predictions of aerosol behavior in the bubbles.

l

Lee and Chan do not provide much detail concerning bubbles expelled from the downcomer. They
consider the bubble volume to be approximately: i

3VB=1D6

where D is the diameter of the downcomer. |

The SPARC model [6] uses a Weber number correlation developed from data obtained at the Battelle |

Columbus Laboratory [42] to describe the bubbles formed by a downcomer: |
|

(#1-#g)l/2 1/2 , g gMVB 8

2 1/2xD f4 y

| l
. l
.

whereI

|

2We = U pg D /ogg p

D = downcomer diameterp
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The BUSCA model [9] uses a correlation of data [38] suggested by Paul et al. [30):

V (nun ) = 0.0505[U (mm/s)]0.95 [D (mm)]2.383
B o p

Wnath [214] has developed a description of bubble formation at downward facing nozzles at the same
level of approximation as the Davidson-Schuler model of bubble formation at upward facing nozzles.
This description yields:

D (cm) = 0.327 Q(cm /s)0.4
3

B

Tsuge et al. [215] have described a two-stage model of bubble formation at a downward facing nozzle.
They provide differential equations for the " expansion phase" and the detachment" phase of bubble
formation. For constant flow the bubble volume change with time is given by:

3d V (1) d (4/3)rrB
=Q=

dt dt

where Q is the volumetric flow rate of gas. The expansion phase ends when

g' 23 2 2pjg,(4/3)rr - xD (o)r/2 = 0.5Cp p; n
dt

3 Q /rD(i)2 7p(;),(2/3)rr p} 4#8
+

where

D(o) = outer diameter of the downcomer,

C9 = drag coefficient, and

D(i) = inner diameter of the downcomer.

The expansion phase is characterized by:
I

d V (3)d 3 2 B

Q = dt 4rr /3 - xD (o) (r + x)/4 =

dt

L
andI

j d 0.5 V (3)pl 2 ' dx ' 2 2 2B V (3)g - 0.5Copgn - 4pg Q /rD (i) - xD(i)o;" #1 B 7dt
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where x is the location of the bubble center relative to the opening of the downcomer. The bubble is
taken to detach from the downcomer when x = r. The detached bubble volume is:

3
4rr /3 - xD(o)2r/2 = VB

and

1/3
6VB

DB"
1

Tsuge et al. show good agreement between model predictions and bubble diameters for high gas flow
through downcomers with inner diameters of I cm and less. At lower gas flows, the model somewhat
overpredicts bubble size.

The model developed by Tsug et al. has been used here to calculate bubble volumes for flow Weber
numbers of I x 10-5 4to 3.6 x 10 for a 60 cm diameter downcomer submerged to a depth of 400 cm.
The predicted volume-equivalent spherical bubble diameters varied from 73.5 to 75 cm over this flow
range! The essentially constant bubble diameter predicted with the model is not sensitive to any
significant extent to the submergence of the downcomer.

Predictions of the various models are compared in Figure 33. Predictions derived from the correlations
of small bubble sizes at low flow rates are certainly at odds with predictions of the two-stage model
developed by Tsuge et al. [215] and do not seem physically reasonable.

Another qualitative observation made by Lee and Chan [40] is that substantial heat transfer from the
gas phase takes place within the downcomer itself. Thermal gradients as well as steam condensation
taking place within the downcomer could be important mechanisms for the removal of acrosols from
the gas phase. Lee and Chan seem to feel that most of the heat transfer is to the submerged walls of
the downcomer. They argue that the water interface with gas in the downcomer quickly becomes steam
saturated and does not provide an important heat sink until the bubble forms. Lee and Chan take the
heat transfer coefficient to be:

-

2 3gp Ali 11 k |w fg gh = 15.8
#1 kg(Ts-T) D pg#8p p

j,

where

h = heat transfer coefficient,

T = saturation temperature of the gas,s

T = bulk water temperature,p
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|p, = density of water,
1

! p = gas density,g

AHg = latent heat of condensation per unit mass of steam,g

kg = thermal conductivity of the liquid,

k = thermal conductivity of the gas,g
,

s

pg = viscosity of the liquid, ;

i

= viscosity of the gas, andg

H = submergence length of the downcomer.

This expression, of course, defines a laminar, liquid film, heat transfer coefficient. Lee and Chan
!acknowledge that this is, at best, a very approximate model of the actual heat transfer taking place in

the downcomer. Interestingly, the CHUG 1 computer code [43] sets this wall heat transfer coefficient ;

to zero. !
!

Kowalchuk and Sonin [41], on the other hand, focused on heat transfer from the gas to the liquid
,!interface in the downcomers. They considered that the rate of vapor condensation could 1,e limited by:

the supply of vapor, or*

o turbulent thermal diffusion in the water
,
.

The mass rate of steam condensation was estimated to be:

Stpw Cw V (T T) Is p
the" -

1/2 ;
i

2
AH 1+rt Vt :

# D
.

p_

,

where
,

C, = heat capacity of water,

V = average speed at which water, rises and falls within the downcomer,

St = Stanton number taken to be about 0.1, and

S = uncertain turbulence parameter taken to have values between 0.01 and 0.015.
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The conclusion that can be derived from this expression is that heat transfer and condensation will occur

in the downcomers. Quantitative details about the heat transfer are not at all certain. Condensation and
heat transfer within the downcomers could be responsible for significant aerosol removal from the gas
phase. But, the topic of aerosol removal within the piping system is outside the scope of this work and
will be neglected here. The risk in neglecting the mass removal from the gas phase during passage
through the downcomers is that the size distribution of aerosols that reach the pool might be altered.
As will be discussed at length below, aerosol trapping from bubbles in a suppression pool is very
dependent on the aerosol particle size.

4. Hubble Formation at IIorizontal Vents

The SPARC code [6] incorporates a Weber number correlation derived from experimental data [42] to
predict the initial volumes of bubbles formed at horizontal vents:

(

g /24Vg (pj-p )1/2 1

= 0.857 We .730g

2 1/2
xD a;p

where D is the diameter of the vent. The BUSCA code [9] employs the dimensional correlation
p

suggested by Paul et al. [30] for bubble volumes from horizontal vents:

V (mm ) = 0.0429 [U (mm/s)]0.92 [D (mm)]2.463
B o p

Presumably, the angle-dependent orifice model developed by Kumar and Kaloor (see Section IV-A2,
above) could also be used. IIorizontal vent diameters of interest here (~72 cm) are, of course, very
much larger than what was in mind when this model was developed.

Comparison of the predictions of these models are shown in Figure 34. Predictions of the various
models diverge with increasing gas velocity. Interestingly, the Davidson-Schuler model predicts results
within the range of predictions by the other models.

The essential difficulty with large diameter horizontal vents to the suppression pool is that at lower gas
generation rates, water is not expelled completely from the vent during bubble formation.
Consequently, for most accident situation, the orifice is not circular and the " effective diameter" of the
orifice is not equal to the geometric diameter of the vent. Fischer and IIafner [292] cite data for bubble
formation at a 68.6 cm horizontal orifice obtained by Battelle Columbus Laboratory and unavailable

to the authors of this document that can be correlated in terms of the nondimensional bubble size and
the bubble Weber number

We .83990
VN = 0.594
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where, as above:

2xD
N = (rD /6 )(pi-p )1/2 g /2 f1 oV

B g

2We = U piD /oiog

Note that the geometric vent diameter, D , is used in the correlation. Fischer and Hafner considered ;o
this to be very questionable.

B. Collapse and Disintegration of Large Bubbles

Bubbles released from orifices and vents in the steam suppression pool may not be stable. ' The gases
that make up the initial bubbles may be supersaturated in steam relative to the bulk water pool
temperature. Formation of the bubble is possible only because heat liberated by condensatica of steam
raises the interface temperature to saturation. Once the bubble detaches from the orifice or vent andt

begins to rise in the pool, colder water is encountered and heat transfer from the interface becomes
more efficient.

The collapse of vapor bubbles has received a lot of attention. Pressure pulses produced by bubble
collapse are thought to be responsible for equipment damage during cavitation [90] and during
" chugging" in steam suppression pools [40]. The rate of bubble collapse may be limited by inertia or i

by the rate of heat transfer. Bubble collapse limited by inertial effects alone has received the most i

attention and models of varying sophistication have been proposed [91]:

. Rayleigh model [92]e

- water is treated as incompressible; C = =

R(t) a R(t) , ,3 ' SR(t)' 2

p(m) (P(t) - P(*))
1

2 2, at
I at
1

6 Herring's model [91]

- speed cisound independent of pressure
,

2'

R(t) 0 R(t) 3 3_4 1 BR(t) ' ' SR(t)' 2'

2 2 3 C(m) at atat

1 R(t) 2 P(t) 1 SR(t)' ~
~

4

P(t) - P(m) * 3_,

p(m)
.

C(m) 2t C(m) at
.
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Gilmore's model [91]*

'

1
l- pressure-dependent speed of sound in water

C(P) = C(m) [(P + B)/(P(m) + B)]3/7'

R(t) a R(t)
~

1 SR(t)'3_
at ,

C(R) at2
,

3_ ' SR(t) ' 2
_

1 BR(t) ' 1 SR(t)'= H(P) 1+
2 at 3C(R) at C(R) at

, _

R(t) BH
'

1 BR(t)'. l-
C(R) T

,
C(R) at

,

I 2p(m) 6 (P(x) + B) ((P + B)/(P(m) + B))6/7 _1H(P) = _

where

R(t) = bubble radius at time t,

P(t) = presstire at the bubble walls at time t,

C = speed of sound in water, and

B = 2961 atms.

If the collapse is adiabatic, then
,

!

R(o)' D
P(t) = P(o)

R(t)

1

7 = C (gas)/C (gas) |p y

!

In the case where heat transfer from the bubble is rapid relative to collapse:

eq(H O) + "NP(t) = P 2 4
r R(t)y
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where Peq(H O) is the equilibrium partial pressure of water at the bulk pool temperature T, R is the2
gas constant and n(NC) is the moles of noncondensible gas in the bubble.

For the bubbles of interest in the analyses of suppression pool scrubbing, introduction of the
compressibility of water hardly affects the predicted results. An example calculation of the timing of
bubble collapse under inertial control using Gilmore's model is shown in Figure 35. Note that spherical
collapse becomes unstable to nonspherical perturbations once R(t) / R(o) falls below 0.2 [93].

Inertially limited bubble collapse is quite rapid. The example shown in Figure 35 would require Nusselt
numbers for heat transfer from the bubble on the order of 3 x 104 which, as will be seen in the
discussion in a later section, would be difficult to achieve in most situations. It seems likely, then, that
heat transfer will be an important if not dominant factor in the collapse of supersaturated bubbles
discharged into the suppression pool.

Florschuetz and Chao [94] introduced the parameter B to distinguish regimes of bubble collapse:

2 1/2
#1CgAT kg i pj

B-
L plC1 R(o) APAg

where

AT = T - Ts p
1

AP = Ppogg - Peq(T )p

| For B values greater than 10, inertial processes control. For B values less than 0.05, heat transfer
processes control bubble collapse. For values of AT up to about 50 K, collapse is well within the heat
transfer control regime.

|

| Much of the analysis of bubble collapse under heat transfer control has been for stationary bubbles
[94,95]. Wittke and Chao [96] have demonstrated there to be a substantial effect of motion on the'

collapse of bubbles. Moalem and Sideman [97] have developed a simple description of bubble collapse

( which treats the effects of both motion and the presence of noncondensible gas:

0 -Of
_S = 1_gg /4
d

dr 13

where

# = R(t) / R(o)

7 = Ja Pe 1/2 pg'

g
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Figure 35. Isothermal, inertially-controlled collapse of a 2-cm bubble in water at 319 K according
to Gilmore's model
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Ja = pj C '(Tsat - T(m)) / 4 Ii 8

Peo = 2R(o)U / k / pi Cio i

| F = k t / R(o)2 pi Co i i

Uo = rise velocity of bubble l

They derived this model for potential flow conditions and assumed the Nusselt number to be:

|

Nu = ____B, 1,3 3 pe /2 |l
_,

| ki
!

| where h is the heat transfer coefficient. The final dimensionless bubble volume, #r, is given by:

-

1/3 )2
RT Yosat

Of =
L(Tsat - T(m)),

; . .

,

where

i

Tsat = saturation temperature corresponding to the initial partial pressure of steam in the bubble

T(m) = pool temperature i
;

L = heat of vaporization of water

yo = initial mole fraction of noncondensible gases in the bubble.

Predictions of this model are compared in Figure 36 to data obtained by Levenspiel [98] and in
Figures 37 and 38 to data obtained by Wittke and Chao [%). The agreement between data and model

1

predictions is about the same as that obtained by Wittke and Chao with a more detailed, finite-
difference, model. Agreement between the model and the data could probably be improved by using
a size dependent model of the bubble rise velocity and a more detailed heat transfer model.i

Note that the data for bubble collapse are for bubbles that are much smaller than those expected to form
at vents and orifices in steam suppression pools. Bubbles formed initially in the suppression pool can
be so large that they are hydrodynami; ally unstable even if they are not supersaturated in steam. The

|
classic limiting size for a stable bubble is given by Levich [99] to be:

!

Dlimit = 1.0ai/UT (#g#1 )1/3

( Locrtschuer et al. [100] have found for large bubbles that the rise velocity in water is given by:
i
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Figure 36. Comparison of bubble collapse predictions to data from Levenspiel [98]
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Figure 38. Comparison of predictions of bubble collapse to data from Wittke and Chao [96]
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j UT (cm/s) = 0.7354 /gDB
2

<

i These data are shown in Figure 39. This, then, yields for the maximum stable bubble size in water
i about 2 cm.
;
.

! Grace et al. [101] have conducted a two dimensional Rayleigh-Taylor instability analysis of rising
) bubbles. They consider the growth of sinusoidal disturbances at the interface of the bubble. Surface
; tension will prevent the growth of disturbances smaller than a critical wavelength given by:
|
i

) Ac = 2r// pig /oi ;

i

i Disturbances with larger wavelengths can grow. But, disturbances larger than about Au = x D /2B
1 amount to gross translations of the bubble as a whole and need not be considered responsible for
j breakup of oversized bubbles.
.

:

Disturbances with wavelengths between A and A will grow as they are swept along the interfacec u ,

I during bubble rise. The time available for disturbances to grow is given by:
]

|

2DB
t(a) = In{ cot (A/4D )}B

UT,

i

i !
'

where

t(a) = time available for disturbance growth,

DB = bubble diameter,

UT = rise velocity, and

A = wavelength of a disturbance.

Disturbances grow as does exp (at) where a is given by:

2
- - -

1/2'_2 apl 2r 2 aPl '_ 2 api'_2r 2r+2 + -4+ +
A #1 h #1 A #1

. . .
,

.

+1+1 #I2 (og - A gplj4,2) = 0
2

2r
#1

Experience indicates that when the product t(a)a exceeds 3.8 for disturbances with wavelengths between
A and A , the bubble will break up. Bubble stability maps fir water based on this criterion are shownc p
in Figures 40 and 41. Other discussions of bubble stability are to be found in References 216 and 217.
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I
The stability analysis indicates that overly large bubbles will break up. The analysis does not indicate
the sizes of the bubbles left after the breakup. Empirical evidence suggest that the bubble will " calve";

off fragments of fairly random size. Fragments that are small enough to be stable may coalesce to form
! larger bubbles.

C. Bubble Size Distribution and the Coalescence of Bubbles

! At the conclusion of the bubble formation and breakup process there will be a swarm of bubbles rising
through the suppression pool. Presumably bubbles in the swarm will have a distribution of sizes. As
will be discussed further, below, bubble size has an important bearing on the efficiency of aerosoli

removal. It is, then, necessary to have a good estimate of the bubble size distribution.

'

Empirical evidence on the size distribution of bubbles rising through suppression pools has been
obtained by Paul et al. [30] and by Hakii et al. [69]. Both teams of investigators examined bubble size

| distributions produced by orifices found on quenchers. Both groups obtained about the same results.
The experiments conducted by Paul et al. are especially well documented.

Paul et al. examined bubble size distributions at several elevations above a quencher orifice. They
examined the effects on the size distribution of gas injection rate (see Figure 42), orifice orientation (see

'

Figure 43) and orifice size (see Figure 44). Bubble size distributions were found to be approximately
i lognormal and could be characterized adequately by a mean and a geometric standard deviation.

Mean bubble diameters and geometric standard deviations as functions of gas injection rates are shown,

in Figure 42. It appears that there may be a dependence of bubble size on gas injection rates for
injection rates less than 0.1 moles /s. A dependence on gas injection rates would be expected if very:

small bubbles were coalescing to form bubbles of a stable size. There is no obvious dependence of the
geometric standard deviation on gas injection rates. The logarithmic mean geometric standard deviation
is 1.44 to 1.63. The geometric standard deviation does not appear to be strongly correlated with the
mean bubble size.

Bubble size distribution data listed in Table 8 are plotted against orifice size in Figure 43. Though|

system parameters other than orifice size vary within this data set, it is not obvious that parameters,

! characterizing the bubble size distribution depend on orifice size. Whether this conclusion can be
extrapolated to orifices the size of downcomers and horizontal vents is problematic.,

Data listed in Table 9 are plotted in Figure 44 against the orientation angle of the orifice (a 90
orientation corresponds to an orifice opening horizontally). Data for all orientations other than 90

|
were obtained at lower gas injection rates than data obtained for the 90" orientation. The mean

|
diameters of the bubble size distribution are sensitive to gas injection rates in this range. Consequently,
data shown in Figure 42 were extrapolated to 0.027 moles /s to obtain data points for the 90* orientation
shown in Figure 44. There is some indication that bubbles formed after injection at angles greater than
90 have somewhat larger mean diameters than bubble size distribution produced by gas injection at
orientations of 0 to 90 . The effect is, however, not much greater than the expected uncertainty in the I

measurements.
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Table 8. Effect of orifice size on the bubble size distribution

Orifice Gas Elevation Mean Geometric
diameter injection rate above orifice bubble size standard deviation

(cm) (mole /s) (cm) (cm) (-)
0.99 0.068 122 0.586 1.57

0.99 0.114 122 0.566 1.54

1.27 0.070 122 0.540 1.63

2.02 0.108 122 0.509 1.44

0.99 0.068 198 0.564 1.50

0.99 0.090 198 0.583 1.51

0.99 0.114 198 0.533 1.47

1.27 0.070 198 0.603 1.55

2.02 0.104 198 0.578 1.49

Table 9. Effect of orifice orientation on the bubble size distribution

Orifice Gas Orifice Elevation Mean Geometric
diameter injection rate orientation above orifice bubble size standard deviation

.
(cm) (moles /s) () (cm) (cm) (-)

1

1.27 0.027 0 122 0.446 1.50

1.27 0.027 60 122 0.461 1.62

1.27 0.027 140 122 0.485 1.57

1.27 0.070 90 122 0.540 1.63

(1.27)* (0.027) (90) (122) (0.49) -

1.27 0.027 0 198 0.430 1.59

1.27 0.027 60 198 0.424 1.59

( 1.27 0.027 140 198 0.540 1.62

1.27 0.070 90 198 0.603 1.55

! (1.27)* (0.027) (90) (198) (0.48) -

* Extrapolated based on gas injection rate dependence of bubble size.
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The mean of the final bubble size distribution is strongly affected by the mole fraction of steam in the
gas initially discharged to the suppression pool. Data for air-steam mixtures are listed in Table 10 and j

are plotted in Figures 45 and 46. The mean bubble size data were fit by lin ar least-squares methods
'

to:

2InDB = -0.4837 - 0.5972y

where y is the mole fraction of steam in the initial gas discharged to the pool. (The pool in these tests
was cool enough that essentially all of the steam would condense, eventually). The 100 (1 - a) percent
confidence bands for predictions derived from this correlation can be obtained from

+ (y -0.4434)2
B = InD | reg 0.0634 t(1-a/2)(10)InD B

_ _

where

valu fin DB calculated from the regression equation, andInD | reg
=

B

t(1-a/2)(10) critical Student's t statistic for 10 degrees of freedom and a confidence level of )=
'

100 (1 - a/2) percent.

According to the data shown in Figure 42 there is some small dependence of the mean bubble size on I
gas injection rate. A multiplicative coefficient can then be derived to yield an overall regression
equation for the mean bubble size:

2DB = 0.435 {1 + exp[-0.08789/Q]} exp[-0.5972y j

Results obtained by Paul et al. [30] and the rather similar results obtained by Hakii et al. [69] are not
readily interpreted in terms of mechanism. It appears that oversized bubbles form, break up, and |
rapidly coalesce to form bubble swarms with mean bubble diameters very near 0.5 cm. A coalescence |

step is hypothesized because there is nothing in the bubble breakup process that would seem to produce i

such narrow distributions of bubble sizes as are observed in the experiments.

Coalescence of gas bubbles is known to be a major factor in gas-liquid interactions [72]. Coalescence
of bubbles is observed to occur easily in very pure systems if the relative velocities of the interacting
bubbles are not too different [73]. Contamination of the liquid with ionic or organic solutes is found
to inhibit bubble coalescence.
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Table 10. Effect of steam concentration on the bubble size distribution

Elevation
Orifice Steam Noncondensible above Mean Geometric

diameter injection rate injection rate orifice bubble size standard deviation
(cm) (moles /s) (moles /s) (cm) (cm) (-)

0.99 0.0264 0.0680 122 0.556 1.54

0.99 0.0440 0.0452 122 0.544 1.52

0.99 0.0677 0.0225 122 0.447 1.53

0.99 0.0827 0.0045 122 0.374 1.36

0.99 0.0260 0.0687 198 0.578 1.52

0.99 0.0432 0.0459 198 0.524 1.44

0.99 0.0638 0.0229 198 0.498 1.61

0.99 0.0833 0.0046 198 0.313 1.48

0.99 0.0276 0.0691 305 0.566 1.51

0.99 0.0445 0.0456 305 0.566 1.46

0.99 0.0677 0.0227 305 0.455 1.50

0.99 0.0855 0.0046 305 0.361 1.46

! Oolman and Blanch [71] consider bubble coalescence to be a three step process:
|

hydrodynamic processes bring bubbles into close proximity so that a liquid layer 10-3 to 10-4* cm
thick separates the bubbles,

processes driven by surface tension thin the separation layer to a thickness of about 10-6 cm, ando

the separation layer ruptures so the bubbles unite.( o

It has been argued [74] that an electric double layer produced by dissolved ions resists the thinning of
the liquid layer between bubbles brought into close proximity by hydrodynamic processes. Oolman and
Blanch [71] -ject this argument because they believe the electric double layer has too small an effect.
They argue, instead, that the resistance to coalescence observed for contaminated liquids is the result
of surface tension effects.

| Consider two bubbles brought together so that there is a liquid film of thickness h 1 x 10-3 cm |so
between them. At the center, the film is flat and the pressure is the bubble pressure. At the perimeterl

f of the film, there are curvature effects. As a result, there is a pressure variation along the film given
by:
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4

3
AP = 4ai/DB + A/6th

:

i

i where A is the Hanamaker constant taken to be 10-12 ergs. If a solute is present, it will impart an '

opposing force given by [75]:
,

)

i '2
2 1 2c 0 81

I h RT ac

,

where c is the concentration of the solute in moles per liter. Then, from the Navier-Stekes equation:

2
' ah > 2 _ h h hA31 8 h _1.S ho o

A1- - A2+
ho ar2 h at h h ho o

,

.

where
1

1

1/2
01

7= t,

h#1 g
s

A1= 16 h 3 fpo B *

A2= 2 A / 3r ai r2,

'2
16c 0 01 2

A3- (1/01 RT r ), and
h aco

,

r= radius of film disk separating the bubbles.

Solution of this equation for various values of A shows there to be a critical solution concentration that3
-marks a transition from rapid bubble coalescence to slow bubble coalescence. Such behavior is ,
observed in the coalescence of bubble pairs rising through aqueous salt solutions [75,76]. Data correlate
best when plotted against ionic strength, I, rather than concentration. Data on coalescence efficiency

SO , MgCl , CaCl '(percent of bubble pairs observed to coalescence for solutions of kcl, AlCl , Mg2 4 2 23 ,

SO , LiC1, Nacl, and NaBr are shown in Figure 47. There appears to be a sharp increase in theNa2 4
efficiency of bubble coalescence once the ionic strength drops below about 0.18. Prince and Blanch
[209] indicate that the critical concentration for ionic solutes is given by:
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1/2
2Bol RT

C = 1.18 n( )
DB 2

dol.

~~

ac

where
i
'

C = concentration of the dissolved salt,
i

n(i) = number of ions produced when a " molecule" of salt dissolves, i

B = 1.5 x 10~19 erg cm, and i

I

aoi
I

_ = derivative of the liquid surface tension with respect to salt concentration. |
ac 1

Work done by Paul et al. [30] and by Hakii et al. [69] involved essentially uncontaminated water. In |
Isuch systems, efficient coalescence of bubbles to produce the observed bubble size distribution could

occur. This may not be the situation in reactor accidents. As the accident progresses, the water in the <

steam suppression pool becomes contaminated. Especially in the late phases of a reactor accident,
contamination of the steam suppression pool may be sufficient to interfere in the coalescence of gas
bubbles. Bubble size distributions different (presumably smaller) than those observed by Paul et al. [30]
or Hakii et al. [69] may form.

The inhibition to coalescence by organic, volatile materials is even more striking than the effect of ionic
solutes. Transitions from rapid coalescence to slow coalescence occur at organic volume fractions of
10-5 to 10-3. Later in the discussion of phenomena, it will be shown that organic contaminants affect I

rise velocities of bubbles and the inertial impaction of aerosol particles.

Iee et al. [220] have developed a probabilistic description of bubble coalescence. They describe the
rate of coalescence of bubbles of diameter d(1) and d(2) at number concentrations of n(1) and n(2),
respectively, as:

i
i

2 (d(1)2/3 + d(2)2/3f n(1)n(2)Rate = C exp, ,1/3 dc

2/3d |

|

where
,

d = d(1) + d(2),

e = turbulent energy dissipation rate per unit mass,
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| t = coalescence time = t(a) + t(b),
c

t(a) = 24x oj p h[ z / A2
h*

;

1

| t(b) = $(pid/2al)1/2 In[h(i)/h(f)] ,

| 4

Ah = Hanamaker's constant, and

| other symbols denote empirical constants. When plotted against bubble size, this rate of coalescence
for aqueous systems passes through a minimum at bubble diameters of about 0.25 cm. Coalescence
rates decrease with the intensity of turbulent energy dissipation. The coalescence rate, combined with
similar expressions developed by lee et al. on the rates of bubble breakup in turbulent environments,
might form the basis for rationalizing the invariance in the final bubble size distribution observed by

| Paul et al. [30]. The matter is not pursued further here. Moreover, the dependence of coalescence on
the turbulent energy dissipation makes it unclear that size distributions for bubbles observed by Paul et
al. in tests with one or a few orifices can be unequivocally applied to quenchers with hundreds of
orifices at conditions substantially different than those of the tests.

In the simplified model of suppression pool scrubbing developed below, keeping track of ionic strength
in the water pool is really impracticable. Water in the suppression pools of boiling water reactors will
usually be quite pure at the start of an accident, and bubble coalescence as observed by Paul et al. [30]
should be possible. As the accident progresses, the suppression pool will become progressively more
contaminated with both soluble and insoluble materials. Surely during the ex-vessel phases of an ,

|
j accident, the contamination will become sufficient to meet the concentration criterion that bubble

'

I coalescence is inhibited, j

Do Thermodynamics of Bubble Rise

Bubbles detach from vents and orifices and begin to equilibrate with the bulk pool. Achieving
equilibrium is quite dynamic and can involve disintegration or collapse of the initial bubble and
subsequent coalescence of the bubbles. All these dynamic processes take place rather quickly-within .

2 to 10 initial bubble diameters of the vents in the suppression pool [30). A swarm of bubbles then |
|

rises through the pool. As bubbles rise, there is a loss of pressure head so the bubbles expand. In
order to maintain equilibrium with the water pool, water will have to vapori7e into the bubble. There
is, then, a flux of water vapor coming off the walls of the bubble. This flux of water vapor will oppose
the motion of particles toward the walls. At the same time, expansion of the bubble will cool the gas ;

within the bubble. This will create a temperature difference between the bulk gas and the bubble ]
surface. As a result, there will be a thermophoretic driving force pushing particles away from the
bubble surface.

Analysis of the vaporization of water into the bubble must be done in terms of the internal energy of
an open system since neither the pressure nor the volume is constant. The analysis belo'w follows in
outline the general features of an analysis by Owczarski and Burk [6]. The gas in the bubble is taken
to be ideal. Here, aerosols within the bubble are neglected. Aerosols in the bubbles could be heat sinks
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and sources of decay heat. Concentrations of the aerosols are, however, thought to be sufficiently low |
so that the aerosols will not significantly perturb the thermodynamic properties of the gas. That is, at

3an aerosol concentration of 0.1 g/m , the aerosol would, typically, only increase the heat capacity of
the gas by about 0.01 percent. It is possible that water could condense on aerosol particles within a
bubble. Whether or not this happens is dependent on the properties of the aerosol material. This topic
is discussed further below. Aerosols could be a source of decay heat. At typical decay heating rates
of 0.3 W/g and a bubble rise time of 20 seconds, decay heating by aerosols at a concentration of

30.1 g/m would only increase the energy in the gas phase by the equivalent of 5 x 10-4 K. Thus, decay
heating is neglected here.

Consider a bubble of initial volume V(i), pressure P(i), and temperature T(i). A differential upward
displacement of the bubble, dx, is imagined to change the volume, pressure, and temperature to V(0,
P(0 and T(0, respectively. A molar amount of water, dn(H O) is also imagined to vaporize into the2
bubble during the displacement.

Changes in the internal energy of the bubble during the displacement are defined by:

AU = AQ - AW

where

AU = change in the internal energy,

AQ = change in the heat content, and

AW = work done by the bubble.

For the situation of interest here, work is taken to be pressure-volume work:

AW = PdV
V(i)

The thermodynamic cycle that can be used to define the change in state associated with the differential
displacement of the bubble involves the following steps:

,

|

an isothermal vaporization of dn(H O) moles of water into the bubble which causes the bubble to*
2

expand from V(i) to V',

|
an isothermal expansion from P(i), V', T(i) to P(0, V*, T(i), and*

a constant pressure expansion from P(0, V*, T(i) to P(0, V(0, T(0,*

|
|
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These steps can be compared to the internal energy change of an isothermal vaporization and a change
from T(i) to T(0

For the first step in the cycle, a constant temperature, constant pressure vaporization of dn(H O) moles2
of water, the work done is:

. n(H O) + dn(H O)2 2. V'
,p ,,

V(i) n(H O)2

and, thus,

RT(i)dn(H O)2
V' = V(i) +

P(i)

The work done :n the second step, the isothermal expansion from P(i), V', T(i) to P(0, V*, T(i) is:

.V * nRT(i) dV = nRT(i) In(V */V')AW = PdV =2 VV' V,

= [n (H O) + dn(H O) + n(NC)]RT(i)ln(V */V')o 2 2
,

where

R = gas constant,

n (H O) = moles of water vapor present in the bubble prior to the displacement, ando 2

n(NC) = moles of noncondensible gas in the bubble.

Since, by assumption, the gas is ideal:

V * = nRTO) and V' = nRT(i)
P(f) P(i)
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Then,

AW2 = [n (H O) + dn(H O) + n(NC)] RT(i) In[P(i)/P(0]o 2 2

The total work done in going from the initial to the final state is:

3 = dn(H O) RT(i)+ [n (H O)+n(NC)+dn(H O)] RT(i) In (i)
PAW = AW + AW +dW1 2 2 o 2 2
P(0

+ [n (H O) +n(NC)+dn(H O)] R(T(0-T(i))o 2 2

In the limit of small dx:

dW 2@ dinP
- [n(H O) + n(NC)]RT + [n(H O) + n(NC)]R S= RT 2 2dx dx dx dx

The change in the internal energy of an ideal gas is just a function of temperature. Therefore, the
internal energy change in going from the initial to the final state is:

dU T dn(H O)
= n(H O) C (H O) dT +n(NC)C (NC) dT 2+ L+ C (H O)dT2 y 2 y y 2dx dx dx

T(re0 dx

where

C (i) = constant volume heat capacity of species i, andy

T(re0 = reference temperature for the internal energy

The heat input to the bubble during a differential displacement is given by:

dW
= [n(H O)C (H O) + n(NC)C (NC)]= +

2 p 2 p

dinP T dn(H O)2- [n(H O) + n(NC)] RT2 + L+ Cy(H O) dT + RT2dx d*T(re0

L
1
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, where use has been made in deriving the above result of the relationship between the constant pressure
'

'

heat capacity, C (i), and the constant volume heat capacity, C (i):p y

C (i) = C (i) + Rp y

:

1

The differential equation above, along with the assumption that noncondensible gases neither dissolve
! in the water or vaporize from water into the bubble:

i

)
! q

dn(NC) = 0 I
dx '

1

l

i i

define constraints on variations of the thermodynamic variables of the system. Phenomenological !
descriptions of any three of the derivatives of the thermodynamic variables allows the fourth to be i

determined.'
|

! As the ambient conditions change, the system will respond in a way that minimizes changes to the
| system. Thus, a reduction in pressure will cause the bubble to expand. To minimize this expansion,
| the gas will attempt to cool. If heat is supplied, this cooling will be limited and water vapor will
j evaporate into the bubble.
|
'

The flux of water vapor into the bubble is, of course, of interest because it will constitute a flow that
opposes particle deposition. On the other hand, if water vapor condenses on the bubble wall, it
provides a flow that will enhance particle deposition. The magnitude and direction of the flow can be
found by evaluating the above differential expression. The change in pressure associated with bubble ;

rise is found from:

i 1 dP
._ = -pi g ( / P = d inP
P dx dx

1

where & is a constant to correct units (1013250 g/cm-s2 = 1 atmosphere). If transfer processes within
the bubble are very fast, then the heat supplied to the bubble is: ;

$ = h(x)rD (bubble)[T(oo) - T]2

dxj

.

| where h(x) is an external heat transfer coefficient discussed below (see Section IV-I).
<

| The rate of vaporization of water into the bubble must be sufficient to keep the bubble atmosphere at

i saturation. From the ideal gas equation of state:
1
l
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Pn(H O)2
= P(sat)

n(NC) + n(H O)2

where the saturation partial pressure of water vapor, P(sat), is strictly a function of temperature. Near
373 K, the functional dependence of P(sat) on temperature is approximately,

inP(sat) = 13.3349 - 4976.65/T(K)

when P(sat) is in units of atmospheres.*

Then,

dn(H O) , 4976.65 nP(sat) dT _ n(H O) dP2 2

T2 (P-P(sat)) dx P-P(sat) dxdx

and

'

n(H O)L 4976.65 nP(sat)L
_

2 dTdQ dP nRT n(H O)C (H30) + n(NC)C (NC) +=
2 p p 2 dx

-

dx P P - P(sat)_ T (P-P(sat)) ,dx -

,

where n = n(H O) + n(NC).2

Inspection of these equations shows that if heat is not supplied to the bubble, the bubble cools as it rises
through the pool. If the cooling rate is rapid enough, water vapor will condense on the bubble surface.
Convective heating of the bubble can slow the cooling and cause water vapor to evaporate into the
bubble.

Results of an example calculation for a steam-hydrogen bubble in a 400-cm-deep pool of water at 373 K
are shown in Figure 48. The initial bubble size was taken to be 0.5 cm. Growth of the bubble as it
rises is quite small initially. Only in the last 100 cm or so is there an easily measured increase in the
bubble diameter. For this example calculation, the convective heat transfer coefficient was taken to be
given by:

i

|

|

I

More accurate expressions for the saturation vapor pressure of water are described later in the chapter.
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Figure 48. Thermodynainic calculation of bubble rise in a water pool. For this calculation
T oog = 373.15 K, H = 400 cm and the heat transfer within the bubble is assumed
to be infinitely fast.
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|
Nu = h(x)D /k (1) = 1.13 /Pe lB th

where

Nu = Nusselt number,

h(x) = external heat transfer coefficient,

k (1) = thermal :onductivity of water,th

U(bubble) DB PI p(l)C
Pe = Peclet number =

k (1)th

U(bubble) = rise velocity of the bubble, and

C (l) = heat capacity of water.p

Heat transfer to rising bubbles is discussed further below (see Section IV-I).

The velocity of water vapor coming off the bubble walls varies between 10-3 and 0.1 cm/s. This vapor
velocity is comparable to aerosol deposition velocities discussed below and should retard deposition
processes.

The temperature differences between the bulk pool and the bubble surface are always quite small. For
this example calculation, heat transfer within the bubble has been assumed to be infinitely rapid. There
is, then, no thermophoretic force on particles that might be present.

Incorporation of finite rates of mass and heat transfer within the bubble requires that a distinction be
made between the surface temperature of the bubble, T(s), and the temperature of the bulk gas in the
bubble, T. The surface temperature of the bubble is found by assuming a quasi-steady state exists.

l
Then, '

. .

kL P(sat) Pn(H O)m 2
h(x)[T -T(s)] = _ + h(i) [T(s)-T]P R T(s) nT

_ _

where

k = mass transfer coefficient for steam in the bubble,m

L = molar latent heat of water vaporization,
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P = pressure including the hydrostatic pressure, and

h(i) = internal heat transfer coefficient.

Results of an example calculation similar to that discussed above are shown as solid lines in Figure 49.
Also shown in Figure 49, as dashed lines, are results for the calculation with infinitely fast transfer
processes within the bubble. Mass and heat transfer coefficients for the example calculation were
obtained from the Kronig-Brink equation which is discussed further below. This model assumes that
the gases in the bubble are well mixed.

In comparison to the results for infinitely fast internal processes, the vapor velocities from the bubble
walls are somewhat lower and thus a lower diffusiophoretic resistance to aerosol deposition. On the
other hand, there is a difference between the surface temperature of the bubble and the bulk gas in the

|

bubble so there is a predicted potential for thermophoretic resistance to aerosol deposition on the bubble
walls. This thermophoretic force is, however, not very large.

E. Bubble Plumes From Quenchers

Most of the detailed information on bubble behavior has been derived from experiments in which there
were elaborate efforts to generate single, well-isolated bubbles. Quenchers and vents in suppression
pools will, instead, generate swarms of bubbles. Wakes created by bubbles will affect the behaviors
of succeeding bubbles. Perhaps the most important effect of bubble swarms is that they entrain liquid.
Because the points of bubble generation are localized within the pool, the entrainment of liquid can have
a profound effect on bubble behavior. (Note that this entrainment effect does not arise in such a
dramatic fashion in the case of water pools overlying core debris where bubble generation takes place
over the entire base of the pool.) Coupling of bubble and liquid motion creates an expanding plume.
Bubbles within the plume rise faster than do isolated bubbles because their velocities are augmented by
the velocity of the entrained water. Because the bubbles rise more rapidly to the pool surface, there
is less opportunity to remove aerosols from the bubble than there is for aerosol removal from isolated
bubbles. As discussed at length below, there is a distribution of bubble concentrations and velocities
across a plume so that aerosol removal will not be the same for every bubble.

Bubble plumes present some interesting complexities. Significant approximations will be made in the
description of bubble plumes adopted here. Plumes will be represented as coming from a point source.

,

In the case of quenchers, the entire arm of a quencher, which may have several hundred orifices, will
be treated as a single source. The effect of the submerged pipe will be neglected for bubble plumes
created by downcomers. The effects of the weir wall will be neglected in the treatment of bubble
plumes from horizontal vents. In all of the analyses, the water pool will be considered infinite in
extent. That is, the boundaries of the pool and the presence of other plumes will be assumed to have
negligible effects on the quantities of interest.

The description of bubble plumes will follow the integral representations developed by Milgram [44],
I Tacke et al. [45], Chester et al. [265] and by Sahai and Guthrie [266]. These developments do not

treat the condensation and evaporation of water. Analyses of the thermodynamics of bubble rise
(Section IV-D, above) suggest that condensation and evaporation ought not affect bubble behavior too

| much except near the surface. Except for the effect of evaporation of water vapor into the bubble on
the momentum equation and the gas continuity equation, condensation and evaporation effects on plume

'
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Physical Phenomena

} behavior will be ignored here. More detailed, differential descriptions of bubble plumes to be found
j in References 46 to 50 would more easily accommodate detailed treatments of condensation and
{ evaporation than the integral approach used here.
i
i A suppression pool can develop unstable density stratification. Heat is imparted to the pool at a water
| depth which produces a significant pressure head. The pool surface temperature is limited by the
i boiling point at the ambient atmospheric pressure. It is possible, then, for a temperature gradient and,
} consequently, a water density gradient to develop. The stratification of the pool with more dense water
j on top is unstable. Flow that can develop to relieve this instability can greatly complicate the behavior
i of plumes [51,52] (see Figure 50). No attempt is made here to account for such effects.
1
;

! The objective of the analysis of bubble plumes here is to determine the velocities of water and bubbles
; across the plume and the concentration of bubbles across the plume. A variety of experimental studies
! including experiments by Paul et al. [30], Tacke et al. [45] as well as studies cited by Milgram [44]
| suggest that the water at a specified elevation in the plume, z, will have a Gaussian velocity distribution:
:

!

f Ug(r,z) = U (z) exp[-(r/b(z))2)l
J

:
1

; where
!

r = radial coordinate;

!
j z = axial coordinate

! I

,
Ug(r,z) = upward water velocity at point r, z,

| U (z) = upward velocity along the plume centerline, andi

b(z) = distribution parameter that varies with z.
i

' Bubble velocities are then given by:

U (r,z) = U (r,z) + U(slip)g l

where U(slip) is the slip velocity which is related to the rise velocity of isolated bubbles, UB (see below
and Section IV-G).

It is, then, assumed that the gas fraction in the liquid at a g;ven elevation also has a Gaussian
distribution:

c(r,z) = c(z) exp[-(r/b,(z))2)
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where c(r,z) is the gas fraction at point r, z. The distribution parameter b,(z) is not necessarily the
same as the distribution parameter for water velocity. But, an additional assumption is made that the
two parameters are related by

|

b,(z)/b(z) = A

'
|

| where X is independent of elevation. Milgram (44] takes A to be 0.8, Tacke et al. [45] assume A =
j 0.7. Sun and Faeth [47] present results of numerical calculations that indicate A may be as high as

0.96.
|

The unknown quantities, centerline velocity, u(z), centerline gas fraction, c(z), and the water velocity
distribution parameter, b(z), are found by integrating the gas continuity equation, the water continuity

-

equation and the momentum equation.

The gas continuity equation is:

. oo
Q(z) = 2r U (r,z) c(r,z)rdrg

where Q(z) is the volumetric gas flow. If evaporation is negligible, Q(z) varies with elevation:

Q(z) = QT (Pa + IPl )
H

Pa + &#1(H - z)
,

where

P = ambient pressure (atms),a

11 = pool depth (cm)

3pi = water density (g/cm ),

( = parameter to correct units = 1/1033.23, and

QT = input volumetric flow to the plume.

Here, the input volumetric flow to the plume is not the flow from the gas source. For the calculations
T s the gas left after the dynamic events of bubble formation, collapse andof interest here, Q i

coa!escence.
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To account for evaporation of water vapor into the bubbles as they rise through the pool, it is assumed '
that the bubble is always in local equilibrium. Then,

Pa + pjH( - P(sat)
'

Q(z) = QT
Pa + #1(H - z)& - P(sat)

where P(sat) is the saturation partial pressure at the bulk pool temperature which is taken to be invariant |
throughout the plume. This simplified description is used here to make derivations more transparent.
In the model described in Chapter V, the gas flux is calculated from the thermodynamic description
presented in the previous subsection.

.i

Integration of the gas continuity equation yields:

.

U(z)l22Q(z) = rA b (z)e(z) +Uf iB
21+X

. .

:
L

where
!

'1 for U(slip) = UB i

l

f,, 1 -e(z)/2 for U(slip) = ,U (1 -e(r,z))B

1 -c(z) + c(z)2/3 for U(slip) = U (1 -e(r,z))2B

i

UB = rise velocity of an isolated bubble of the same size, and
?

'

U(slip) = slip velocity of bubbles in the plume.:

i

i Note that three, relatively simple, descriptions of two phase flow have been considered here in the i

| definition of f. These are the descriptions considered by Tacke et al. [45]. Other descriptions j
'

exist [51]. ,

,

The liquid continuity equation is formulated assuming that liquid is entrained by rising bubbles:

d oo
[1 - c(r,z)] Ug(r,z)rdt = 2rb(z)aU (z)k(z)l-

dz o

;
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where
,

j a = entrainment coefficient, and
i

| k(z) = factor to correct for gas concentration in the entraining liquid.
!

: Milgram [44] takes:
J
t

j k(z) = 1
i
1

!

Tacke et al. [45] take:
,

| k(z) = 1 - c(z) exp(-1/A )2

|

| The author:: of this document prefer:

f

2 2I k(z) = 1 - A e(z)[1 - exp(-1/A ))
i
i

j Then,

L
i .

2 .'
d 2. . U(z)b (z) 1

c(z)K = 2b(z)aU(z)k(z) .

dz 2;3
. .

Milgram [44] develops the momentum equation considering the momentum of the gas as well as the
liquid momentum. Tacke et al. [45] neglect the small contribution of gas momentum. Milgram also
introduces the momentum amplification factor, y. Neglect of this momentum amplification factor
amounts to treating the plume as though it were a single phase. (Milgram notes that measurements by
George et al. [53] indicate that y may be as large as 1.07 even in single phase plumes.) Momentum
amplification is considered here and the momentum equation is taken to be:

=fU;2(r,z)pw [1 - e(r,z)]
2d 2xy +U 8 (''*)# (z)e(r,z) rdt =8

,x

= 2rg [pw - p (z)] c(r,z) rdrg
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Then, substituting in expressions for liquid and gas velocities yields:

. .

gY b (z)U;2(z)
- A c(z)(pw-p (z))d 2 #w g

+ U A b(z)2og(z)c(z)yg(z)h(z)+U l(Z)l
2 '"

7 B B
2h +1

, _

22
= 8In -p (z)]e(z)h b (z)w g

where

for U(slip) = UB
1+h

1 'I ) f r U(slip) = Ug(1-c(r,z))
h(z) ~ 2 2

,

A3 x +2
2

- 4'(*) + 2c (z) for U(slip) = U (1-c(r,z))2B2 2 2A3 x +2 X +3

and

1 for U(slip) = UB

2
1(z) = 1 - c(z) + e (z)/3 for U(slip) = U (1-e(r,z))'

B

2 3 41 - 2e(z) + 2e (z) - c (z) + e (z)/5 for U(slip) = U (1-((r,z))2B

Milgram [44] correlated the entrainment coefficient, a, with a bubble Froude number, F :B

a = kF /(A + F )B B

where

FB = ((z)l/3 Q(z)2/5 g /10 (p, - p (z))1/2 f q /23 1
g

k = 0.165, and

A = 7.598
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Milgram apparently found the parametric values in the correlation by linear least squares analysis after
recasting the correlation in a form that is linear in 1/a:

1/a A 1
+ 1/k -

kFB

Refitting data digitized from a small plot provided by Milgram yielded the coefficients:

A. . = 23.0688 3.0299
k

1/k = 9.379 i 0.815

l
or

k = 0.1066 0.0093,

|

{

A = 2.460 0.387

These are the parametric values adopted here. (It should be noted that if both the Froude number and I

the entrainment coefficient are considered uncertain, the existence of a correlation between the two
become dubious.)

This linear form of the correlation is shown in comparison to the data used by Milgram in Figure 51.

There is, obviously, some substantial scatter in values of 1/a about the regression line. Because the i

regression line has been determined by linear least-squares methods, the uncertainty in a predicted value
of 1/a is distributed according to a Student's t distribution. The uncertainty range for a prediction at
a confidence level of 100(1 - #) percent is given by: '

1/2'

I (X -I)1/a = 1/ajreg i st(1-#/2)(n-2) _. +
n n-

[ (x(i)-i)2;

! i=1
i
:

.
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,

where
.

1/a| reg = value of 1/a calculated from the correlation,

s= standard error in the regression = 4.185

t(1-#/2)(n-2) = critical value of the Student's t statistic for n - 2 degrees of freedom at a confidence
level of 100(1 - #/2) percent

n= number of data points used in the regression = 69
'

f
'x= 1/FB or which the estimate of 1/a is sought,

T= mean value of 1/FB n the data set, and ii

x(i) = value of 1/FB or the ith data point. ;f

From data provided by Milgram:

x = 0.2145

.|

n ,

[ [x(i) - i]2 = 1.8474
i=1

i

!

The 95 percent confidence bounds on predictions of 1/a from Milgram's correlation are plotted as
dashed lines in Figure 51.

Milgram [44] presented coralations of the momentum amplification factor, y, in terms of the so-called
phase distribution number, N :p

|

7 = 1 + C/N "p

or

y = 1.07 + C' / N *'
p

.
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where

U(z)2 (pw _ p )U2g
andNp= ,

c(z)2/3 8of

a, c, c', a' = paramete rs.

Milgram contends that the lower bound on the momentum amplification factor is 1.0 or perhaps 1.07.
He shows, however, values derived by modeling experiments that are less than 1.0. Ignoring these
values, the correlation can be parameterized by linear, least-squares methods when recast in the form:

In (y - 1) = In C - D in Np

where

in C = 5.216 0.835, and

D = -1.0895 0.1402.

Uncertainties in in (y - 1) predicted with this correlation can be found at the 100(1 - #) percent
confidence level from:

1/2

In(7-1) = In(7-1)| reg 0.837t(1-#/2)(45) ' + (x f.89l}5

where

in (7-1)| reg = value of in (7-1) found from the correlation,

t -#/2(45) = critical Student's t statistic for 45 degrees of freedom at the1

100(1 - #/2) percent confidence level, and

In N .x = p

The predicted values of y derived from the correlation, the 95 percent confidence bounds on these
predictions, and data presented by Milgram are plotted against the phase distribution number in
Figure 52.
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A final issue to confront is the definition ofinitial conditions for the two differential equations described
It is clear that the Gaussion profiles for liquid velocity and for gas fraction used in the |;above.

development above do not apply in the immediate vicinity of the gas source. In the situations of interest ,

here, a lot of dynamic activity takes place before the plume develops. Milgram [44] recommends that |
,

l initial conditions be defined at an elevation Z(E) given by:

|

5D o

Z(E) = min ' D 'p (o[ U
o g

10 Uo
8 #w

where

D = orifice diameter,o

U = gas velocity through the orifice, ando

p (o) = gas density at the orifice.g

For the analysis here, the values of U and p (o) should be taken as the hypothetical values that wouldo g
exist if no condensation of water vapor took place during the formation and initial rise of gas bubbles. I

| The distance 5 D suggested by Milgram is, of course, reminiscent of observations made by Paul et al. 'o
[30]. They observed that bubble breakup was complete in a few initial bubble diameters. Following
Milgram's suggestion, the plume model equation would apply to within about 10 cm of the orifices in '
quenchers. The equations would apply very close to downcomers and vents according to Milgram.

| But, observations by Paul et al. [30] and by Lee and Chan (40] suggest plume equations might not be
appropriate for several tens of centimeters from the large vents.

The initial conditions specified by Milgram are:

i
'

c(z(E)) = 0.5pw/[pw - p (z(E))]g

|

[pw-p (z(E/2))]gz(E) |Momentum = Qp (H)Uo+ gg

|

Milgram notes that initial conditions do not strongly affect calculated results.

t

I
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Tacke et al. [45] recommend that the initial state be taken as ((z) = 0.5. They then define

-

0.5
2

z(E) = 5.0
T PgM

D 5o gD pwg
. .

1/5
2

OT
Ab(z(E)) = 0.5045

D gg

-

Y5

z(E)
c(z) = 50 0.2 8

D 20
QT #()8

. .

where i depends on the ratio p /pw:g

0.866 for He in water
Y" 1.22 for N2 or air in water

This suggests:

$ = 0.807 + 360 p /pwg

McDougall [54] recommends:

'

z(E) = 0.025 II

.
.

Ug(z(E)) -1/3 1.609
0.3195 x /3 + 0.06693 (x/M)2/3+ x(0.4536 - 0.0105/M)1,x

M M
UD M M

,
,
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b(z(E)) = x
-

0.6 + 0.01719(x/M)1/3 - 0.002527 (x/M)2/3 x - 0.000031
.

- 0.04609
/2aII , M

_

where

,

X = z/II

QT a(A + 1)&P

2 24ra pwig Ug

'

H = II + P/pjg

None of the initial conditions models is particularly satisfactory. Here Milgram's suggestions are
adopted for the example calculations. These suggestions are not, however, applicable to cases involving
substantial vapor condensation which can occur in steam suppression pools. Alternate initial conditions
for such cases are discussed in Chapter V.

Predictions of the plume model compared with data obtained by Milgram [44] for large and small Gows
through a 5-cm vent in a natural pool 5000 cm deep are shown in Figures 53 and 54. Predictions
shown in these figures were based on the assumption that the gas bubbles were, initially, 0.5 cm in
diameter. Bubble slip velocities were taken to be equal to the rise velocity of an isolated bubble which
was calculated from the correlation described above (see Section IV-G). The parameter A was taken
to be 0.8. Milgram has shown that model predictions are not very sensitive to this parameter.
Calculated results shown in the figures as solid lines were obtained using Milgram's correlations to
calculate the entrainment coefficient, a, and the momentum amplification factor, y, at local conditions.
Agreement between calculated and observed quantities is good on an overall basis. Agreement can be
improved by using selected average values of a and y that are independent of elevation of the plume.
Such calculated results are shown as dashed lines in Figure 53.

Model predictions of the void fraction along the centerline of a small-scale plume are compared in
Figure 55 to data obtained by Tacke et al [45]. These data were ottained using air flow through a
0.05-cm vent in a 60-cm- deep pool. Calculations using Milgram's correlation for the entrainment
coefficient a agree only qualitatively with the test data regardless of the value of X in the range from
A = 0.7 (recommended by Tacke et al.) to A = 0.9 (recommended by Milgram). Increasing 'the
entrainment coef6cient to a = 0.1 independent of elevation in the plume yields quantitatively accurate
predictions of the centerline void fraction. Tacke et al. note that there is a great deal of uncertainty in
the entrainment coefficient and recommend overall average values in preference to Milgram's
correlation.

l
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Predicted bubble rise velocities as functions of radial distance at various elevations in plumes produced
by large and small flows in tests by Paul et al. [30] are shown in Figures 56 and 57. These predictions
were obtained using various values of the momenmm amplification factor that were independent of I

elevation. The entrainment coefficient was calculated using local conditions in the plume and Milgram's
.

correlation. I

|

|
'Tacke et al. [45] and other investigators have obtained data that suggest that bubble plumes conform
I

quite closely to the exponential structure assumed above in the development of the plume model. The
experimental results for bubble rise velocities obtained by Paul et al. [30] suggest this exponential model
of the plume structure is only an approximation. These data suggest the plume might be more
accurately portrayed as consisting of a central core with nearly constant properties surrounded by a
peripheral region with exponentially distributed properties. Nevertheless, it is evident that reasonably
good comparisons to data can be obtained by suitable variations in the momentum amplification factor.
Comparisons in Figure 58 show that using elevation independent values of the entrainment coefficient
rather than local entrainment coefficients provides additional flexibility in matching predicted and
observed values of the bubble rise velocity.

Some caution should be exercised in drawing conclusions from the comparison of predicted and
observed bubble rise velocities shown in Figures 56 through 58. The predictions were prepared
assuming that bubbles were uniformly 0.5 cm in diameter. Paul et al. have shown that bubble sizes are
approximately lognormally distributed in size. Some of the variability between predicted and observed
rise velocities may come from distributions of the bubble sizes in experiments. |

1

It is evident that bubbles in a plume rise much more rapidly than isolated bubbles (rise velocities of
isolated bubbles considered in preparing predictions shown in Figures 56 through 58 would be about l

|24 cm/s). The more rapid rise velocities shorten the time available for scrubbing aerosols from the
bubbles. Because there is a distribution of rise velocities across a plume, there will, presumably, be
a distribution of aerosol removal efficiencies across the plume.

Three essential parameters arise in the characterization of the bubble rise velocities in the plume, h, y,
and a. The parameter A is not especially influential. It can be directly determined in experiments and
apparently is widely accepted as being in the range of 0,7 to 1.0. The parameters y and a are
influential and cannot be directly measured. These parameters are found from experimental data by
calculation, but such calculation yield results depend on other assumptions in the plume model. They
do seem to vary with flow and pool depth, but there are not sufficient data to produce reliable
correlations of these parameters. The momentum amplification factor is particularly mysterious. Many
investigators of plume behavior seem to neglect it. It does, however, have a theoretical basis and
provides the flexibility in models to match experimental data.

F. Overview of Bubble Behavior

The behaviors of individual bubbles enter into the descriptions of bubble swarms and plumes. The
features of bubble behavior of interest include rise velocity, which is affected by both bubble size and
shape, as well as heat and mass transport coefficients that can be ascribed to bubbles. It is convenient
to categorize bubble behavior into regimes based on the dimensionless Eotvos and Morton numbers:
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:

Eo = Eotvos number = g(pi p )D /81g B

! 4 23
M = Morton number = gp (pg-p )/p ogg g g

i

The Morton number is a progrty of the fluid phase.1As shown in Figure 59, the Morton number of,

water varies from 2.6 x 10' at 298 K to 7.5 x 10- n saturated water at 453 K where the vapor
-

'

! pressure is about 10 atmospheres. The Eotvos number is a property of the bubble and the fluid. At
; 293 K, a 0.1-cm-diameter bubble in water has an Eotvos number of about 0.13 whereas the Eotvos !

number of a 1-cm-bubble is 13.4. The Eotvos number of a 1-cm-diameter bubble in water at 453 K '

| is 20.6. |

i i

! At a fixed Morton number, the behavior of bubbles varies with bubble size. Very small bubbles are
; essentially spherical and rise through water as though they were rigid spheres [77,78,79,80]. Somewhat ,

i larger bubbles develop internal circulation of gas. They are still spherical but rise through the liquid |

) about 50 percent faster. Still larger bubbles distort into oblate ellipsoid shapes. With further increases |
| in size, the shape becomes unstable, and the bubble can undergo oblate-to-spherical or even oblate-to-
| prolate shape oscillations. The onset of shape oscillations is accompanid by a sharp increase in the
| drag coefficient of the bubble. With further increases in bubble size, the bubble distorts into a spherical
j cap shape. As discussed above, bubbles that become too large are unstable and will break up into

;'
smaller bubbles. )

! The onset of internal circulation of gases within a bubble has important ramifications on aerosol
I

i trapping. The circulation of gases makes possible aerosol deposition by inertial impaction. On the
! other hand, the increase in the rise velocity decreases the time aerosols within the bubble are exposed

to water. Why gases do not circulate within bubbles of all sizes has been much debated [81,82]. It is 1

generally believed that the accumulation of surface active agents at the interface between the gas and
the water is responsible. Because the agents accumulate preferentially at the rear of the_ rising bubble,
a surface tension gradient is created which tends to oppose liquid motion. The effect is often considered
small except in very small bubbles. This may well be the case in laboratory situations in which there
are efforts to keep water pure. In suppression pools under accident conditions, the water will become
very contaminated with a variety of chemical species. Some fraction of these contaminants may be
surface active and may affect the mobility of the gas / water interface and consequently the circulation
of gases within the bubble.

The usual criterion for the onset of internal circulation is the Bond criterion that Eo > 4. This criterion j
is applicable only for bubble Reynolds numbers, reb, less than I where: j

|

D/B #1reb = Urise#1

~

and Urise is the rise velocity of the bubble. Clift, Grace, and Weber [81] suggest a rise velocity
'

relationship in terms of the modified Eotvos number: !
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U |
* 1 + Z/2

U(rigidy

2Z= (2(y - 1))
2 +3p Ig Fl

.

y = 1 + 0.Stanh(1.9646 E - 2.63415)g

E =. g(pg -p )D /001g Bg

where Aag s the difference between the surface tension of the pure liquid and the surface tension withi
a surface active agent present. Sadhal and Johnson [238] suggest a refinement to this factor used by
Clift, Grace, and Weber. They suggest:

U 1
,

U(rigid) 1 - Z/3

where

Z = [1 - m(4)]/(1 + / g),
t

m(4) = 1[24 + sin 4 - sin 24 - 1/3 sin 34], and
2r

)

4 = polar angle marking the region of the bubble surface immobilized by accumulated
surface active agents.

,

Various quantitative criteria have been suggested for the onset of shape oscillations. Peebles and Garber
[58] found shape oscillations of air bubbles in water when:

-

$UD > 3.65B
al

Coester [59] observed shape oscillations for air bubbles in water when:

#1
UDB > 2.96 !

01
.

In glycerine-water solutions, oscillations occurred when:
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1

#1
UDB > 3.44 to 4.24

al
J-

The strong dependencies of these criteria on rise velocity suggest that the onset of shape oscillations is
delayed by impurities in the water.

Quantitative criteria for the distortion of bubbles from spherical to ellipsoidal and from ellipsoidal to
spherical cap are discussed in the subsection below on bubble shape.

G. Slip Velocity of Bubbles

The slip velocities of bubbles in plumes are related to the rise velocities of isolated bubbies. The rise
velocities of bubbles in water have been studied numerous times (see as examples References 78 to 80).
Rise velocities do depend on the purity of the water. Even the very low levels of impurities found in
distilled water are suspected to influence bubble behavior. Certainly, the water in a steam suppression
pool must be considered contaminated-if not initially, it will certainly become contaminated as a '

reactor accident progresses.

Here a correlation of the rise velocity of gas bubbles in " contaminated" water is adopted [66):

"
M -0.149 (J -0.857)U

T " PI BD

where

DB = diameter of the sphere with an equivalent volume of the bubble

M = Morton number

0.94 H .757 for 2 s H s 59.30
J=<

3.42 H .441 forH > 59.30

H = 4/3 E MM ( g/0.009%o

E = Eotvos numbero

; = liquid phase viscosity in poises.

For H > 1000, the large bubble correlation discussed above (see Figure 39) is used to calculate bubble
rise velocity:

i
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UT = 0.735/gD (cm) cm/sB

For bubbles with H < 2, the following correlations in terms of the Reynolds number are used [67]:

a. for 4 < Re < 100:
i

,_ _ _ _

29 4 + 3p 0Re .7460 +
g g

2 4 (#1-Pg)g DB F1 #1U "-
-T 3 pi

-
i
|

3.05 783 $ + 2142 b + 1080
#1 #! l

. .

b. for 0.01 < Re s 4

2 4 (#1-Ag)g DB 1 !
U "-T 3 p; Cp

C ReD
log 10 -1 = -0.881 + 0.82 log 10 Re - 0.05(log 10 Re)2

24
|

c. for Re < 0.01 j

2 4 (#1-#g)g DB
~

1

~

U "
T 3 pi

, _

3/16 + 24/Re

These correlations are compared to experimental data in Figure 60.

The SUPRA [7,8] and BUSCA [9] computer codes use a model for bubble rise velocities due to Wallis '

[85]. Five regimes are considered:

1, If DB > 4.66 (og/ pig)1/2 ,

UT = 0.709/gDB
;

.

'

2. If Re s 2 ,

,

2 '

UT=DB #1g/18pg
i
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3. If 2 < Re s 4.02 M-0.214 ,

0.52 1.28
o #1 DB

UT = 0.33 g .76
#1 2

;

4. If 4.02 M-0.2.14 < Re s 3.1 M-0.25,

/ |UT = 1.35(2ai p;DB

5. If Re > 3.1 M-0.25
,

UT = 1.53(gog/piNN

where Re is the Reynold's number.

The SPARC code uses a rather simple model [6]: ,

7.876(oi pi[I4/ for DB s 0.5 cm j

UT"
'

0.49275
11.0826(ai pi)Il4D for DB > 0.5 cm/

B

These various descriptions of the rise velocities are compared in Figure 61 for bubbles of various sizes
rising through water. The sharp peak in the rise velocity for DB = 0.2 cm exhibited by the model used
in the SUPRA and BUSCA computer codes is appropriate for gas bubbles rising in very pure water.
Such a peak would not be expected in even modestly contaminated water such as tap water [79]. i

'

Certainly, during the progression of a severe reactor accident, water in the suppression pool will
become sufficiently contaminated that rise velocities of bubbles will be affected.

H. Bubble Shapes

: The distortion of bubbles from spherical to oblate ellipsoidal is conveniently described in terms of the
eccentricity, E, which is the length of the semi-major axis, a, divided by the length of the semi-minor
axis, b:

E = a/b

|

| The volume and surface area of an oblate ellipsoid of eccentricity E are:
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;

!

2 3

ra /E = { D (e)
V= ra b =

B

:

E + (E _1)1/2-2
! A = 1 D (e) E2/3 , 1

B ;. in
1 2 2

2E(E _1)1/2 2E - (E _1)1/21 _

!

{ where D (e) = 2a/E1/3B s the diameter of the sphere with an equivalent volume.
3

| A compact correlation for eccentricities'of bubbles is [82]:
|
t

I 1 for Ta s 1,

_ = ' [0.81 +0.206 tanh {2(0.8-logioTa)}]3 for 1 s Ta s 39.8

j 0.24 for Ta > 39.8
!
i

| 0
where Ta = rem .23. In cases where Ta exceeds 39.8, the bubble has a spherical cap shape which

j will be discussed further below.
t

|- The BUSCA code [9] uses a correlation of eccentricity with the Eotvos number, E :o
i
.

0.8526 + 0.22498 E - 5.6918x 10-3 ~ + 4.86 x 10-5E for E < 38.5Eo o o

E='
3.85 + 7.6472 x 10-5(E -38.5) for 38.5 s E s 2000o o

f 4 for E > 2000o

| Okhotskii [224] has proposed a theory of bubble eccentricity that yields the implicit expression:

1/2
2' 1 EoE=1+
.3 1/3 1 + E /4E o

Paul et al. [30] examined the shapes of bubbles produced in their experiments with quenchers. They
developed a regression equation for their data:

P

1 for D (e) s 0.15 cmB
- _ =

E 0.68 + 0.57 exp [-D (e)/0.26] for D (e) > 0.15 cmB B
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Their data for bubbles in swarms as well as data for isolated bubbles [39,79,80] are compared to the
correlations in Figure 62. It is apparent from this comparison that there is significant scatter, even in
the data for isolated bubbles, about the correlation. There appears also to be some indication that
bubble distortion is suppressed in swarms.

Bhaga and Weber [84] conducted studies of bubble shapes in liquids with large Morton numbers
3 versus M = 10-10 to 10~I4 of interest here). They found eccentricity to be a(M = 10-3 to 10

function of the Reynolds number and independent of the Morton number. They draw attention in their
writings to differences between liquids characterized by large Morton numbers and liquids characterized
by small Morton numbers. It appears then that results reported by Bhaga and Weber are not applicable
to the topics of interest here.

Bubbles predicted to have eccentricitities greater than about 4 are spherical caps. The general geometry
of a spherical cap bubble is shown in Figure 63. The spherical portion has a radius, R, given by [82]:

R = D (e)/[2g(6 )]WB w

where

3g(6 ) = 2 - 3 cos(6 ) + cos pw w w

6 = 50 + 190 exp[-0.62 Re .4] degrees0
w

In water, all real spherical cap bubbles have wake angles near 50 according to this description.

The BUSCA model [9] uses a rather different method to describe the geometrical features of a spherical
cap bubble. Eccentricities are calculated from the correlations in terms of the Eotvos number described
above. The radius of the spherical portion and the wake angle are then found from:

D (e)(E2 g)b

2(3E2 1)1/3

6 = 2 tan ~I(1/E)

The authors of this document do not understand this model.
1

I. Heat and Mass Transport to and Within Bubbles |
|

Heat transport and mass transport within bubbles and from the water pool to the bubbles are of interest
in three regimes of bubble behavior within a suppression pool:

during bubble formation at orifices and at vents to the pool,o

immediately after bubbles detach and begin to equilibrate with the pool, ando
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during the quasi-steady state as bubbles rise through the pool.e

The interest in heat and mass transport does not stem from a need to understand the detailed timing of
bubble behavior. Rather, heat transport and mass transport within the bubble are expected to affect
aerosol behavior. It is, then, necessary to have some estimate of the heat transport and mass transport
coefficients to predict aerosol removal during the three regimes of bubble behavior.

1. Heat Transport From Bubbles During Formation

Some aspects of heat transport during bubble formation have been discussed above in Section IV-A-1.
It is quite difficult to obtain detailed data on the condensation heat transfer during bubble formation at
orifices. Mayinger and Chen (190] have employed a novel, optical-interference pattern method to
measure heat transfer from vapor bubbles. They recommend: ,

lid *B 03 Pr /2lNu = = 0.185 Re
k (1)th

where

li = average heat transfer coefficient during bubble formation,

UDB B #1 / #1R =
e

Pr = pg C (l) / k (1), andp th,

D*= bubble diameter at the time the bubble detaches from the orifice.B

Unfortunately, Chen and Mayinger do not indicate clearly what velocity is to be used to calculate the
Reynolds number. They mention both the rise velocity of the bubble when it detaches and the relative
motion of the bubble and liquid as the bubble grows. An example they provide for:

.

Ja = Al (T
-T)s p = 10

Lp g

2yields a heat transfer coefficient of 0.13 cal /cm -s-K. The correlation they recommend yields a value
about twice that which is m::asured.

Chen and Mayinger's studies involved bubbles formed at a 0.16-cm upward facing nozzle. These data
can be used only with considerable extrapolation to estimate heat transfer from bubbles formed at
orifices in quenchers. Jeje et al. [213] observed a sharp decrease in the heat transfer coefficient as

2bubbles formed at a nozzle 0.5 cm in diameter. Initial values were as high as 60 cal /cm -s-K. Heat
transfer coefficients at the time of bubble detachment were about 1/10 of this.
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{

Pitts [210] cites work by Engeldiner, unavailable to the authors, for heat transfer from bubbles formed
at the end of downcomers.

This work was, apparently, done specifically for the study of steam
suppression pools. Pitts utilized for the heat transfer coefficient:

i

h = 8.4 + 3.6 x 10~4 2 2A (cm ) cal /cm -s-KB

r

| where A i i

B s the surface area of the bubble at the end of the downcomer. He took the maximum heat2
'

transfer coefficient to be 24 cal /cm -s-K based on experimental studies. This value is quite similar to
the value found by Kerney et al. [291] for submerged jets cf steam in'o water,23 cal /cm -s-K.This2

value correlated well data forjets from orifices 0.04 to 0.95 cm in diameter and Kerney et al. suggestii
'

| 'a simple correlation for a variety of data:

2
h = 1.932 C (steam) Q(m)/rDp g

where

C (steam) = heat capacity of steamp

Q(m) = mass flow rate of steam through an orifice,

i D diameter of the orifice.=
o

The also suggest are more complicated but better correlation:

0.14462 2rhD
-

0.1689 zrDAH
. = 1.395 f8 0o

C Q(m) C (T - T ) Q(m),p _ p g p
_,

where

AHfg = latent heat of vaporization of water, and

2z = 27.5 g steam /cm -s.

' 2. Heat Transfer After Bubble Detachment

' As discussed above (Section IV-B), the collapse of bubbles has been the subject of much study.
Collapse may be limited by inertial effects or by heat transfer effects. Heat transfer effects dominate
when the driving force for condensation is not too large. Mayinger and Chen [190] seem to

| recommend:
1
s

!

Io
Mayinger and Chen list the leading coefficient in the correlation as 0.6. But, the text indicates the coefficient is 0.185 and
this value yields results in better agreement with plotted data.
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Pr /2Nu = 0.185 Re .6
l0

Values they obtained for the Nusselt number for steam bubbles varied by about i25 percent. .

I

Experimental studies by Brucker and Sparrow [211 with 0.3-cm-diameter, well-isolated, steam bubbles!

yielded a heat transfer coefficient of 0.24 cal /cm}-s-K. These authors recommended as a correlation|
-

for the heat transfer coefficient:

Nu = 0.37 Re .60

They indicated an uncertainty of ISO percent. In light of this uncertainty, the correlation is consistent
with that found by Mayinger and Chen.

Theoretical consideration of bubble collapse in the heat-transfer limited regime [212] yields:
>

- 1/2
k (1)C (l) p1UB thp

h=4
DB

_

-

where & can be 0.42 to 0.35.

These various correlations of the heat transfer coefficient from bubbles rising in water at 373 K are i

shown in Figure 64 as functions of bubble diameter.
.

The correlations give fairly consistent values in light of the uncertainties ascribed to them. Itis
apparent that the correlation recommended by Bruckner and Sparrow and the theoretical analysis by
Moalem and Sideman [212] describe the uncertainty range for the heat transfer coefficients.

12e [71] recommends an average heat transfer for bubbles that detach from downcomers:

fiX = 2/3 A(i) ho

h D
Pr /2lRe /87o p=0

k (1)th

whe

diameter of the downcomer,D =
p

liX = average of the product of the heat transfer coefficient and the bubble surface area, and ,

1
i

| A(i) = initial surface area of the bubbles,
l
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!
; Values of h for large bubbles expected to form at downcomers are also shown in Figure 64.o

For bubbles that encapsulate the downcomer as they rise,12e [71] found the heat transfer coefficient
'

2to be 3.6 cal /cm -s-K independent of the bubble Reynolds number, j4

3. Heat and Mass Transfer During Bubble Rise ]
:

Once the bubbles have equilibrated with the pool and have begun a quasi-steady state rise through the
'

suppression pool, both external heat transfer and mass transport within the bubble are of interest as
discussed in connection with the thermodynamics of bubbles (see Section IV-D). It is certainly not
evident that the external heat transfer coefficients for steam-rich large bubbles are applicable to the '

quasi-steady state bubble rise. ;

!

The vast bulk of information on external transport to bubbles comes from mass transport studies. An
analogy between mass transport and heat transport must, then, be used to get the heat transport
coefficient.

Spherical bubbles have received by far the most attention. For Reynolds numbers up to about I and
for all Peclet numbers, Pe, the Sherwood number for external mass transport is given by [82]:

A = 1 + (1 + Pe)l/3Sh

where l

lD /DkSh =
Bm

D U ;p/DPe = B si

mass transport coefficientk =
m

diffusion coefficient
.D =

!

By analogy, the Nusselt number fer heat transport is given by: |
.

-

1/3D U j pgC1B si p
Nu = hD /kB th = 1 + 1+

k (I)th
. _

where

Nusselt numberNu =

thermal conductivity of the liquidk (1) =
th
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| For Reynolds numbers greater than about 70, )
!

s' -
-

1/2
; 2+3$

ShB"l+-- 1- 3(1 +$) pe /2l
[E -

(2 +3$)Re /2
_

n
1/n

. l
| 1

.

_ _(1 + $)(8.67 + 6.45 $ .64)_, _

0

where

: n = 4/3 + 3$
$

I = Ag/F1
4

| A somewhat ad hoc transition between the model for Re :s; I and Re > 70 is provided by:
:
i

| ShA + ReSh /50BSh =.

j 1 + Re/50
:
:
! Predictions of the mass transport coefficient obtained with this model for CO2 ransport in water att
) room temperature are compared to data (86,87) in Figure 65. For this comparison the aqueous phase
! diffusion coefficient of CO2 was taken to be 1.95 x 10-5 cm /s. The data show a substantial scatter.

2

The theoretical model seems to provide an upper bound on the data for bubbles larger than about
0.25 cm. For smaller bubbles, predictions and data diverge.

For ellipsoidal bubbles without shape oscillations, Clift, Grace and Weber [82] reconunend for
contaminated systems:

k Am -1/2,g 3
1/2ADe

i
)

or

i

-1/2= 6.5 s

A (k / C )1/2e th #1 1

.
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i where
.

i
j k A= average product of the surface area of the bubble and the mass transportm
{ coefficient, and ,

i

1 1

f surface area of the sphere with the equivalent volume = rDd(e)A =
e

i
3

| For pure systems, they recommend
2

1

3 |

: k A 0.14 6.94 -1/2m -
4 = + s -

j D (e) D (e)1/2
1/2 BAD Be

1

i ,

! They prefer these empirical correlations over the theoretical expression for potential flow conditions
! [267]:' i

'

:

; 1/2 |

8(E _;)3/2 |} 2 2
pe /2 ,l

f Sh = [x 3E sin-1 [(E _ g)3/2/ E (E + 1)]10/3 2 2
3

E + (E _;)1/22; 1
- 1+ in

2i 2E(E _ g)1/2 2E - (E _ g)1/2
, .

!

| or
i

1/2 1/2
k A U

(E _i)3/22m slip=2 ,

1/2 3r
3 sin-l [(E _3)3/2/E2 (E +1)]

2AD D E,

e B
4

;

Johnson et al. [86] found they could account for mass transport of CO and other gases from bubbles2!

with equivalent diameters of 0.6 to 4.0 cm rising in water with the expression:

1/2D (e)BSh = 2 + 1.13 Pe /21

0.45 + 0.2 D (e)B

They found, in fact, fairly good agreement between experimental results and predictions with this
2 correlation for Reynolds numbers from 500 to 8000. ;

i
:
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*

For ellipsoidal bubbles with shape oscillations, Clift, Grace, and Weber [82] consider the surface stretch
model:

I
e

2 1/2
D f 2km^ _ D 2 B 1 + 6 + 36

D (e) g , D 8A Be ,

and the fresh surface model:j

'

k A D 7 'm _~- D *f/D=

D (e) g , BA Be

where

1+6= ratio of the maximum surface area to the minimum surface area
over an oscillation cycle, and

f= frequency of oscillation

For oblate-to-spherical oscillations,

,

E + (E _1)1/2'2
1+6=1E2/3 , 1

1 In

E - (E _1)1/22
2E(E -1)1/222

,

The frequency of oscillations is difficult to predict. The natural frequencies for a spheriaal bubble in
a viscous medium are given by [61]:

8n(n+1)(n-1)(n+2) og
(2rf)2 =

3
[(n+1)pg + np ] DBg

where n is a small integer. The first meaningful frequency is at n = 2, but Sclunidt [293] finds n = 3
to be a more important oscillation frequency.

At Reynolds numbers less than 110, mass transfer to spherical cap bubbles is given approximately by

[82]:

k A 'Pe' 1/2 9m = 2.83 -

D (e)Ae r B
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At higher Reynolds numbers, assuming that mass transfer to the spherical portion and the base of the
.

bubble are independent, the average mass transport is given by [82]:

3
D ' 1/2k A 2D ' Pe 1/2 Sr sin 8 2a Um w slip

A D (e) x 4r D (e) D (e)B B Be

where

Sr = 2f, a sin 6, / Uslip

6, = 50 + 190 exp (-0.62 Re .4)0

f, = wake shedding frequency

At Reynolds numbers greater than about 150, Sr has values of 0.2 to 0.5.

The various models of mass transport coefficients are compared in Figure 66 to data on the mass
transport of CO in water at room temperature (86,87,218). All of the models predict similar results2
to within about a factor of 3. These predictions are in accord with the scattered data.

The discussions to this point have focused on external transfer processes to isolated bubbles.
Convective transport processes to bubbles in swarms might be expected to be different. Calderbank and.

Moo-Young [64] have correlated data for bubbles in swarms by

0.31( Jg/pj)1/3Sc -2/3 ford (e) <0.25cmB
k

0.42(pig /pi)1/3Sc -1/2 ford (e) >0.25cmB

where

Sc = pj / pj D

LcClair and Hamielec [65] have developed a theoretical expression for mass transfer to bubbles in
swarms:

1

i

i
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1.13Pe /2//1 -e forRe-m
1

2.213Pe /21 0
/Re .108/1 - e for10sRe s 1000

Sh = ' (0.65 +0.06Re /2)p,1/21

12
5-6(e)1/3 (,)2

,
5(1 - c)

_

where < is the volume fraction gas.

Predictions of the Calderbank and Moo-Young correlations and the LeClair and Hamielec theoretical
models are compared to experimental data in Figures 65 and 66. The Calderbank-Moo-Young
correlation provides an upperbound on data for bubbles larger than 0.25 cm. The predictions for these
bubbles are consistent with theoretical predictions for isolated spherical bubbles. The discontinuous shift
in the correlation prediction for bubbles smaller than 0.25 cm seems to be opposite the trend in the data.

The predictions of LeClair-Hamielee model are shown in Figures 65 and 66 in the limit of zero gas
fraction. The model seems to predict well data for very small bubbles. Like the Calderbank-Moo-
Young correlation and the theoretical model for isolated spherical bubbles, the IxClair-Hamielec
theoretical model bounds from above the experimental data.

The heat transfer coefficients that can be derived by analogy to the mass transport models and
correlations are shown as functions of bubble diameter in Figure 67. The heat transfer coefficients
shown in this figure are for water at 373 K. The analogy drawn from the Calderbank-Moo-Young
correlation appears to be at odds with predictions derived from analogies to other models. The
predicted heat transfer coefficients are about a factor of 2 higher than heat transfer coefficients derived
above for steam bubbles.

Internal transfer processes in small bubbles are expected to be quite rapid. Only theoretical expressions
for transfer rate coefficients are available. The case in which there is circulation within the bubble
yields the Kronig-Brink solution [88] for 4Dt/DB (e) - m :

Sh = 17.66

The long term limit without internal circulation [89] is:

Sh = 6.58

The Kronig-Brink model was derived for conditions in which mass transport in the liquid phase is
infinitely fast. The long-time, internal Sherwood number when the external mass transport rate is finite
is shown as a function of the external Sherwood number [102] in Figure 68. The correlation line in this
figure is given by:
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32 1/2 1
~

+ 10.20874/Sh(1)=

1.656.3 Sh(g).

where

Sh(g) = Sherwood number in the gas phase, and |

Sh(1) = Sherwood number in the liquid phase.

J. Thermophysical Properties

The thermophysical properties of water, steam and permanent gases used in this study are described in

the subsections below.

1. Properties of Liquid Water

Properties of suppression pool water were calculated assuming that the liquid was pure water. Powers
and Sprung [1] have discussed the effects dissolved and suspended impurities can have on the properties
of water. If the impurities are not strongly surface active, concentrations are expected to be so low in
the suppression pool that any error arising from neglect of the impurity effects on water properties is
likely to be negligible in comparison to other uncertainties.

The thermodynamic quantities enthalpy, vapor pressure, and density were calculated using correlations
recently recommendcd by the Association for the Properties of Water and Steam [83):

Enthalpy (cal /gm)*

h = a + T dPg

a + d 0-I9 + d 0 + d g .5 + d 65+d4
a = 0.23900 d 1 2 3 4 5

Vapor pressure (atmospheres)*

air + a2rd + a3 + a4M + a5 74 + a6 7In =

3Density (g/cm ) of the saturated liquid*

--. = 1 + b rd+b72/3 + b 75/3 + b 716/3 + b 7 +b7'#
i 2 3 4 5 6

Pc
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where

&= T/Tc

| 7= 1 - T/Tc

f 1/3
,

y= 7 !

|

| T= 647.096 Kc
t

| P= 217.755 atms !

c
3

| pc = 0.322 g/cm
|
| |
,

-1135.905627715 id' =
a '

di= -5.65134998 x 10-8

d2= 2690.66631

d3= 127.287297
|

d4= -135.003439| '

d5= 0.981825814

ai = -7.85951783

a2 = 1.84408259

a3 = -11.7866497

a4 = 22.6807411

a5 = -15. % 18719

a6 = 1.80122502

bi= 1.99274064

b2= 1.09965342

b3= -0.510839303

b4= -1.75493479
1

b5= -45.5170352

b6= -6.74694450 x 105
|

j Internal energy was derived from the expression:
i

)
i

|
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h - P/p = U

Heat capacities at constant pressure, C,, and at constant volume, C , were found by numerically
differentiating with respect to temperature expressions for enthalpy and internal energy, respectively.

Surface tension was calculated from the expression [56]:

_. i.256 r 1_.

0.999686 - T 0.999686 - T
o(dynes /cm) = 235.8 1 - 0.625

0.999686 0.999686
s .,

where T = T/647.27. Predictions of this correlation are compared to experimental data [103] in Figure 69.

The thermal conductivity of saturated liquid water was calculated from [55):

1 = 1,(f) A, (T,p)
A*

where

A' = 0.4945 W/m-K = 1.1819 x 10~' cal /cm-s-K

A,(i) = [/ {l + 6.978267/T + 2.599096/T - 0.998254/i')
2

5 6 i (i-1)f

A (f,p) = exp p [ [ L(ij) d-1 (p - 1)0'O
i

ii ji (T ;

p = p/0.317763

p = density (g/cm')

The nonzero coefficients L(ij) are listed in Table 11. Predictions of the correlation are compared to data

in Figure 70.

The viscosity of saturated liquid water was calculated from (55]:

p(g/cm-s) = 5.5 x 10-dp,(T)pi (T,p)
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Table 11. Coefficients in the term A (T,p) for thermal conductivity ofliquid wateri

J=1 2 3 4 5
_

Mi,j) 1.3293046 1.7018363 5.2246158 8.7127675 -1.8525999

L(2j) -0.40452437 -2.2156845 -10.124111 -9.5000611 0.93404690

M3j) 0.24409490 1.6511057 4.9874687 4.3786606 0
~

M4,j) 0.018660751 -0.76736002 -0.27297694 -0.91783782 0

M5j) -0.12961068 0.37283344 -0.4308393 0 0

IJ6,j) 0.044809953 -0.11203160 0.13333849 0 0

where:

T = T(K)/ 647.27

g) _ gj,I; 0.978197 0.579829 _ 0.202354
2 _3T T T

,

6 7 f i (i-1)

pi(T,p) = exp p [ [ H(ij) d-1 (p - 1)U-1)
6i Pi sT , ,

p= p(g/cm') / 0.317763

The coefficients H(ij) are listed in Table 12.

2. Properties of Steam

The thermodynamic propenies of steam (enthalpy, intemal energy, and heat capacities) were calculated from
the expressions described for liquid water, above, using the density of steam in place of the density of liquid
water. The density of saturated steam is given by [83]:

3p(g/cm ) = exp(C t +CT U + C t'8 +CT3+Ct +CT )38
i 2 3 5 6

0.322 !
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Table 12. Coefficients in the tem g(T,M for the viscosity of liquid water

j=1 2 3 4

H[1 j] 0.5132047 0.2151778 -0.2818107 0.1778064

H[2,j] 0.3205656 0.7317883 -1.070786 0.4605040

H[3,j] O 1.241044 -1.263184 0.2340379

H[4,j] 0 1.476783 0 -0.4924179

H[5,j] -0.7782567 0 0 0

H[6,j] 0.1885447 0 0 0

J=5 j=6 j=7

H[1,j] -0.0417661 0 0

H[2,j] 0 -0.01578386 0

H[3,j] 0 0 0

H[4,j] 0.1600435 0 -0.003629481

H[5,j] 0 0 0

H[6,j] 0 0 0

where

7 = 1 - T/647.096

C = -2.0315024i

C2 = -2.6830294

C3 = -5.38626492

C4 = -17.2991605

C5 = -44.7586581

C6 = -63.9201063

Similarly, the viscosity and thermal conductivity of steam were calculated from correlations used for
liquid water substituting the density of steam for the density of water in the formulae described above. i

|
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i

The calculated viscosities and thermal conductivities are compared to critically evaluated data in
Figures 71 and 72, respectively,

3. Properties of Permanent Gases

The gas phase injected into the suppression pool during the in-vessel phases of an accident is assumed
to be a mixture of hydrogen and steam. During the ex-vessel stages of an accident, air (assumed here
to be a mixture of nitrogen and oxygen) nitrogen, as well as the gaseous products of concrete

| decomposition, carbon dioxide and carbon monoxide, can contribute to gases injected into the steam
suppression pool. Properties of the permanent gases that are of interest, density, viscosity, and thermal!

conductivity, are calculated from conventional gas kinetic theory as described in the subsections below.

Viscosity
1

The viscosities of N , CO, CO and O can be calculated using [294]:2 2 2
;

~p(T) = _5 MRT1/2 f(y)
~

16 x N80 '

A, .

where

M = molecular weight of the gaseous species

7R = gas constant = 8.31451 x 10 ergs / mole-K

23
NA = Av gadro's number = 6.0221367 x 10

a = collision cross section

3

1% (8E * -7)2f(n) = 1 +

0(2,2) = collision integral

E* = 1 + 0.25T* d in O(2,2)/dT*

The collision integral is found from: ;

. .

2 4
0(2,2) = exp[0.46641 - 0.56991z + 0.19591z - 0.03879z3 + 0.00259z ] for 1 sT * s 10

z = In T*

T* = kT/c
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k = Boltzmann's constant = 1.380658 x 10-16 ergs /K

e = energy scaling parameter

At higher temperatures,

0 (2,2) , (p * )2a [1.04 + ai z + a2 z2 + a3 z3 + a4 z ] for T * 2:104/ / / /

where

a2 = -33.0383 + (alop*)-2 (20.0862 + 72.1059/a10 + (8.27648/a10 l

a3 = 101.571 - (aiop*)-2 [56.4472 + 286.393/a10 + (17.7610/a10 l

Na4 = -87.7036 + (a10p*)- [46.3130 + 277.146/aio + (19.0573/a10 I

a10 = In (V */10)o

p* = p/0

V * = V /eo o

The various parameter values used in the theoretical expressions are listed in Table 13. The calculated
viscosities are compared to experimental data in Figure 73.

The viscosity of hydrogen was correlated using recommended values [103,106] to the expression

p(g/cm-s) = 10-6{20.9161 + 248.7974 - 83.6226(2 + 19.551(3)

where ( = T(K)/1000. The recommended values of the viscosity of hydrogen and predictions from the
regression equation are shown in Figure 74.

Viscosities of Gaseous Mixtures

The viscosities of gaseous mixtures can be estimated from the Herning-Zipperer equation [289]:

N N
p(mix) = { p(i) x(i) M(i)1/2 { x() M(i)1/2

i=1 i=1

where

thp(i) = viscosity of the pure, i constituent
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Table 13. Parameter values for calculation of gas properties

IIN O CO CO2 22 2

M(g/ mole) 28.0135 31.9988 28.010 44.010

o(cm) 3.652 x 10-8 3.407 x 10-8 3.652 x 10-8 3.769 x 10-8

e/k(K) 98.4 121.1 98.4 245.3

p* 0.1080 0.0745 0.1080 0.0720

4 6 4 6V* 5.308 x 10 1.322 x 10 5.308 x 10 2.800 x 10
o

C* 2.I8 2.27 2.63 1.86
6

a(cal / mole-K) 6.37936 7.27376 6.54038 10.6120 6.12942

b(cal / mole-K ) 1.66422 x 10-3 1.17309 x 10-3 1.61207 x 10-3 2.96216 x 10-3 1.22008 x 10-32

c(cal / mole-K ) -2.76494 x 10-7 -1.38817 x 10-7 -2.7182 x 10-7 -5.03906 x 10-7 -1.0301 x 10-73

d(cal-K/ mole) 0.0614977 -0.589293 -0.0766475 -2.43100 0.410398

thx(i) = mole fraction of the constituent

thM(i) = molecular weight of the constituent

N = number of constituents.

Heat Capacities

Heat capacities of the gases H , N , 0 , CO, and CO2 were evaluated at the ideal gas limit. Data2 2 2
from the JANAF Tables (104,105] were correlated with temperature using the expression

Cp = a + bT + cT2 + d x 10 /T2
5

using nonlinear least-squares methods. Derived parameter values are listed in Table 13. In the ideal
| gas limit, the constant volume heat capacity is related to the constant pressure heat capacity by:

Cp=Cy+R

where R is the gas constant.
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Gaseous Diffusion Coefficients

Molecular mechanics and gas kinetic theory give rise to elaborate theoretical expressions for binary
diffusion coefficients. Theory is best develop::d for gases that are not polar and do not have internal
structure. Unfortunately, the polarity of H O poses a challenge to completely theoretical expressions2
for binary diffusion coefficients. Reid, Prausnitz and Poling [127] find the accuracy of theoretical
models to be erratic. These authors recommend an empirical formulation by Fuller et al. [128,129]: 1

'

0.00143 T .75 2
1

DAB = c m /s
2

V (A)1/3 yD(B)1/3PM DAB

where

MAB = 2 / [1/M(A) + 1/M(B)], and

V (i) = diffusion volume (listed in Table 14)| D

Other studies [131-135] have supported use of this formulation or one by Wilke and Lee [130]:

3.03 - (0.98/M
3/20.001 TAB

DAB "| 1/2 2
| PM # 0 9AB AB

i
,

I where
|
,

oAB = 1/2 (oA + "B)L

OD = collision integral

The collision integral, D , is given by [136]:D

O D" + + +

(T * )B exp(DT * ) exp(FT * ) exp(HT * )

where l
|

A = 1.06036
' B = 0.15610
!
5 C = 0.193
i
i D = 0.47635
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| Table 14. Parameter values for calculating the hinary diffusion coefficients of gases
i

M(i) (i) a(i) c(i)/k V (I); A3Gas (g/ mole) (cm mole)* (A )* (K)* (cm / mole)**3

H2 2.01594 6.12 2.827 59.7 28.5

HO 18.01534 13.1 2.641 809.1 18.72

N2 28.0134 18.5 3.798 71.4 34.7

0 31.9988 16.3 3.467 106.7 27.92

i CO 28.01050 18.0 3.690 91.7
4

CO2 44.0099 26.9 3.941 195.2 37.3

: * Reference 127
** Reference 1374

!,

E = 1.03587

F = 1.52996
!

; G = 1.76474
'

H = 3.89411

Perhaps the most important binary, gaseous diffusion couple of interest here is the H /H O mixture.2 2
Predictions of the binary diffusion coefficient in this system obtained from the two empirical correlations
are compared to data [223] in Table 15. The correlation by Fuller et al. usually yields values somewhat
higher than those observed whereas the correlation by Wilke and Lee yields values that are consistently
low in comparison to the data. Modifications of the correlations to account for the dipole moment of
H O and the polarizability of H do not greatly improve the agreement between predictions and the2 2
observations.

The predicted diffusion coefficients of steam in H , N , and CO2 at 1 atms predicted with the2 2
correlations are shown in Figure 75 as functions of temperature.
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Table 15. Comparison of predicted and observed binary diffusion coefficients in the
H /H O system2 2

2Diffusion coefficient (cm f3)

T P Observed Fuller et al. Wilke-Lee
(K) (atms) [223] [128,129] [130]

307.1 1 1.020 0.965 0.770
1328.4 1 1.121 1.085 0.876

352.2 1 1.200 1.227 1.000 |
322.5 1 1.000 1.052 0.846
365.4 1 1.179 1.308 1.072

307.0 1 0.915 0.965 0.769
328..E 1 0.961 1.086 0.876 1

297.93 1 0.802 0.915 0.726 I
312.79 1 0.937 0.997 0.798

'

327.95 1 0.998 1.094 0.883

292.95 1 0.850 0.889 0.703
'

324.5 1 1.012 1.063 0.856
365.4 1 1.25 1.308 1.072
372.3 1 1.28 1.352 1.111

'321.15 25.2 0.0316 0.0414 0.0333
321.15 49.4 0.0135 0.0211 0.0170
321.15 98.8 0.0065 0.0106 0.0085
321.15 194.6 0.0026 0.0054 0.0043
321.15 291.4 0.0021 0.0036 0.0029

341.15 25.2 0.0650 0.0460 0.0374
341.15 49.4 0.0338 0.0235 0.0190
341.15 98.8 0.0176 0.0117 0.0095
341.15 194.6 0.0101 0.0060 0.0048
341.15 291.4 0.0065 0.0040 0.0032

I

|

|
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Thermal Conductivity

Uribe et al. [107] have developed elaborate theoretical expressions for the thermal conductivities of the gases
N ,0 , CO, and CO in the limit of zero density. These theoretical models allow contributions from the2 2 2

molecular translations, rotations, and vibrations as well as electronic states to be separately determined.
Such models appear overly sophisticated for the purposes of this work. Consequently, results obtained by
Uribe et al. were simply used to fit a simple polynomial expression:

I 104k, em'"s-K,
2 3 6L + L,T + L T /1000 + L T /10=

2 34.184 . ,
s

,

using nonlinear least-squares methods. Parameters determined in this way are shown in Table 16.
Predictions obtained with the regression equations are compared to experimental data in Figures 76 through ,

80. A similar expression for the temperature-dependence of the thermal conductivity of hydrogen was found ;

by fitting the above expression to recommended values of the thermal conductivity [103).

The thermal conductivity of mixtures can be estimated from the thermal conductivities ofindividual gases
using an expression recommended by Mason and Saxena [120]:

P

k,(mix) = [ 'k,(i) / 1 + [$(ij) x(j)/x(i) '

i=1 jei
,

,

i

i 2f

k,(i) ]/2' M(i)''"l+
C k,(j), M(j),

i
1$(ij) =

.

/2
2/2

3
M (i)

M(j),

where

k.(mix) = thermal conductivity of the mixture,

k (ij) = thermal conductivity of the i* constituent of the mixture,

x(i) = mole fraction of the i* constituent in the mixture, |

M(i) = molecular weight of the i* constituent in the mixture,

C = constant.
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Table 16. Parametric values for correlations of gas thermal conductivities

Gas L L L Lo i 2 3

H 1.87 x 10-2 0.5886 x 10-3 -0.226342 x 10-3 7.5%73 x 10-62

N 2.78051 x 10-3 7.89354 x 10-5 -1.22826 x 10-5 1.53154 x 10-62

0 1.52688 x 10-4 9.38983 x 10-5 -1.87753 x 10-5 2.74421 x 10-6 |2

CO 1.60784 x 10-3 8.04387 x 10-5 -1.22788 x 10-5 1.43727 x 10-6 1

-1.10485 x 10-2 9.74176 x 10-5 -1.72780 x 10-5 1.77916 x 10-6CO2

Mason and Saxena recommend C = 1.065. Tondon and Saxena [121] recommend C = 0.85 for
mixtures of polar and nonpolar gases.

The predictions obtained from the Saxena and Mason formula for the thermal conductivities of mixtures
are compared to data for H /N [118), N /CO [113] and N /CO [116] mixtures in Figures 81 and 82.2 2 2 2 2

4. Solubility of Gases in Water

The solubilities of gases in water are conveniently expressed by Henry's law:

P(i) = H(i) x(i)

where

P(i) = partial pressure (atms) of species i in equilibrium with water,

x(i) = mole fraction of species i in the mixture with water, and

H(i) = Henry's Law coefficient for species i and water.

|

I

|

|
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Henry's Law coefficients are functions of temperature. Cor' relations of these coefficients used here are:

CO [122}o

In H(CO) = 115.22767 - 152.599953/$ - 67.8429542 In & + 7.04595359 &

CO [123]o
2

In H(CO ) = -4.54518 + 128.17/$ - 376.68/42 + 299.7/$32

|
o

H2 [124]

In H(H ) = 48.1611 - 55.2845/$ - 16.8893 in &2

*
O2 [125]

In H(0 ) = 66.73538 - 87.47547/$ - 24.45264 in (2

N (126]*
2

In H(N ) = 67.38765 - 86.32129/$ + 24.79808 in (2

where ( = T(K)/100 and pressure is in atmospheres. Solubilities of gases predicted with these
correlations for gas partial pressures of I atmosphere are shown in Figure 83. Reliable data only extend
up to about the boiling point of water for the gases except CO . The correlation for the Henry's law2
coefficient of CO listed above can be used for temperature up to about 430 K. Over the temperature2
range for which there are suitable data, the gas solubility decreases with increasing temperature. This
trend must eventually reverse since at the critical paint of water the gases become completely miscible
with water.

It is evident from the curves shown in Figure 83 that, until the water pool is saturated, diffusiophoresis
by soluble gases can contribute to aerosol removal from bubbles in cold water. The effect might be
especially important in the late stages of an accident in which CO f2 r m concrete is an important
constituent of gases entering suppression pools. Unlike the case of a water pool overlying core debris
interacting with concrete, there are no alternate mechanisms to gas sparging to saturate the pool with
CO . Of course, late in the accident, pool temperatures can be quite high and CO solubility low.2 2

K. Properties of Aerosol Particles

Discussions in the next section of this report will show how the rate of aerosol trapping depends on the
properties of aerosol particles. Certainly, the size of aerosol panicles will indeed affect rates of
trapping. The discussions of aerosol size distributions are included in Chapter V as part of the
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discussion of uncertainties that arise from details of severe accident progression. Similarly, the density
of materials that make up the aerosol particles will be discussed in connection with accident progression

'

uncertainties.
l

In this section, discussions focus on three properties of aerosol particles:

shape factors,o

slip correction factors, ando

hygrescopicity of aerosols.o

1. Shape Factors

The equations of aerosol physics are written for spherical aerosol particles. Of course, real aerosol
particles are not spheres. To approximately account for nonspherical shapes, shape factors are
introduced into the equations. Of most interest here is the dynamic shape factor, x. Of somewhat less
interest is the collision shape factor,7. The dynamic shape factor accounts for the increase in the drag
on a nonspherical particle. The collision shape factor accounts for the increase in the collisional cross
section of a nonspherical particle.

In principle, the deviation of aerosols from spherical shape can be dramatic, especially when primary
, particles agglomerate to form chains of adhering particles [164]. Very large values of the shape factors
' occur only when the aerosol is kept dry. For the application of interest here, water will be present in

abundance. Adsorption of water onto particle agglomerates will draw particle chains into nearly
| spherical compacts. Brockmann [164] has suggested that under these conditions, the dynamic shape

tactor and the collision shape factor are equal and that they are determined by the packing density of
the aerosol:

x = y = 1/a /3l
i
l

where a is the effective density of the aerosol particle divided by the density of the material making up
the primary particles.

It is likely that voids in compacted particles will be filled with condensed water in the situation of
interest here. These voids within the particle can be likened to " ink bottle" pores in solids [174]. That
is, the pores have entrances that are narrower than the body of the pore. The prototype pore is one
formed by the close packing of four spheres to form a tetrahedron. The approximate diameter of the
pore body is:

(6-1)d s; 0.73dp p

1

where d is the diameter of a sphere. The entrance to the pore, however, has a diameter of only:p
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d (2-6)/6 = 0.15dp p

The pore will fill with condensed water when the ambient partial pressure of steam is:

exp [-agv/0.366 dpPr }} = Peq RT]

where P is the equilibrium partial pressure of water at the prevailing temperature. The pore will
empty whin the steam partial pressure is:

Pempty - Peq exp[--2aiv/0.0774 dp RT]

At 373 K and for primary particles 0.1 m in diameter,

P ;;g = 0.991 atmsf

Pempty = 0.915 atms

There is, then, hysteresis in the isotherm for water adsorption by the pore. It might be anticipated,
because the primary particles in aerosols have variable sizes so that pores have variable geometry, that
the hysteresis will be of Barrer's Type C [175]. The essential points are that water can condense in the
pores of particle agglomerates at partial pressures less than saturation and that the presence of the
condensed water is stable to small fluctuations in the ambient partial pressure of steam.

Condensation of water in the internal voids of particle agglomerates is even more likely if the aerosol
material is soluble in water. Dissolution of aerosol material will reduce the chemical activity and
consequently the vapor pressure of the condensed water.

If water condensed in the pores of the particle aggregates is considered, then

a = (cpp + (1 - e)pw) / pp

where c is the packing fraction and pw is the density of water. (Of course, if water does not condense
in the internal voids of the particle agglomerates, then a E c.) Random packing of equal sized spheres
produces e = 0.63. Experimental studies of the packing fraction cited by Brockman [164] typically

4yielded values of c = 0.18 to 0.5. An exceptional case produced e = 3 x 10 .

Neglecting the exceptional case, the dynamic shape factors for aerosol particles discharged to the
suppression pool ought to be between 1.0 and 1.6 with values in the vicinity of 1.15 likely. Over the
last several years, there have been many studies of aerosol particle growth in terms of fractal geometry.
That is, the aggregation of primary particles to form a composite particle is such that the geometric size
of the composite is related to the volume of aerosol material by a fractal dimension:

I
dp = kn
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I where

;

,
number of primary (fully dense) aerosol particles that make up the composite, In=

l

i d
,

geometric diameter of the composite,=
p

Ik= proportionality constant, and |

dy= fractal dimension of the composite.

Were the composite particle fully dense, then the fractal dimension, dr, would be 3. A large number
of experimental and analytic studies suggest that the fractal dimension is less than 3:

Forrest and Witten [275] found fractal dimensions of inorganic " smoke" particles including iron ando

zine particles to be 1.5 to 1.7,

Meakin [276] calculated fractal dimensions for aerosol particles growing by Brownian processes too

be between 1.40 and 1.45,

Richter et al. [277] calculated fractal dimensions as high as 2.4,o

Feder et al. [278] reported fractal dimensions for carbon black as high as 2.3, but dimensions mayo

actually have been lower,

Martin et al. [279] measured fractal dimensions of particles by x-ray anc! light scattering to beo

1.84 i 0.08,

Mountain et al. [280] calculated fractal dimensions in the free molecular and the continuum flowo

regimes to be 1.7 to 1.9,

experimental studies by Samson et al. [281] yielded fractal dimensions of 1.5 to 1.6,o

data obtained by IIurd and Fowler [282] for flame generated SiO2 Particles indicated fractal jo

dimensions cf 1.49 0.15,

Zhang et al. [283] measured fractal dimensions for aerosol particles of 1.62 i 0.06 by lighto

scattering and 1.72 i 0.10 by transmission electron microscopy,

Mulholland et al. [284] calculated fractal dimensions in the free molecular regime of 2.07 i 0.08o

to 1.89 i 0.08,

Lesaffre [285] found the fractal dimensions of aerosol particles formed from TiClo
4 n moist air toi

increase from 1.52 - 1.57 to 1.71 - 1.83 as the relative humidity increased from 13.3 percent to
87.4 percent,

Meakin et al. [286] found calculated fractal dimensions of 1.8 to 2.12 depending on the detailo

collision and trajectory models used in the calculation,
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Megaridis and Dobbins [287] measured fractal dimensions of particles of 1.62 to 1.74, and*

Charalampopoulos and Chang [288] reported measured fractal dimensions of 1.7 0.08.*

If, as is suggested by these many studies, aerosol particles do have fractal dimensionality, then the
packing fraction and, consequently, the shape factors depend on particle size. If the primary particle
size is d(pr) and the packing fraction, e, goes to one as the particle size d approaches the primaryp
particle size, then

3-dr
| d(pr)

,,
d p

!

i

| or, to avoid physical impossibilities for continuous size distributions
!

.

3-dr
| e = min 1, d(pr)
I d

_
P

,

Both the fractal dimension, d , and the primary particle size in this expression are uncertain.r

Calculated shape factors for particles of various material densities are shown as functions of particle size
in Figure 84. For these calculations the fractal dimension was taken to be 1.786 and the primary
panicle size was taken to be 0.05 m. Water was assumed to fill the voids in the agglomerated
particles. Shape factors are calculated to increase rapidly with particle size for sizes in the vicinity of
the primary particle size. The shape factors become nearly size-independent and different than one for
large particles.

,

The model can be refined somewhat by recognizing that agglomerates containing 2, 3, and perhaps 4 !
primary particles will not have concave voids that can fill with water unless the material is quite

'

hygroscopic (see below). The agglomerates of small numbers of spherical particles will be quite
distorted from spherical and, consequently, shape factors for these agglomerates need to be defined.
Hansen and Ahlberg (168] have reviewed experimental data on the dynamic shape factors of
agglomerates composed of 2 to 5 spheres. They argue that there is a dependence of the dynamic shape
factor on the Knudsen number. Certainly, the scatter and uncertainty in data for doublets are large

'

enough that it is difficult to confidently identify a dependence on Knudsen number (see Figure 85). The
average dynamic shape factor for doublets is x (doublet) = 1.32 with a standard error ofi0.043. Data '

for triplets and quadruplets might arguably be weakly dependent on the Knudsen number. The
hypothesis that the slope of a linear correlation of the shape factor with Knudsen number is different

,

than zero can be rejected at fairly high confidence. Shape factors are taken here to be independent of
the Knudsen number:

i x (triplet) = 1.554 i 0.026
|

' X (quadmplet) = 1.765 i 0.038
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Figure 85. Dynamic shape factors for doublets, triplets, and quadruplet agglomerates of spherical
particles. Solid lines indicate mean values. Dashed lines define 95 percent confidence
bounds.
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2. Slip Correction Factors and Accommodation Coefficients
.

: The friction drag on a spherical particle is taken to be
i

F9 = 3r d8px/C
i where

FD = drag force,

-

g = viscosity of the gas phase,

; x = dynamic shape factor, and

; C = slip correction factor.
a

! The slip correction factor is included so that the expression can apply to particles smaller than the mean
free path of gas molecules as well as to particles so large that the gas phase can be treated as a

, continuum. The Knudsen number,

.i Kn = 2 A / d
P

e

) where A is the mean free path of gas molecules, characterizes the range af application. The mean free
#

path of gas phase molecules is the average distance of travel of gas molecules before they collide with
j other gas molecules. It is a concept that only makes sense if gas molecales are approximated as rigid,
:! noninteracting particles. Indeed, this is the approximation adopted in nearly all of the analysis of
; aerosol behavior. Within this approximation, the mean free path is given by:

A = kT/[2 Pro 2
~

;

. where
;

| o = collision cross section of the gas molecules (see Table 14),

) k = Boltzmann's constant, and

P = pressure in rational units.

In conventional units,

A (cm) = 3.065 x 10-7 T(K) / P(atms) a2 (A*)

189 NUREG/CR-6153
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More empirical expressions for A are often used:

1/2 ' 2M ' 1/2
8m

"88"

RT {2kT
,

,

or i

l

iA (cm) = 0.0127 p (T/M)1/2g

where

m= mass of a gas molecule and

M= molecular weight of the gas

These expressions make it somewhat easier to define a parameter that can be called the mean free path
for gas mixtures.

Empirical expressions for the slip correction factors for spheres (also called Cunningham slip correction
factors) have been made famous by Milliken as part of his work with oil droplets (see Reference 143
for some interesting comments on this work.) Milliken found for oil droplets:

C = 1 + Kn [1.23 + 0.414 exp (-0.876/Kn)],

I

Since then, other expressions have been determined:

Allen and Raabe [143] for solid particles*

C = 1 + Kn [1.142 + 0.588 exp (-0.999/Kn)]

Davies [144]*

C = 1 + Kn[1.257 + 0.400 exp (-1.10/Kn)]
1

Annis [295] 1*

l
C = 1 + Kn [1.558 + 0.173 exp (-0.769/Kn)] ;

,

'

Jennings [185]*

C = 1 + Kn [1.255 + 0.399 exp (-1.10/Kn)]

There is no significant difference among these expressions. They exhibit a classic " compensation" '

effect among parameters determined by least squares fitting.

NUREG/CR-6153 190
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All of the empirical expressions treat the slip correction as strictly a function of geometry. Phillips
[145], however, finds theoretically:

|

15 + 12C Kn + 9(C + 1)Kn2 + 18C (C +2)Kn31 i 2 1C=
2

15 - 3C Kn + C (8 +1at)(C +2)Kn1 2 1
|

where|

;

am= momentum accommodation coefficient,

at = energy accommodation coefficient,

Ci= (2 - a ) / "m, andm

C2= 1 / (2-am)-

Phillips' analysis suggests that the slip correction is dependent on the gas and the particle properties by
means of the momentum accommodation coefficient. Comparison of the slip correction factors
predicted with Phillips' model to data for oil droplets [146,147] using a = 0.895 [145] and tom
predictions obtained from the empirical correction by Allen and Raabe [143] are shown in Figure 86.

Accommodation coefficients arise frequently in the discussion of gas interactions with aerosol particles.
There are four so-called Knudsen accommodation coefficients:

o accommodation of normal momentum

-)
accommodation of tangential momentumo

accommodation of energy, and |o

* the radiometric accommodation coefficient.

Here, interests are confined to the accommodation of normal momentum and energy. Because the
energy of an ideal monatomic gas is a function of temperature and because the concept of I
accommodation arose in the study of heat transfer at low pressures, the energy accommodation
coefficient is often called the temperature accommodation coefficient. Accommodation is most
intuitively defined in terms of temperature. Consider a gas of temperature T(g) and a surface of !
temperature T(s). Gas species that collide with the surface reflect back into the gas phase with ;

properties indicative of a temperature T(r). Then, the temperature accommodation coefficient, at, is |

defined by:

191 NUREG/CR-6153 |
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lim T(r) - T(g)
at " T(g) - T(s) T(s) - T(g)

The definition is more rigorously correct if energy rather than temperature is used in the equation.
Similar definitions can be constructed for the of er accommodation coefficients. From these definitions,
it appears that accommodation coefficients can assume values between 0 and 1. Closer examination of
the gas-solid interaction process shows the conceivable range for the accommodation coefficients is not
so narrowly restricted. But, in reality, measurements of these coefficients are nearly always in this
range.

Measurements of accommodation coefficients for aerosol particles of interest here are, of course, non-
existent. Momentum acconunodation coefficients have been derived from the data used to define slip

correction factors. Rader [160] seems to consider the momentum accommodation coefficient a function
of the gas and provides:

Gas am

air 0.8972
Ar 0.8891
He 0.8694
H 0.92512

0.9195CH4
0.8784CH26

NO 0.89722
0.8908CO2

There are few surface materials for which momentum accommodation has been measured. Nearly all
the data examined by Rader were for oil droplets. Indeed, the only systemmatics in the results he cites
is a rough correlation of momentum accommodation with the molecular weight of the gas and the
solubility of the gas in oil. One would also expect that surface roughness on a molecular level would
lead to higher accommodation coefficients. Such roughness would seem to make it more likely that a
colliding gas species would be trapped or adsorbed on the surface at least temporarily and there would
be an opportunity for the gas species to equilibrate with the surface.

Data available for review by Rader were obtained at temperatures not too different than room
temperature. If the view that transient adsorption of gases on surfaces leads to higher accommodation
coefficients is true, then the accommodation coefficient should be somewhat temperature-dependent.
As temperature increases and the mean speed of gas phase species increases, larger fractions of the
collisions should be too energetic to lead to adsorption. The accommodation coefficient might be
expected, then, to decrease with temperature.

A great deal more is known about temperature accommodation. Saxena and Joshi [242] have reviewed
the available data. The accommodation of hydrogen on metals is shown in Figure 87. The temperature
accommodation coefficient for various gases on glass is shown in Figure 88. The most noticeable
feature of these data is that temperature accommodation coefficients are typically smaller than the
momentum accommodation coefficients cited by Rader. The temperature accommodation coefficients
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do seem to decrease with temperature. Also, the accommodation coefficient does seem to decrease with
the molecular weight of the gas.

There have been numerous theoretical studies of the temperature accommodation coefficient
'

[162,163,237]. Simple expressions for the accommodation coefficient are:

Baule hard-sphere model*

I
i

at = 2n/(1 + n)2
;

, ,

'

Empirical modification of the Baule equation:*
'

\

at = 2.4 /(1 + n)29

Effective surface mass:*

I

at = 2n'/(1 + n)2

where

|
n= MW(gas) / MW(surface atom)

n' = MW(gas) / MW(effective), and |

MW(effective) = effective molecular weight of the surface atom which can be several times the
actual molecular weight

As noted by Goodman and Wachman [243], none of the simple formulae " yields extensive agreement
with experimental data although each may be valid under particular sets of conditions." As a result, |

theorectical studies have produced rather complex expressions for the temperature accommodation
coefficient that involve properties of the solid and the gas-solid interactions. Such information is
unlikely to be available for aerosol materials of interest here.

Estimation of temperature accommodation coefficients for situations of interest here is complicated by
the fact that gas mixtures are present. Definition of a single value for the coefficient when it is likely
the various gases accommodate differently is a difficulty. Also, it is not obvious what the properties
of the surface are. If, in fact, water absorbs on the surfaces of aerosol particles, then the relevant issue
is the accommodation of gases by liquid water rather than solid surfaces.

It is clear that accommodation coefficients will not be known accurately for the systems and |

temperatures of interest here. Simple models of these accommodation coefficients are not available. 1

Consequently, accommodation coefficients will be sources of uncertainty and will have to be treated in
a substantially parametric fashion.
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The slip correction becomes important only for very small particles. The slip correction factor
described above is for perfect spheres. There is, however, no assurance that primary particles will be
so geometrically simple. At a minimum, some distortion into oblate or prolate ellipsoids might be
expected.~ Slip corrections are not known for ellipsoids over the entire range of Knudsen numbers.
Dahneke has, however, derived expressions for the drag force on oblate and prolate ellipsoids in the
free molecular regime [169] and in the continuum regime [170]. He has defined a procedure for

| estimating the slip correction factor for ellipsoids at arbitrary Knudsen numbers.

Recognize that the slip correction factor is, by def'mition, given by:
1

l F = F(cont) / C

where

F= the actual drag force on a particle,

F(cont) = the actual drag force on a particle if the gas could be treated as a continuum, and

|
C= slip correction factor.

Dahneke proposes to define a spherical particle whose diameter is such that the slip correction factor
in the free molecular regime is the same as that for the distorted particle. He finds this diameter from:

Rcont) = C = 1 + Kn[a +# exp(-6/Kn)]
F(fm)

where

F(fm)= drag force on the distorted particle in the free-molecular regime (Kn > > 1)

and the formula for the slip correction factor is any one of those described above. Since the slip
correction factor for the hypothetical spherical particle is the same as that of the distorted particle in'

both the free-molecular regime and the continuum regime, he assumes that calculated slip correction
factors for the hypothetical sphere will yield good estimates of the slip correction factor for the distorted

; particle under conditions intermediate between the extremes of the continuum and free-molecular
regimes.'

|

|

|
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Dahneke defines the forces on particles modestly distorted from spherical to be: '

F(cont) = - C L Vo g c

-- r L Vg c
F(fm) = f(E,a )m

Kn(e)

where

velocity of the particle,V =

critical dimension of the particle,L =
c

aspect ratio of the distorted particle (E 2: 1),E =

momentum accommodation factor or the fraction of gas atoms scattered diffusely, anda =
m

the Knudsen number for the distorted particle.Kn(e) =

The geometry factors C and f(E, am) are discussed further below. The defining equation, then is:o
1

L VKn(e) Co p8 c = 1 + Kn(s)[a + # exp (-6/Kn(s)]
r L Vf(E,a )g c m

or

C Kn(e)o -1 / [a + # exp (-6/Kn(s)) = Kn(s)
r f(b,, am)

where Kn(s) is the Knudsen number for the adjusted spherical particle. The diameter of the equivalent i

spherical particle is: I

d (equiv.) = L Kn(e) / Kn(s)p c

The geometric factors C and f(E, a ) depend on the geometry and the orientation of the particle. Foro g
prolate ellipsoids with semi-major axis a and semi-minor axis b:
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. .

2
Z 4Y +x-6' '

2

pl j-1 + 2+ Pf(E, a ) = sin 0 X< 4+ a a +m mi 2 4 m
J Y - -

P

,

l

2 ** cos 0 2X am+ YP (4-2a ) - 4 + 3- a' '

p 2 m m
Y 2E

! P

,

I ' 0 -Dcob6Co= _ .
+

_ _

2 2
2 2 2E _3 2 22E -3 E In E + /E -1 +E E in E + /E -1 -E

,/E -1 , ,/E _1 _2 2

where j

E alb > 1,=

X/b, ]Kn =

sin-I(Y )PX =
P y

P

(1 - 1/E )1/2,2Y =
p

1/E - X , andZ =
p p

angle of transport relative to the polar axis of the particle.6 =

For oblate ellipsoids with semi-major axis a and semi-minor axis b, Dahneke fm' ds:

,

2 2 (6-1)a
f(E,a ) = sin 6 XY -2 '+Z. 4 - (4-1)a +b +m<

, m m
ol

m g o 4 '

+ Cos 8 X Y 4 - (6-x) a .E2+Zao m + Eao o m m

,

|
|
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I
2 2 2 210*(E -1) sin 6 8x(E -1)cos g j

! Co= _ _
.

_

2 23E -2
atn(/E2 _ 3) _3 E -2 atn(/E2 _ g) 3

./E . ./E2_i2; -1
.

j
,

j where [

E a/b > 1,=

e

A/aKn =

1 / /E _i2X =
,o

Y E-Z=
o o ;

Z X in (E + 1/X ), and ;=
o o o

again 6 is the angle from the polar (semi-minor) axis of the particle.

The distorted particles are, presumably, randomly oriented and do not rotate for most situations (165].
,

The statistical average force is taken by Dahneke to be found from:

1 1

'

1 2
'

:
=- + j

f(avg) 3 f(6 = 0 ) f(6=90*), I
,

and j

. .

I 1 1 2
=_ +

C (avg) 3 C (6-0 ) . C (6=90*)o o o
_ _

A plot of the statistically averaged slip correction factor for a prolate distorted particle calculated using
Dahneke's method is shown in Figure 89. Also shown in the figure is the slip correction factor
calculated using the volume equivalent sphere methods. For small distortions from spherical that are
of interest here, the differences between the slip correction factors calculated by the two methods are
not especially large. The extent of distortion and whether it is oblate or prolate distortion are
uncertainties of equivalent or greater importance.

3. - Hygroscopicity of Aerosols Produced in Reactor Accidents !

The analyses of water condensation presented above show that if the chemical activity of water i

condensing on the aerosol surface can be reduced sufficiently, the aerosol particle will grow. Growth
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can be quite rapid. When the growth occurs, even quite small particles can become large enough that
one or more of the aerosol trapping mechanisms discussed above will become efficient.

The reducti m in the chemical activity of condensed water is the key to the growth of aerosol particles.
The reduction must be sufficient to overcome both the Knudsen effect and the slight undersaturation of
the bubble atmosphere as it rises through the pool. The only readily apparent mechanism for the
reduction in the chemical activity of condensing water is for the water to dissolve some of the aerosol
material. The question then becomes how soluble will aerosols produced in reactor accidents be?

Models of radionuclide releases during severe reactor accidents often treat the chemical form of aerosol
materials quite crudely. These models often speak of chemical species such as CsOH, CsI, and inert
aerosols [14,23,25]. Certainly, CsOH and Csl are quite soluble in water as is shown by the data in
Table 17. Were these materials to make up the aerosols entering the suppression pool, there is little
doubt that water condensation would lead to particle growth.

It is, however, not evident that CsOH and Csl will be aerosol materials. In the last few years, more
attention has been paid to the issue of chemical form of the aerosol produced during severe accidents
(268). Rich opportunities for reaction of chemically reactive species like CsOH have been found. Some
important reactions include:

CsOH + HBO2 # CsB02'UO2

2CsOH + ZrO2 # Cs2 rO3+HOZ 2

Csl + Ag + H O # CsOH + AgI + 1/2 H22

2Csl + CdO + H O # 2 CsOH + CdI2 2 i

Table 17. Water solubilities of some materials
expected to be present in aerosol
produced during severe reactor
accidents

4

CsOH Csl
'

Solubility Solubility
T (moles /kg T (moles /kg

(K) H O) (K) H O)2 2

288 2.94 273 1.17
344 3.50 293 1.68
374 3.66 313 2.06
402 3.92 333 2.31

353 2.52
373 2.64
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For exactly the same reasons CsOH absorbs water so extensively, CsOH is also quite reactive towards
other oxides to form materials of much lower water solubility. Dissolution of these materials may not
produce the reduction in the chemical activity of water needed to promote particle growth.

Another development in the understanding of severe reactor accident phenomena has been the
recognition that nonradioactive materials are far more abundant contributors to the aerosols than are
radionuclides. The situation is particularly extreme in the case of core debris interactions with concrete.
Typically, it is found in analyses of these interactions that radionuclides constitute only 1 percent of the
total aerosol mass being evolved. Most of the aerosol mass comes from constituents of concrete such i

as CaO, SiO , FeO, etc. Early in the course of core debris interactions when the molten core debris i

2
is quite hot and the most extensive releases of radionuclides take place, the nonradioactive aerosol
materials might be expected to form chemical species with very low water solubilities. Adams [248]
found that condensing steam did not accentuate the deposition of aerosols produced by feeding concrete
into a plasma torch though condensing steam did accelerate deposition of Fe2 3 and U 0 aerosolsO 38
formed in a similar fashion.

,

Aerosol particles produced during severe reactor accidents are not likely to be composed of a single
chemical species. It is, in fact, usually assumed that at least within given a size class aerosol particles
will be composed of mixtures of materials with varying water solubilities. The two issues of interest,
then, are, (1) can water soluble material making up a few percent of an aerosol particle produce the
reduction in chemical activity necessary to promote growth by water condensation and, (2) can the
dissolution occur fast enough to affect the particle during its transport through the suppression pool.
Dissolution kinetics may be especially troublesome if the water soluble material is encased in materials

|that are not especially soluble. Particle morphology and structure a! well as chemical composition must
be understood to resolve the issues of particle growth by water condensation.

l

L. Aerosol Behavior.

The trapping of aerosol is, of course, the process of main interest here. It is convenient to consider '

aerosol trapping in four regimes of particle transport:

|* aerosol trapping during transport to the steam suppression pool,

aerosol trapping during bubble formation,o

aerosol trapping during collapse or disintegration of bubbles immediately after bubbles detach fromo

orifices or vents in the suppression pool, and

aerosol trapping during the quasi-steady state rise of bubbles through the pool.o

The first of the regimes, aerosol trapping during transport to the pool, is considered outside the scope
; of this work. Trapping aerosols by diffusiophoresis within downcomers has been mentioned above.
| Other phenomena that lead to aerosol trapping during transport to the suppression pool are described

below (Section IV L-4). These phenomena are not further pursued. They might, however, affect not'

only the mass of aerosol to be removed by the pool, but also the size distribution of the aerosol particles

j that enter the suppression pool. The discussion below will show that many of the phenomena that can
' lead to aerosol trapping in the suppression pool are sensitive to the aerosol particle size.
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q Attentions here are focused on the trapping of aerosol by the suppression pool itself. The assumption
is made here that a particle that contacts the water in the suppression pool is permanently trapped in the,

pool. Gross re-entraimnent of particle-ladden liquid droplets by sparging gases has been neglected here.
Models of this entrainment phenomenon are available [200-202]. Typically, such models predict that
the mass of!iquid entrained by gas sparging is about 104 of the mass of sparging gas. Until the pool,

becomes very concentrated in radionuclides, this re-entrainment will not significantly reverse the
decontamination produced by the suppression pool. Neglect of this re-entrainment process does,
however, mean that some limit ought to be imposed on the decontamination that is predicted by the

'

models of aerosol trapping that are discussed here. In general, the authors feel that predicted J

6
; decontamination factors * in excess of 10 should be viewed with suspicion because entrainment and the
~

possible enrichment of surfaces with particulate relative to the bulk liquid have been neglected.

Rather than discussing aerosol trapping processes in the sequence they would be experienced by the I

aerosol produced in a reactor accident, the discussions of aerosol trapping are presented in subsections
beginning with aerosol trapping during bubble rise through the pool. This is done because the trapping
phenomena have been more thoroughly described for rising bubbles. These phenomena will be more
familiar to the reader and can be used to obtain an understanding of the more complex phenomena
associated with aerosol trapping during bubble collapse and during bubble formation.

1. Aerosol Trapping During Bubble Rise

The removal of aerosol particles from gas bubbles rising through water is a classic problem that has
been addressed by a number of authors [148-150,153]. Usually, aerosol removal from the gas is )
considered to occur as a result of particle sedimentation within the bubble, diffusion of particles to the
bubble walls and, in cases where gases circulate within the bubble, as a result of inertial impaction of
particles on the bubble walls. For the particular situation of interest here, it is necessary to consider )
two additional phenomena that lead to aerosol trapping. Both of these additional phenomena arise
because of the behavior of water vapor within a rising bubble as was discussed above (see Section
IV-D). Analyses of the thermodynamics of bubbles rising through a water pool showed that water
vapor will evaporate from the walls and diffuse or convect into the bulk gas of the bubble. The
evaporating water imposes a Stefan flow and a diffusiophoretic force on aerosol particles near the
bubble surface. The thermodynamic analyses also showed that there could be a thermal gradient near i

the bubble walls. This thermal gradient will create a thermophoretic force on particles that will oppose
particle deposition. In the discussions of the various aerosol trapping mechanisms presented below, the
bubbles are assumed to be smooth ellipsoids. This is, of course, an ideaiization. In reality the surfaces
of the bubbles, especially surfaces of bubbles in swarms, will be continuously deformed and reformed.
Aerosol trapping by the shape oscillations of bubbles is also discussed in this subsection.

a. Diffusion of Particles to the Bubble Walls

Diffusion of aerosol particles to the walls of bubbles is caused by the Brownian motion of the particles
and the stochastic nature of impulses imparted to the particles during collisions with gas molecules. i

There are a variety of possible treatments of diffusion of aerosol particles. Most frequently adopted is !

l

*The decontamination factor, as used throughout this document, is the dry aerosol mass injected into the suppression pool
divided by the dry aerosol mass that emerges from the pool.
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an argument developed by Fuchs [148]. This treatment of particle diffusion to the walls of bubbles is
somewhat peculiar. The argument is reproduced below for a spherical bubble. The development of
the argument for an ellipsoidal bubble has been presented elsewhere [150]. I

1
!

Fuchs assumes that gases within the bubble circulate. Certainly, the discussions above show that this
I

'

may not be the case. Ideally, when gases do circulate within a spherical bubble, the gas velocity '

tangential to the walls is:

Utang = 1.5 UB sin 0

where

tang = tangential velocity,U

LJB= rise velocity of the bubble, and

0= angle from the pole of the bubble.

The rate at which particles of size d flow through a region between the bubble surface and a streamp
line (actually a stream surface) displaced a distance S from the surface of the bubble at the equator is: |o

)

2=S DB rn sin 0 Utang = 1.4 S DB UB rn sin go o

where n is the number concentration of particles of size d . Fuchs makes the questionable assumptionp
that diffusion to the bubble surface is negligible except between polar angles of r/4 and 3r/4. In the
above specified region, the time required for particles to traverse this are is |

|

0 = 3x3r/4 3r/4
. 1 + cos 0 40.5 DB d0 DB dg -DB

.

In = 0.588 D / UBt= = = BU 3UB sin 0 6VB _ - 0=W1 - cos 0
i/4 tang jf4

1

During this time period the random walk displacement of particles by Brownian motion, 5, is given by:

E = 0.8650 /D D /U3=2 B B ,x '

,

| where
!

D= particle diffusion coefficient,t

CkT / 3rp d x,=
g p
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,

C= Cunningham slip correction factor (see Section IV K-2),

x = dynamic shape factor, and

k= Boltzmann's constant.
'

Over the interval from 6 = r/4 to 6 = r/2, the separation between the reference stream line and the i

bubble wall varies from 26 to 6 . Fuchs defines the reference streamline by: {o 0

3-1.560

He then makes the somewhat startling assumption that all of the particles in the region deposit on the
wall. That is, he has very roughly divided the zone in half to account for the fact that half the particle ~
will move toward the wall as a result of Brownian motion and half will move away. For calculational
purposes, he segments these two classes of particles on either side of the boundary line.3 = 1.5 S .o
The particle deposition rate is then given by:

U)U) s 2.717 n (D D= 1.5 6 xDB UBn=3DB U rn a 0.8650 rn (D D BB BB B0

An overall deposition velocity, referenced to the entire surface area of the bubble even though the i

deposition is taking place only over 70.7 percent of the bubble surface, can be defined as:

1/2
1 dN DUB

= Von = 0.8650 n2 dt DB,3
B

or

DUB
Vp = 0.8650

DB

Similai 'ce deposition coefficient for the fraction of particles deposited per unit bubble rise, a(D),.

can be delmed as:
.

1/2
6 dN UB D

= a(D) = 5.190
3 dx 2 3

rDBn U Drise B
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where x is the distance of bubble rise. IIere, it is useful to make distinctions among the rise velocity !

of an isolated bubble, U , the rise velocity of the bubble relative to the water, U ; p, and the velocityB 3
relative to the fixed coordinate frame of the pool. Then,

'

D U
''P

Is!
a(D) = 5.190

D UB r se
_ _

For an oblate ellipsoidal bubbles of eccentricity * E, expressions derived from arguments completely
parallel to those made by Fuchs for spherical bubbles are [150]:

2
' '

2 1/2
2 DU slip (E _;) 1.76E

~\2/3 8xDB 1 + (4 +2(E _1))l/2 (E _1)2 2
y ,E ,

- -

E+h
#

(E _3)1/2' _

E - /(E _ g) E tan
'

2 2 -I 2
3

[E _ i)2E /(E _i)2 2
,

and

_

'

2
~ ~

2 1/2DUslip (E _3) 1.76E
_ ,

2 2 2
B nse - 1 + (4 + 2(E _ i))l/2--(E _ g)6 8xD U

a(D) = ,

-

|

(E _3)1/2-
1/2

2 -I 2E tan
_

/(E _;)2

It should be noted, however, that these expressions for an oblate ellipsoidal bubble have been derived |
assuming that vortex flows in an oblate ellipsoidal bubble are simple geometric distortions of Hill's
vortex in spherical bubbles. This is probably not an accurate representation of the vortex flow in an
ablate ellipsoid [203] In fact, oblate distortions of a Hill's vortex asymptotically approach a vortex
ring which is a rather different structure than that assumed for the derivations of these expressions.

Certainly, the Fuchs derivation is sufficiently peculiar that it is surprisir3 that it has been so widely used
in the absence of any real validation. Mills and Hoseyni [204] have criticized the derivation on the
basis of inconsistency. Consider the deposition velocity, V(D), which is a mass transport coefficient.
Cast in terms of a Sherwood number, the mass transport coefficient is:

0 Eccentricity is defined here as the ratio of the semi-major axis length divided by the length of the semi-minor axis.
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1/2
V(D) DB Uslip DB

= f(E) Pe /21 !Sh = = f(E)
D D

l

where Pe is the Peclet number. This relationship between the Peclet number and the Sherwood number |
is the expected result from penetration theory for mass transport. Penetration theory is based on the |

assumption of a well-mixed bulk fluid and not vortex flow. Mills and Hoseyni correctly note that the i
Kronig-Brink solution is the proper solution for the case of vortex flows [88]:

,

1

m.
2{A A exp[-16 An p]r

n n

Sh = I"I
n

{A exp[-16 An plrn
i=1

i

where
'

4 Dt / Dr =p B

and the values of the parameter A and A f r the first seven terms are [205]:n n
1

n A An n

1 1.656 1.29
2 9.08 0.596
3 22.2 0.386
4 38.5 0.35
5 63.0 0.28

6 89.8 0.22 j
7 123.8 0.16

In the very long term (r - m),p

Sh = 17.66

which is independent of the rise velocity. The time averaged mass transport coefficient is given by:
:

m

Sh = in A exp[-16 A
r ])!'
p ln n

37p n=1
,

NUREG/CR-6153 208

__ ._. _ _ . . _ . _ . _ . - _



:
|

Physical Phenomena

Mills and Hoseyni suggest, based on work by Calderbank and Korchinski [206):

Sh = a(t)
4

/1-a(t) (1 - /1-a(t))
where

9#a(t) = exp rp

In the long term,

Sh = 14.6

Circulation of gases within the smaller bubbles is not assured especially in the contaminated water of
the suppression pool. If the gas is essentially stagnant, the Sherwood number is given by [148]:

'

2*2x exp[-n2 ,2 r]p
""ISh =

x |
2 2 i

[ exp[-n 7 7)p
n=1 n

The long-term asymptote of this expression is:

Sh = 6.58

The time-average Sherwood number in this case is:

m

{ .I exp f-n
1-2 2 2Sh = in < 7 r,g prp 1 n=1 n'

Deposition velocities for particles of various sizes computed with these alternative models are shown
in Figure 90. Time-average values shown in this figure were taken to be for 10 seconds which is about
the time required for a bubble to rise through a suppression pool. Deposition velocities calculated using

, Fuchs' model are very high compared to those calculated with other models. Mills and Hoseyni feel,
based on findings by Brunson and Wellek [206], that Fuchs' model might be more appropriate for
oscillating bubbles. It is also evident from the results shown in Figure 90 that there are substantial
differences between the time-average values of the deposition velocity and the long-term asymptote
values. This suggests that the dynamic expressions for the Sherwood number, Sh, or deposition velocity
ought to be used for analysis of aerosoi decontamination by diffusion.

7
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In summary, it is apparent that there is a significant uncertainty in the diffusive deposition of
aerosol particles. As discussed below, diffusive deposition is most important for very small particles
( < 0.1 m). Since small particles will contribute so little to the aerosol mass expected in a reactor
accident, the uncertainties in diffusive deposition are not likely to create very large uncertainties in
the total decontamination factor achieved by suppression pools. But, the relative magnitude of diffusivei

deposition (which increases in efficiency with decreasing particle size) is important in comparison to
other aerosol deposition processes such as inertial impaction and sedirnentation (which decrease in
efficiency with decreasing particle size). These relative magnitudes will determine the aerosol particle
size least efficiently removed by the suppression pool and consequently the particle size of aerosols most
likely to penetrate the pool and become available for release from the plant.

'

h. Sedimentation Within a Bubble

The coefficient for aerosol sedimentation per unit rise of an ellipsoidal bubble is:

2/3a(s) = 1.5 E J/DB Urise

where
i

l

E= eccentricity of the bubble,

2J= 7gp d C / 18 pgX'pp

aerosol material density, andp =p

y= collision shape factor.

The deposition velocity into just the projected area of the lower half of the ellipsoid is: !

V(D) = J
|

The deposition velocity normal to the surface of the ellipsoid is:

V(normal) = -JE cos(n)
2 2 'l/2

(E -1) ces (n) + 1

for n = r/2 to r. The normal deposition velocity is zero for n = 0 to r/2. The differential area for
deposition is:

xD 1/2
dA = f(E' - 1)

1 7B 7

+ cos*(n) sin (n) dnl/3 22E E _;
.
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A plot of V(" #**I) b as a furetion of n is shown in Figure 91 for values of the eccentricity from
1rD IB

1,1 to 4.

Sedimentation is a strong function of particle size as is shown by the plot of J against particle size in j

Figure 92. It is likely that most particles large enough to deposit by sedimentation during bubble rise |

through a st ppression pool would have been removed by deposition processes during transport to the '

pool.

c. Inertial Depositon j

Circulation of gases within a bubble can lead to deposition because large particles are unable to follow
stream lines in the flow. Deposition from the circulation vortex in a spherical bubble has been derived
by Fuchs [148]. Derivation of the deposition from an oblate ellipsoid has been based on the '

consideration of simple geometric distortion of the Hill's vortex in spherical bubbles [149,150]. As ,

noted above, this is not an accurate portrayal of the circulation in an oblate ellipsoidal bubble (203].
The deposition coefficient for the fraction of particles deposited per unit rise of a bubble of eccentricity ,

Eis:

4/36U 7E 2_g2 g _91/2 2 -1 g2_ g2slip g4g
a(I) =

D Uris
/(E_3)'[/(E -1) - E

2 2 -1 2B tan

|

where

r= J/g = y p d 2 C /18 p x, andpp g

y= collision shape factor 1

l
A deposition velocity over the entire surface area of the bubble is:

2/3 -[(E _3)2 + (E _3)3/2 (E -2) tan-I/(E_3),2 2 2 2
2 U ;;p 7E3 .

E + (E _3)1/2"2
b

-I [(E _ ;)1/2jf(E -1) - E~f -) 22 2
DB 1+- tan

20 (E _3)1/2
'2

,

|
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' The centrifugal acceleration responsible for the deposition is given by:

sin (n) /E -1 E5/32 22U
acceleration - a = slip

5/2
2

2 1
/E - 1 - E tan-I fE _3 ]

2 2 2DB< cos (y) . -

2 ,

E _i

where n is the polar angle of a vector from the origin of the ellipsoid to a point on the surface. The
local deposition velocity is given by

2
d Ca7pp P

, yD(local) = ar
18 Pg X

The differential area for deposition is:

2 1/2

0 /E _ i , 1 22dA = +cos(n) sin (n)dn
-

1/3 22E E _y

for n = 0 to 1. Plots of the patterns of deposition of particles by inertial impaction in ellipsoidal
bubbles of various eccentricities are shown in Figure 93. It is apparent from results shown in this
figure that most of the inertial impaction of particles occurs in a region around the midplane of the
bubble. This region becomes narrower as the eccentricity of the bubble increases.

Deposition velocities due to inertial impaction are shown in Figure 94 as functions of particle size for
' bubbles of various sizes and eccentricities. These results show that inertial impaction can affect
particles that are smaller than those affected by gravitational settling but does not affect particles that
are efficiently deposited by diffusion. Combining the three classic mechanisms of aerosol deposition-

! diffusion, sedimentation and inertial impaction-produces an overall deposition velocity that passes
through a minimum when plotted against particle size. The exact position of this minimum deposition

, velocity does depend on bubble size and system properties, but it is typically in the vicinity of 0.1 to
! 0.3 m diameter particles.

| d. Particle Deposition by Diffusiophoresis
!

| In general, the gas within a bubble will not be in equilibrium with the water pool. As discussed above
l (see Section IV-D) the partial pressure of water vapor in a bubble will be depressed below the
equilibrium partial pressure of water vapor in the suppression pool. There will, then, be a flux of water
vapor from the bubble surface directed into the bubble which will oppose particle deposition. In

! principle, gases such as II , CO, and CO will diffuse from the bubble into the water until the water2 2
; pool becomes saturated. As discussed above, the saturation concentrations of these gases are so low
| that this flux of gas, which would tend to enhance deposition, is thought to be negligible. Attentions
! here are, then, fixed upon the inhibition to deposition by the water vapor flux into the
i bubble-diffusiophoresis. In the analysis of diffusiophoresis, temperature gradients between the bulk
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gas and the bubble wall will be neglected. Thermodynamic calculations presented above show these
gradients are small. The effect of the temperature gradients is to induce a thermophoretic velocity to
the particles. This thermophoretic effect and the combined effects of diffusiophoresis and
thermophoresis will be discussed in the next subsection.

|

Because the rising bubble is slightly unsaturated in water vapor, there will be a water vapor
concentration gradient in the bubble near the bubble wall. The flux of water vapor away from the wall
will subject aerosol particles to a Stefan flow and a diffusiophoretic force. According to Waldmann and
Schmidt [166], the Stefan flow is given by:

D (H O)2
V(Stefan) = VP(H O)2

PT - P(H O)2

The diffusiophoretic force is given by:

D (H O) 31rp2 d VP(H O)F9 -o12 2p g p

where

D(H O) = diffusion coefficient of water vapor in a noncondensible gas within a bubble,
2

PT =- t tal pressure, and
I
'

al2 = collision integral to be discussed below.

The deposition velocity of aerosol particles due to both diffusiophoresis and Stefan flow is:

- -

D(H O)2C X + o12 (1 - P(H O)/P ) VP(H O)2 T 2V9X
_

, [PT - P(H O)]C 2
I

Waldmann and Schmitt (166] indicate that the quantity a12 s theoretically:i

1

m(H O) - m(gas)2

m + (m(H O) m(gas))1/22

where m = m(H O) + m(gas). But, to match experimental data well, they find i
2 |

- 1.05 (o(H O) - o(gas))0.95(m(H O) - m(gas)) 22
012 = a(H O) + o(gas)m(H O) + m(gas) 22
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In the free molecular regime, Waldmann and Schmitt recommend:

1 + a12 (P - P(H O)/P =2

P'1 + rat (H O)/8' /m(H O)2 2,

P(H O)[1 + rat (H O)/8] /m(H O) + (P - P(H O)) (1 + rat (gas)/8) /m(gas)2 2 2 2

where

m(H O) = molecular weight of H O2 _ 2

m(gas) = molecular weight of the noncondensible gas

a (H O) = thermal accommodation coefficient of H Ot 2 2

a (gas) = thermal accommodation coefficient of the noncondensible gas.t

The molar flux of water vapor to the bubble surface i.s given by:

-D(H O) VP(H O)2 2,

J(H O) =2'

RT (1 - P(H O)/P )2 T

, It is assumed here that the partial pressure of steam varies only with the normal distance from the
bubble walls. Then, in oblate ellipsoidal coordinates *, the gradient is:

VP(H O) - M| 2

C cos (n) + C sinh (g),M2 2 2 2
|

,end,

j(H30) = D(H,0) P a in P(H O)/S$2~

T
2 2 2 '1 !RT 2

*

cos (n) + C sinh ($)
/2

.C
, l

|

The total rate of mass transfer to the bubble surface is:

i

s *Canesian coordinates x and y in terms of the oblate ellipsoidal coordinates are:

2=a-b= C sinhf() cos (n) y = C cosh (() sin (n)
x

2C
( where a and b are the length of the semi-major and semi-minor axes, respectively.
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j(H O) 2ry dsj(H O)dA = 22

ds = a(E _3)1/2
- 1/22

1 2+cos(n) sin (n) dn
,

2E E _3
. .

so,

2
x a D(H O) PT a in P(H O)2 2,

j(H O)dA =2 RT at
& = fo

Similarly,

j(H O) dA = -km [P(sat) - P(H O)]/RT
'

A 22
,

where

E + /E _12
1

A= 2r a2, t. in ,and.

2EfE -1 _ E - [E _ i _
2 2

!

1/3Dg E /2a=

Then,

d in P(H O) -A[P(sat)-P(H O)] km2 2
,

d( ,2a D(H O) PT2,
9

and

,

. .

E + /E _ g2
In

E - /E _ I2
[P(sat)-P(H O)]1+ 2

-P(H O) k E 2E/E_i2
2 m

VP(H O) |8 " 8
=

2
2 2 2 Mx ,2P D(H O)2 /E -I cos (n) + 1/(E _3)0

2
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| A theoretical expression for the external mass transport in potential flow over an oblate ellipsoid is [267]:
1

2 ik, D 2xD pe /2 2 in
2 (E _3)3ne 3Sh = =

<
<

,

d(/E - 1) - /E _ gD /EA 3 2 2 2E tan

|

Taking this expression as approximately applicable also for the interior, rotational flow yields:

8 Pe in P(H O) E '3[P(sat)-P(H O)] 2(E _i)
8 la2

VP(H O)(%
2 2=-

2

[cos (T))+1/(E _i)pa3n D P
3f(E tan-'(/E _l)-/E _3[

2 2x 2 2 23 T

where

Pe = Ua D / D(H O), anda 2

D diameter of the volume equivalent sphere.=3

A plot of the relative variation of the partial pressure gradient and consequently the diffusiophoretic flux of
particles around the surface of the bubble is shown in Figure 95. Since,in general, the saturation partial
pressure at the bubble surface will be greater than the partial pressure of water vapor in the bubble, the
gradient is negative. That is, the flow of evaporating water will force particles away from the surface.

e. Thermophoresis

A particle in a thermal gradient will migrate toward lower temperature due to the thermophoretic force. This
effect, which is so difficult to accurately measure, has prompted a remarkable amount of intemperate
language in the specialized literature (see for examples References 225 and 226). Bakanov (225) provides
a readable review of the topic. Thermophoresis literature is challenging because nomenclature is not
standardized.

By far, the most widely used expressions for predicting the thermophoretic motions of particles is that
derived by Talbot et al. [154]:

2C,p8 k
l + C, Kn C VinT

# 8 PV" =
[1 + 3C,Kn] [1 + 2k,/k + 2C, Kn]g

|

|

1
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Figure 95. Relative variation in the water vapor pressure gradient at the surfaces of ellipsoidal
bubbles of various eccentricities. Note that variations are symmetrical about polar
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| -6xp,d,C, k
- I + C, Kn VinT

P, k,p =

[1 + 3C,Kn] [1 + 2k,/k + 2C,Kn]p

; where
|

Fr = thermophoretic force

j Vo= thennophoretic deposition velocity

C, = 1.128

i 2-a*C, =
Em

C, = 15 (2 -a,)
8 at

Loyalka [227] has suggested some alternate expressions for parametric quantities that depend on the,

! intermolecular force law
.

!

|

C, = 0.75 (1 - a ) + 3 a, ((s)

C, = 15 (2 -a,) (1 -a,) 5 [5 + a, ((t)
I

'

8 a, 8
f i

C, = (1 -a ) 5 + a, ((m)""
U

r m )
1

((s) = 0.35 to 0.383

i ((t) = 1.263 to 1.296
|
i
'

| ((m) = 0.996 to 1.02
l

Derjaquin and Yalamov [161] have used arguments based on irreversible thermodynamics to derive:

I
;

j V - -3.0 p, k
8 + C, Kn VinTo

; p, k,
.

; [1 + 2C,Kn] [1 + 2k,/k + 2 C,Kn]p

:

phich differs from that found by Talbot et al. by a factor of 2C/3 = 0.75.
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Fulford et al. [159] have correlated experimental data to obtain.

- -11.418 - 0.7525 log 10 Kn - 0.2231 (log 10 Kn)2FT
|loggo -

VT 4

- 0.2695 (logio Knf

and

Vp = -FT C/3r d8 p

Phillips [244] has produced what is the most heroic expression for thermophoretic force:

2
~ 8 b VinTFT= r #g
2 2kg+kp pg

where

1 + N(1) Kn + N(2) Kng,
1 + D(1) Kn + D(2) Kn 2 + D(3) Kn 3

p t_ @p-k)Ck C g
N(1) = rn

8 8

N(2) = 7 [k
15 CCt m

8

k 2k
D(1) = 9 8 E Ct+3C*+

2kg+kp2 2kg+kp
,

6k
- k ) C* +

k 135 (k g P Ct+CmD(2) = 9 P Ct- P

8 (2kg+k) (2kg+k)2 2kg+kp p p

,

k
D(3) = 135

p
*

8 2kg+kp

Phillips, however, has argued that the particle moving in a thermal gradient distorts the gradient so that
the deposition velocity is j

l
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C 8 3 1-/1-27 VinTVp = d St
4 2kg+kp pg y

where

|

C)2 Kn
g + k )2 (Ot

7 = Su
'

(2k p

N /16 + BKn exp(-C'Kn)
P

;

#u = 1 + D Kn

B = 46900

| C' = 31.8
t

D = 18
i

!
'

3

N -
8 RT ' 1/2 d (VinT)2p

P ~ rMW 8 ap
,

MW = molecular weight of the gas, and
.

a = thermal diffusivity of the particle.p

This distortion of the thermal gradient can accentuate the thermophoretic settling of particles by the
factor (1 - /1 -2y ) / y.

Phillips' model predicts somewhat lower deposition velocities when the thermal gradient correction is
not made than does the model developed by Talbot et al. Parametric variations that are part of this
work can cause Phillips' model to predict particle motions up the thermal gradient. Consequently,
Phillips' model is not used here.'

Some comparisons of the predictions for the dimensionless deposition velocity

V9pg l

VinT -)g

to data for oil drops in hydrogen and carbon dioxide are shown in Figures % and 97. Thermophoretic
deposition velocities seem fairly well predicted for values of the Knudsen numbers greater than about
0.5. Some comparisons for inorganic species are listed in Table 18. The empirical model matches

,

these data closely since the data were used to make the empirical fit.
a
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Figure 96. Comparison of dimensionless thermophoretic velocity predicted by the Talbot et al.
model to data [229] for oil drops in hydrogen
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f Figure 97. Comparison of dimensionless thermophoretic velocity predicted by the Talbot et al.
' model to data [229] for oil drops in carbon dioxide
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Table 18. Comparison of observed and predicted thermophoretic deposition velocities Bw

Particle Observed Talbot Fulton
material Gas Kn [161,228] et al. et al.

Nacl air 0.15 0.57 0.33 0.247

Nacl He 0.38 0.73 0.42 -

Nacl air 0.25 0.70 0.38 0.18

Nacl N2 0.15 0.37 0.31 0.25

N 0.15 0.22 0.31 0.25Al 023 2g
oo

MgO N 0.15 0.26 0.31 0.252

Fe N 0.15 0.25 0.31 0.252

Zn N2 0.15 0.25 0.31 0.25

Al N 0.15 0.25 0.31 0.252

Ag N 0.15 0.33 0.31 0.252

Pt N2 0.15 0.39 0.31 0.25
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There has been a continued controversy over thermophoresis. Some theoretical models predict
. thermophoretic flow would be in the direction of increasing temperature [225, 232, 233]. This has not
'

been observed in experiments. Balakov [225] accepts the theoretical prediction and terms the
phenomenon "second-order slip." Other authors have not been so generous [226]. We ignore this
possibility here in the suspicion that the predicted flow up the temperature gradient may be a deficiency
of the models and not a real phenomenon.

Arguments have also been made that particles can rotate in the boundary layers [230]. It appears,
however, that this can occur only for particles larger than those of interest here [231].

Following the same procedure used for the analysis of diffusiophoresis, the thermal gradient is:

-
. .-

E + /E _ g2
In

VT = 3 _ E - /E -1 2 I2-HATE cos (y) .
2

th /E -1 ,

2E/E_g
_

2 2 2 2 E _3a 7 k

where h is the heat transfer coefficient. Then,

' ~

1/3-84T E 1 U DB C (g) p(g) f(E)stip pVT =
k (8)

' l/2
/E -1 - -

cos (n) +
th2DB7 2 1

,

E'-1
. .

1/2

2(E _i)3/22
f(E) = ,

3 E tan E -1 - /E _;2 -I 2 2
_

f. Particle Growth by Water Condensation

The discussions in the preceding subsections have shown that the rate at which particles are removed
from a bubble rising through a suppression pool is a strong function of the aerosol particle size. In the
water-rich environment of a steam suppression pool, the possibility that aerosol particles might grow
as a result of water vapor condensation on their surfaces needs to be considered. Such particle growth
could significantly affect the decontamination that could be achieved by a suppression pool.

Condensation that affects particle size has to be on the external surfaces of the particles. (Condensation
| of water in voids within particle agglomerates and the effects this internal condensation can have on

particle shape factors has been discussed above in Section IV-K.) The convex external surfaces of
individual aerosol particles and particle agglomerates resist condensation because of the Kelvin effect.

i And, of course, in a rising bubble the partial pressure of steam in the bubble will always be slightly
below saturation. Growth of aerosol particles will occur, then, only if there is some process that willi
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reduce the chemical activity of water on the surfaces of aerosol particles so that the vapor pressure of
the deposited water is less than the partial pressure of water vapor in the bubble. The most obvious
mechanism for this reduction in the chemical activity of condensed water is the dissolution of some
aerosol material into the water. Nearly all of the inorganic materials likely to be present in aerosols
produced in nuclear reactor accidents will cause a reduction in water activity when they dissolve.
Indeed, some of the chemical species considered to make up aerosols discharged to the suppression pool
are quite water soluble. Saturation solubilities of CsOII and Csl at 373 K exceed 3.6 and 2.6 moles /kg- '

110, respectively. Aerosol particles composed of these materials would surely grow by water2
condensation during transport in bubbles through the suppression pool. It is not obvious that such
highly soluble species will actually be present in the aerosol produced during severe reactor accident.
Though all materials exhibit some solubility in water, the solubility may not be enough to cause a
sufficient reduction in the chemical activity of water to lead to aerosol growth by water condensation. |

The magnitude of water solubility that is needed to lead to particle growth is given by: !
l

inaw = -4o1 V/d RTp

where

a = chemical activity of waterw

V = molar volume of water

At 373 K, the chemical activity of water that will just lead to particle growth for aerosol particles of
various sizes is:

molality
d (pm) a, (moles /kg-H O)p 2

1.0 0.9986 0.039
0.1 0.9064 0.38
0.01 0.8722 3.8

The molality of a solution of an electrolyte composed of univalent ions necessary to produce such
reductions in water activity can be estimated from:

" 2m&'-

aw = exp
55.51

. .

where

m= molality, and

4= osmotic coefficient
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For the purposes of these estimates, the osmotic coefficient,has been taken equal to 1. A more
sophisticated estimate of the osmotic coefficient can be made.

It is apparent from the values listed above that substantial solubilities of aerosol materials in water
would be needed to get growth of even 1 pm particles. (Particles larger than 1 m are so efficiently
removed from bubbles by physical processes that their growth by water condensation is not very
important.) There are few materials so soluble in water that 0.01 pm particles of these materials will
grow by water condensation.

!

There are kinetic as well as thermodynamic factors that will inhibit aerosol growth by water
condensation. Condensation of water on aerosol particles liberates heat which raises the particle
temperature and the vapor pressure of condensing water. Unfortunately, there are few mechanisms
available to dissipate this heat except conduction into the gas phase. In the subsections below, the
heating of aerosol particles by water condensation is examined. The examination is done first for the

free molecular regime (Kn = 2A/dp < < 1 where A is the mean free path of the gas phase) and for the
continuum regime (Kn > > 1). Interpolation formulae and example calculations are then presented.

f-1. Condensation in the Free Molecular Regime

Assume that thermal gradients in the gas phase around a particle are small. The thermal
accommodation coefficient of water onto a water surface has been measured to be 0.96 [172]. This is
close enough to unity that diffuse reflection of molecules from a surface can be assumed. The molar
flux of water vapor deposition on a particle surface in the free molecular regime is then given by:

|

i

|
|

*In Pitzer's formulation of the osmotic coefficient for univalent electrolytes such as CsOH and Csl [186]:

24 -1 =14 + mB4+mC4

14 = -A4 [m /2 / (1 + 1.2 m /2))
l l

4 = # + gl exp (-2m /2)0 lB

Near 373 K, A4 = 4.48 x 10-3 + 1.223 x 10-3 T(K). For Csi,

g0 = 0.0244
I

S = 0.0262

C4 = -0.00365

For CsOll,

S0 = 0.150 j

I
S = 0.30

C4=0
1
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|
2

dN(H O) Srd

[ }f 8R '
1/22 p P(m) ( )1/2 _ P(s) T(s)1/2,

xMW[dt 4 RT(m) RT(s)fm <

P(m)sd 32.81S- _ P(s)
'

moles /s-

E
T(m)l/2 T(s)1/2

where |

I

N(H O) = moles of H O deposited on the particle,2 2

'

S = probability that a water molecule striking the surface will stick to the surface,

P(m) = partial pressure (atm) of water vapor in the gas phase,

P(s) = equilibrium partial pressure of water vapor at the particle surface (atms),
l
|

T(m) = temperature of the bulk gas (K),

T(s) = temperature of the particle surface (K), and I

d = diameter of the particle (cm). jp

The so-called sticking coefficient, S, that appears in the kinetic equations is not especially well known. j

Pruppacher and Klett [176] cite several determinations. Their citations are reproduced in Table 19. |
They note that the determinations of S can be grouped into two categories. Low values, on the order i

of S = 0.03, have been determined by static methods. High values, on the order of S = 0.9 to 1.0, )
have been determined by methods involving rapid renewal of the water surface. This would suggest !

that surface contamination, which has been found to profoundly affect the behavior of small bubbles (see
Section IV-F), may also affect the sticking coefficient. On the other hand, Hsu and Graham [178] argue
that the large dipole moment of water is responsible for the low sticking coefficient. Presumably, the
orientation of the molecule as it approaches the surface can lead to attractive or repulsive forces.
Certainly, other molecules with large dipole moments such as hcl are found to have low sticking
coefficients with water even when very dynamic jet methods are used for the determination.

Pruppacher and Klett recommend the use of a low sticking coefficient for work with water drops. I
Whether this recommendation also applies to the issue here of water condensation on particles is not
entirely evident. Wagner [179] found that large values of the sticking coefficient yielded better matches
to aerosol growth data. But, a variety of other parametric assumptions were involved in deriving this

,

| result. Izvine [180] used a Millikan oil drop apparatus to measure the sticking coefficient. He obtained
| a mean value of 0.95 from 35 measurements, but the variance in his data is enormous As noted by
| Barrett and Clement [177], the issue of the sticking coefficient is unresolved.
|

|

NUREG/CR-6153 232



.-_ - _ - _ . . . . - . - . _ ._. .- . - . ..

Physical Phenomena

Table 19. Determinations of the sticking coefficient cited by Pruppacher and Klett [176]

Author Year Temperature (K) S

Alty 1931 291 to 333 0.006 - 0.016.

Alty and Nicole 1931 291 to 333 0.01 - 0.02

Alty 1933 265 to 277 0.04

Alty and Mackay 1935 288 0.036
;

Baramaer 1939 - 0.033

Pruger 1940 373 0.02

Yamamoto & Miura 1949 - 0.023

Ilammeke & Kappler 1953 293 0.045

Delaney et al. 1964 273 to 313 0.0415 |

Kiriukhin & Plaude 1965 280 0.019 )
Chodes et al. 1974 293 0.033

Rogers & Squires 1974 - 0.065
1

Narusawa & Springer 1975 291 to 300 0.038 |

Sinarwalla et al. 1975 2.95.6 to 298.8 0.026

Hickman 1954 273 0.42

Berman 1961 - 1.0

Nabavian & Bromley 1963 283 to 323 0.35 - 1.0

Jamieson 1965 273 to 343 0.35:

Mills & Seban 1967 280 to 283 0.45 - 1.0

Tamir & Hasson 1974 323 0.20

Narusawa & Springer 1975 291 to 300 0.18

;

4
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To understand the particle surface temperature, the heat imparted to the particle by condensation and
the heat losses must be considered. Decay heating is neglected here because of the time scales. Heat

] losses are considered to be by conduction. The relative movement of particles with respect to the
ambient gas is small enough that convection is negligible. Radiant heat losses are also neglected.

In the free molecular regime the rate of heat input to the particle due to water condensation is [177]:

1

dN(H O) !
L RT(s) 2

1

2 dt fm

*Then,
,

dN(H O)dQ - -d9 2
+ [L - 0.5 RT(s))

dt dt dtfm fm fm

where

dQ net heat input in the free molecular regime, and
dt fm

dq - heat loss due to conduction,
dt fm

If average molecular properties are assumed:

dq T(s) - T(m) .- 553.5 d (cm) P (atm) callsp Tdt fm /T(m) MW
I
|

where j

PT = total pressure of the gas, and

MW = average molecular weight of the gas.

A closure equation for the water condensation is:

Q = C (p) { d p (T(s)-T(m)) + C (H O) N(H O) (T(s)-T(m))p p 2 2p p
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| where

C (p) = heat capacity of the particle material (cal /g-K), andp

C (H O) = heat capacity of water condensed on the external surface of the particle (cal /g-K).p 2

This closure equation has been derived assuming that the thermal conductivity of water and the material
making up the aerosol particle are infinite. The entire particle and condensed water system is then at

i the surface temperature. The assumptions behind this closure equation will lead to lower surface
I temperatures than would be predicted if thermal conductivitier. of the condensed materials were taken

to be finite.
i

f-2. Condensation in the Continuum Regime

The possibility of there being a thermodynamic driving force for condensation on particles is higher for'

particles that are large relative to the mean free path of gas molecules. Still, even for these larger
particles, during bubble rise through the suppression pool there must be some reduction in the chemical
activity of condensed water for there to be condensation.

Kulmala and Vesala [181] have built upon earlier work by Barrett and Clement [177] to describe particle
growth in the continuum regime (Kn < < 1). Again, convection in the gas phase is neglected (but, see

,

Reference 182). Radiation heat transfer is also neglected (see Reference 183). The pseudobinary
diff"s!on coefficient of steam in the gas phase is taken to have the temperature dependence:

T n
D(T) = D(o)

T(m)

where

D(o) = diffusion coefficient at T(m), and

n# 2.

For a hard sphere gas, n = 1.5. The temperature profile in the vicinity of the particle is taken to be
linear:

T(r) = T(m) + [T(s) - T(m)] d /2rp

where r is the distance from the center of the particle and r > do / 2. The variation in the partial
| pressure of steam in the gas phase surrounding the particle is also hken to be linear:

P(H 0,r) = P(H 0,m) + [P(H 0,s) - P(H 0,m)] d /2r2 2 2 2 p|

.
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'
Composition dependencies of the gas phase thermal conductivity are neglected. Thermal diffusion is

; included, but the Dufour effect is neglected. Then,

. .

dN(H O) 2rd PT D(o) ' PT - P(s)2 p
C(1) In + C(2) a[P(s) + P(m))

'=

dt RT(m) PT - P(m) 4
. .

|

where

. . . _

T(s) - T(m) 2-n
C(1) =

,

T(n-1 T(2-n - T(2 - n_,) 3) ,)
, _ _

. . . .

T(s) - T(m) 3 .nC(2) = ,

T(3 -n - I(3 - n..
T(n-1

. .

,

,) s) m)

P(m) = P(H 0, m), and2

a = thermal diffusion coefficient.
J

The heat imparted to the particle is: !

l
!

dQ , -dq L dN(H O)2
.

dt dtcont cont cont

where
.

= 24rkth p [T(s) - T(m)] , and |d

cont

kth = thermal conductivity of the gas.

The temperature of the particle surface is: )

L dN(H O)2
T(s) = T(m) +

2 xd kth dtp cont

i
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i
j f-3. Condensation in the Transition Regime
i |

; There is no solution for the condensation of water vapors in the transition regime where Kn ~ 1.
i Williams and Loyalka [184] have suggested some interpolation formulae to predict processes in this

transition regime from expressions for the limiting cases of the free molecular regime and the continuum,

i regime. These interpolation formulae are modified for use here:
4

i dq _ dq
f(Kn(h))-I

dt dttrans cont,

| dN(H O) dN(H O)2 2
i h(Kn(c))~3

dt
| trans cont

3
i
.

where'

0 E(h) + J(h) '
1 f(Kn(h)) =1+ Kn(h)
g Kn(h) E(h) + 1
i

! g(Kn(c)) = 1 + Kn(c)
0 E(c) + J(c)

j -Kn(c) E(c) + 1-
.,

4

1 -s' b Mc)1,h(Kn(c)) = g(Kn(c)) 1+
[ _ ,

g(Kn(c)) Js

g = dq dq
dt dtcont fm 1

dN(H O) dN(H O)2 2

dt dtcont fm

Kn(h) = 2 A(h) / dp

Kn(c) = 2 A(c) / dp

A(h) 0.8 kth=

PT _2 RT(m),

2.562 x 10-3 kth (cal /s-cm-K) T(m)1/2 MW
1/2

m (cm)
P (atms)T
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o) 18.0161/2 6.58 x 10-4 DAB (cm /s)
2~

h(c) = 2 D (B = (cm)A RT(*)- T(m)1/2_

E(h) = 1.9234

E(c) = 4/3
~

J(h) = 5/8[xp

Loyalka and Ferziger [290] suggest values of p varying from 1.1136 to 1.1759. Williams and Loyaika
[184] suggest J(c) depends on the composition of the gas phase:

J(c) = 0.9769 - 0.0518 z + 0.018 z2 + 0.0196 z3

)z = logio
M W (II 0 )2

.

thwhere MW(i) is the molecular weight of the i gas species.

g. Aerosol Capture by Bubble Oscillations .

I

Ellipsoidal bubbles with Reynolds numbers in excess of 200 to 800 (See Section IV-f) can undergo
shape oscillations. In principle, it might be possible for the oscillating bubble walls to sweep out any
aerosols within the amplitude of the motion. The critical issue is whether the aerosol particles can I

respond to the motions of the bubble walls.
.

To estimate the possible magnitude of aerosol sweep out by the shape oscillations of bubbles, the
oscillations are approximated as a sinusoidal motion. The velocity of the gas within the bubble is, then,
given by:

US = A w cos wt
i

where |

|
A = amplitude of the motion, |

|

w = 2rf, and
|

f = frequency of the shape oscillation
!

The motions of aerosol particles will be, in general, out of phase with the gas motion. The amplitude
of particle motion may also be different than that of the gas. Following arguments by Clift et al. [82], ,

the velocity of an aerosol particle is taken to be:

U = An e cos (wt + #)p
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where

# = phase shift, and !

|

n = amplitude magnification factor,

Clift et al. find:
s

# ' = tan-I [h(2) / (1 + h(1))]
!

[1 + h(1)]2 + h(2)2fL n= !

I
,

i
'

where -

h(1) = H(1) (1 + H(2))
i

h(2) = H(1) H(2) (1 + 2 r ) ]o

2 !o=4 /g edr #8 p

7+1)f H(2)2 (1 + /27o )2 + (1 + H(2))2'H(1) = 2(1 - y)/(2
\

H(2) = 9 (/r /2 ) / (27 + 1) |o

i

y=pp/pg )
:. :

Plots of # and n for particles of various sizes are shown as functions of frequency in Figures 98 and 'I

99. It is evident from these figures that the motions of the particles are delayed relative to the gas. *

For very small particles (d, < 0.1 m) very high frequencies must be reached before the phase shift J
of particle motion is significant. For particles with diameters on the order of 1.0 pm, the phase shift
is large even at frequencies of only 10 Hz. Once the particle is set in motion, it is slow to stop. The >

amplification factors for the sinusoidal motions of very small particles do not become significant until ;

| very high frequencies are reached. Amplitude magnification factors are large for larger particles even !

- at low frequencies. !

- It is not immediately obvious what oscillation frequencies will occur in bubbles. It seems likely that
oscillations would be at harmonic frequencies. For spherical bubbles the harmonic frequencies are

'

given by |

(2rf)2 , 8n(n-1) (n + 1) (n +2) ci i:

j

! D I("+I) #1 + "#glB
:
t
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where n is the mode number. These resonant frequencies are shown in Figure 100 as functions of the
bubble diameter in water at 373 K.

It is evident that particle capture by oscillation of the bubbles can occur. The rate of capture depends
on particle size, bubble size, and the amplitude of oscillation. The authors are not aware of detailed
theory of particle capture by this type of process. On strictly intuitive grounds, the mass transport rate
is taken here to be: |

m " -2 4 (U ~ ) 0 /fDk p

where D is the diffusion coefficient for the particles in the bubble and S is an uncertain, dimensionless i

p
parameter with a nominal value of 1.2. In principle, all resonant modes of bubble oscillation ought to
be considered (n = 2 to m). The understanding of oscillations and particle behavior is, however, too
crude to justify this level of sophistication, so only the first nonzero vibration mode (n = 2) is
considered.

2. Aerosol Trapping During Bubble Collapse

Once bubbles detach from orifices and begin to rise through the suppression pool they can collapse and
disintegrate as discussed above (see Section IV B). The collapse process is very rapid. Experimental
observations suggest that it is complete after bubble rise of 2 to 10 initial bubble diameters [30].

'

Behaviors of both the bubbles and the aerosol must be very complex during this period. No attempt
is made here to model these complicated behaviors in detail. Instead, it is assumed that:

simple disintegration of bubbles because they are unstable does not in itself lead to a significant ;*

amount of aerosol capture, and

condensation of steam removes aerosols in proportion to the volume change of the bubble*

regardless of aerosol size.

As can be seen from the discussions above, the most profound effect on aerosol trapping caused by the
collapse and disintegration of bubbles following detachment is the substantial reduction in bubble size.
As shown above (Section IV-L-1), aerosol deposition processes become more efficient with decreasing
bubble size. Paul et al. [30] speculate that disintegration of the bubbles released to the pool produces
very small bubbles that subsequently coalesce to form larger bubbles observed to rise through the pool.
During the period that aerosols are present in the very small bubbles, aerosol deposition processes could )
be very efficient indeed. No attempt is made to model or qualitatively describe this very transient j
period. Its duration is not long, so the extent of decontamination, despite the efficiency of the

'

deposition processes, may not be great. Some partial remediation for neglect of decontamination during
thc transient period is realized because particle concentrations in bubbles rising through the pool will
be somewhat higher than in reality.
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3. Aerosol Capture During Bubble Formation

Bubble formation at orifices and vents in the suppression pool has been discussed at length above (see
Section IV-A). The process is not entirely simple. There would appear to be opportunities for
substantial aerosol capture as the bubbles form and before they detach and rk: through the suppression
pool. Among the possible mechanisms of aerosol capture during bubble formation are:

impaction of particles from the jet of gas passing through the orifice stagnating at the bubble*

wall,

diffusiophoretic deposition of particles as steam entering the bubble condenses on the bubblea

walls, and

inertial deposition of particles from recirculating flows within the bubble.*

Of course, diffusion and gravitational sedimentation are omnipresent processes that can contribute to
the trapping of aerosols during bubble formation.

Systematic studies of aerosol capture during bubble formation have, apparently, not been undertaken.
Approximate descriptions of the aerosol trapping processes are provided in the SUPRA code [7,8] and
in the SPARC code [6]. The BUSCA code [9], apparently, is constructed to allow users to select
between these two approximate descriptions.

The SUPRA code [7,8] considers aerosol capture during bubble formation to be predominantly the result
of:

1

impaction of particles from the decelerating jet emerging from the orifice, and*

inertial impaction from gases circulating within a growing bubble.*

Documentation available to the authors concerning these models in the SUPRA code does not provide
a great deal of detail. Fortunately, Ramsdale [9] provides more information. The impaction model is
based on curve fits for particle impaction on a fixed Hat plate from a round gas jet. Two parameters
are considered. A geometric parameter is defined by:

6 1/3
__ VB
''6=
Djet

where Djet is the diameter of the gas jet which, presumably, is the same as the diameter of the orifice.
Also, a Stokes number is defined as:
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Stk(i) = p d (i)2 Vjet C/p p 8 Djet

Vjet * 4 ig/rpg je yD C

where

s mass flow rate of gas through the orifice=
g

C the velocity coefficient of the orifice=y

i

) The efficiency with which a particle of size d (i) is captured is a function of both Stk(i) and 6:p

(1) e(i) = 0 for Stk(i) s 0.090

(2) for 6 s 0.75 ; Stk(i) s 0.3364
|

| Stk(i)1/2 - 0.3 for Stk(i) s 0.16

16(Stk(i))1/2 - 6.3 for 0.16 < Stk(i) s 0.2025g g) , ,
| 0.7(Stk(i))1/2 + 0.59 for 0.2025 < Stk(i) s 0.3025

0.98 for 0.3025 < Stk(i) s 0.3364
i

j 0.75 < 6 s 1.5
1

0 for Stk(i) s 0.1024

1.25 (Stk(i))1/2 - 0.4 for 0.1024 < Stk(i) s 0.16
i

e(i) = < 8(Stk(i))1/2 - 3.1 for 0.16 < Stk(i) s 0.25

1.6(Stk(i))1/2 + 0.1 for 0.25 < Stk(i) s 0.3025
0.98 for 0.3025 < Stk(i) s 0.3364

|

!

!
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1.5 < 6 s 4
|

0 for Stk(i) s 0.1296

1.43 (Stk(i))1/2 - 0.51 for' O.12% < Stk(i) s 0.1849

c(i) = ' 11.43(Stk(i))1/2 - 4.81 for 0.1849 < Stk(i) s 0.25 i

1.6(Stk(i))1/2 + 0.1 for 0.25 < Stk(i) s 0.3025
0.98 for 0.3025 <Stk(i) s 0.3364

6>4

0 for Stk(i) s 0.12%

1.67(Stk(i))1/2 - 0.6 for 0.12% s Stk(i) s 0.2025
e(i) = <

9.38(Stk(i))1/2 - 4.07 for 0.2025 < Stk(i) s 0.2809

1.6(Stk(i))1/2 + 0.05 for 0.2809 < Stk(i) s 0.3364

(3) e(i) = 0.98 for Stk(i) > 0.3364

The numerous linear expressions are simply the results of attempts to fit the classic "S"-shaped curve
of impaction efficiency as a function of the square root of the Stokes number for various orifice-to-plate
separation distances. Certainly, there are more succinct expressions available for the impaction 1

'

efficiency. The real issue is whether impaction on a fixed, infinite wall is an appropriate
approximation. A more obvious approximation is to recognize that there is a boundary layer at the
bubble wall opposite the orifice. This boundary layer should have a diameter on the order of D /Re /6l

b
[195]. Then, deposition of aerosol particles can be treated as impaction on a disk of this diameter. The
Stokes number is defined to be [194].

Stk(i) = Re /69p Vjet d (i)2C/18 gX Db1
p

l

l and D is the diameter of the orifice. The particle collection efficiency for iwhere Re = D Vjpt #p #g o Io
this approximation is compared to those for a flat plate in Figure 101. The infinite plate model predicts
a transition from nearly complete capture to essentially negligible particle capture over a narrow range
of particle sizes. The boundary layer disk model predicts that this transition takes place over a much '
broader range of particle sizes. Capture efficiencies at given jet velocities and particle sizes are lower
for the disk model than the plate model.

Also shown in Figure 101 are predictions from a correlation for sembbers suggested by Taheri and
,

i Calvert [221]:
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c(i) = 1 - exp[-40 Stk(i)]

where4

((i) = efficiency of capture of particles of diameter d (i), andp

Stk(i) = d (i)2p y C/9 Dp p jet g o

This correlation indicates an even broader size range of particle capture than the disk model. That is,
the transition from very inefficient particle capture to essentially complete particle capture occurs over
a larger range of particle sizes than is predicted by the plate model.

The SUPRA model describes particle capture within the forming bubble due to inertial impaction from
circulating gases by:

I *tDF(i) = = exp a d
1 - c(i)

where

*

= Vjet r / D (d),a b

p p(i)2 C / 18 p ,d7 =p g
I

D (d) = spherical equivalent bubble diameter at the time of detachment, and
'

b

d = time required for a bubble to grow and detach from the orifice.t

less attention has been given to the capture of aerosol particles during the convective mass transfer
associated with bubble formation. Skelland and Minhas [222] suggest the mass transport coefficient, 1
averaged over the period of bubble formation, can be obtained from: j

' O.089 -0.334
2 2 -0.601,

V D
0.0432 jet B Fg

km= DB
tr DBg tr D /p DB 01g,

B s the diameter of the bubble at the time it detaches and t is the time required for the bubblei fwhere D ,

to grow to this size. Particle capture efficiencies calculated with this model are shown as functions of 1
particle size in Figure 102. Very small particles' (<0.1 m) are predicted to be removed quite
efficiently. Efficiency drops quite rapidly with increasing particle size because of the small diffusion
coefficients of larger particles. Particle removal efficiency decreases slowly for particles larger than )

I0.3 pm. This slow decrease reflects particle capture during the period when the bubble was quite small.
Capture efficiencies for the larger particles decrease with increasing jet velocity because the bubble
grows large.
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The SPARC 90 code [6] has a much more involved description of aerosol removal during bubble
formation. This code attempts to account for impaction, diffusion, gravitational settling and the
circulation of gases within the bubble. Like the SUPRA code, impaction is treated in SPARC 90 in
analogy to impaction on fixed plates. The efficiency expressions are similar:

0.58323 + (5.9244 x 10-3)I In(3.3437 x 10-11)for 0 s Stk(i) s 0.811595

!

In c(i) = . 0.050532 + (4.2597 x 10-3)& In(1.4173 x 10-6)for 0.811595 s Stk(i) s 0.3365 |

-0.01005 for Stk(i) > 0.3365

:

where

( = [Stk(i)]1/2

Diffusion is treated by:
;

. .

1/2
16 D(i) tfDF(i) = exp

3D xo
. -

where

D = orifice diametero

D(i) = particle diffusion coefficient

tg = time of bubble formation

Gravitational settling is treated by:

. -

A V (i) tf3 8DF(i) = exp
V(glob)

, ,

l

where ;

2A = 2 V(glob) / xDo+Do (r/8 - 1/6) ,s

V(glob) = gas bubble volume, and

V (i) = particle settling velocity.g
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Aerosol trapping by gases circulating within a bubble is treated by:

DF(i) = exp[V (i) / Ale

where

V (i) = V Y (I) I f 8c s g c

rc = curvature of the surface of the bubble
i

k = growth rate of the bubble
|
| V in the above expression is a complicated expression for the gas flows in a prolate ellipsoidal bubble.3

Bubble rise velocity appears in the expression. It is not immediately obvious how this value of the rise
( velocity is determined for a bubble attached to the orifice.
|
| It is evident that there is substantial uncertainty about decontamination that occurs during bubble

formation. There is no data base to clarify hypotheses about aerosol trapping during bubble formation.
Considering the general difficulty that has been encountered in obtaining data on mass transport during )

| bubble formation, it appears unlikely that a data base will soon be available to resolve the several issues !

| that arise concerning bubble formation and the associated aerosol removal. These issues include:

the appropriate description of the removal of large particles by inertial impaction from the inputo

gas jet, and

| the removal of small particles by diffusion and convective mass transport to the growing bubbleo

surface.
|

There are also the issues of the thermophysical state of the carrier gas and the importance of :

condensation or evaporation as an aerosol removal mechanism during bubble formation. If, as discussed
above (Section IVA-3), the carrier gas equilibrates during transport to the pool, then condensation and
evaporation processes will not be significant during bubble formation. On the other hand, aerosol
removal over the period during which equilibrium is achieved may be quite significant.|

!

!

!
,
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I

V. Uncertainty in Predictions of Aerosol Removal by Steam Suppression Pools )

In both Chapters III and IV uncertainties that will affect the predictions of aerosol removal by steam
suppression pools have been identified and discussed. To determine the cumulative effect of these
several uncertainties, a mechanistic model of aerosol removal by steam suppression pools is formulated
and used in a Monte Carlo uncertainty analysis. The mechanistic model is described in the subsection
inunediately below. !

The Monte Carlo uncertainty analysis is begun by defining parameters that describe each of the
uncertainties identified above. The range of possible values each parameter can assume is defined.
These ranges are defined from examination of accident analyses, experimental studies, bounding
analyses or, as a last resort, engineering judgement. Subjective probability distributions for values of
the parameters within their respective ranges are defined. The Monte Carlo uncertainty analysis is
carried out by randomly sampling values of the parameters, according to their respective probability
distributions, and using these sampled values in a calculation with the mechanistic model. Results of
the calculation are accumulated and the process repeated until a satisfactorily representative sample of
the distribution of results obtained with the mechanistic model has been acquired. Sampling and
calculations were :epeated in this work until there is a 99 percent confidence that 95 percent of the
range of predictions by the mechanistic model has been sampled. Results of the many calculations are
then ordered and subjected to a nonparametric statistical analysis [see Appendix A of Reference 3) to
obtain estimates of the probability distributions for the predictions of aeresol removal by steam
suppression pools.

A. Mechanistic Model

The essential elements of the mechanistic model of aerosol removal by steam suppression pools are
shown in Figure 103. Most steps in the calculational sequence involve significant phenomenological
uncertainty. The phenomenological models are outlined in later sections of this chapter in connection
with the discussion of uncertainties. The mechanical features of the model are described in this
subsection.

1. Input

Because the model is used in a generic uncertainty analysis that includes uncertainties in the initial and
boundary conditions, the fixed input to the model is quite restricted. Only inputs that are likely to be
known with some certainty are supplied. These are the depth of the suppression pool and the phase of
a severe accident that is of interest. The accident phases are those defined in the revised severe accident
source term [3]:

o gap release phase

o in-vessel release phase

o ex-vessel release phase

|
o late in-vessel release phase |

|

|
1
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1. INPUT
Submergence

Accident Phase
!

|
-

j4

l |
2. RANDOM NUMBERS

11. ACCUMULATE RESULTS
Generate

Statistical Test |
" Shuffle"

Repeat

I i
3. SAMPLE the uncertain quantities 10. DECONTAMINATE DURING

'

Random probabilities BUBBLE RISE - Function of:
Particle Size

!
Plume Location
Bubble size & Shape

4. LIQUID PROPERTIES 1

| J

Pl. 0 Pl k (1), Psat1 th
9. HEAT & MASS TRANSFER

)
TO RISING BUBBLES '

I

5. SECTIONAL AEROSOL SIZE
|REPRESENTATION

8. NODALIZE PLUME
I

1

6. DECONTAMINATE DURING '
FORMATION OF BUBBLES 7. DECONTAMINATE DURING !

DETACIIMENT, COLLAPSE,
EQUILIBRATION

1

Figure 103. Essential elements of the mechanistic model of aerosol removal by steam suppression
pools
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Uncertainty

Other expected inputs to such a mechanistic model of aerosol removal by suppression pools such as
|aerosol size distribution, gas flow rate and gas composition are uncertain quantities whose distributed;

values are sampled by the computer code.

2. Generation of Random Numbers

Random numbers are generated by a linear congruential random number generator. Such generators
are known to produce cyclical sequences of pseudorandom numbers. To avoid this problem, the

|

i

random numbers are " shuffled" using an algorithm suggested by Knuth [269]. A subtle point about
} linear congruential random number generators is that they can yield zero as a random number, but they

'

i can never produce exactly one as a random number. Thus, the random numbers are uniformly
distributed over the range [0,1) rather than (0,1) or [0,1].

i 3. Sampling Uncertain Inputs and Parametric Quantities

| The random numbers defined above are used to sample the various uncertain inputs and parametric
' quantities. As will be discussed further below, there are four types of probability density functions that

can be sampled:|

| e uniform,

o log-uniform,
!

; o lognonnal, and

o Student's t.

These density functions are compared in Figure 104.
:

, The random numbers are used as probabilities that the true value of some uncertain quantity is less than
' some critical value. Inversions of the uniform and log-uniform distributions to obtain the critical values
of the uncertain quantity at a randomly selected probability are quite obvious. For uniform and log-
uniform distributions over the interval [a,b], the critical value of the uncertain quantity, x, at a

; probability R is found from:

.

x = a + R(b - a)

and

in x = In(a) + R[In(b) - In(a)]

Implicit equations are used to invert the lognormal and the Student's t distributions. The critical value
i of a quantity with a lognormal distribution is found from:
'
.

|
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|

|R = 0.5(1 + erf(z))

|
!

j where
!

| z = In(x/ ) / V(2) In a,

= mean of the distribution,

a = geometric standard deviation, and

erf(z) is the error function of z defined by:

z

erf(z) = . 2__' exp(_y ) dy2

kO
;

The Student's t distribution specifies the cumulative probability that the absolute value of a quantity (

.

where
1

|

X~F$= ,

/X /r
| mean of the distribution,=

i

2x = chi-squared statistic, and

!
I y = degrees of freedom

t is less than some value t. The cumulative probability is given by:

Pr($ <t) = 1 - I (A,B)z
!

where

A = r/2
4

B = 1/24

2z = r / (y + t )

!
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and I (A,B) is the incomplete Beta function:z

t
I (A,B) = P(A) F(B) 'yA - 1 (i _ y)B - 1 dyz F(A + B) ,

o

and f(A+B) is the gamma function of A+B. j

The inversions necessary to find critical values of (x - / fx /v) in both the positive and negative j
2

domains are: !

For R < 0.5*

1 - 2R = 1 - I (A,B)z

o For R 2: 0.5

2(R - 0.5) = 1 - I (A,B)z

'
These implicit equations are readily solved by Newton-Raphson techniques recognizing that the
derivative of 1 - I (A,B) with respect to z is:z

P(A) P(B) zA-1 (1-z)B-1
>

F(A+B)
!

4. Properties of the Liquid ,

,

Thermophysical properties of the liquid are calculated using the equations described in Chapte t IV for
pure water. Explicit account for the effects of contamination on liquid properties is not taken. Any
uncertainty in the liquid properties caused by contamination is thought to be small in comptrison to
other uncertainties considered here. This contrasts with the treatment of water pools overlying core
debris interacting with concrete [3] where the effects of contamination on water properties were taken

#

into account. Much of the contamination of water pools overlying core debris interacting with concrete
actually comes from the action of hot water on the concrete. Water pools overlying core debris'
interacting with concrete become very heavily laden with dissolved and suspended materials [7,70] -far
more so than is expected to occur in steam suppression pools. The effects of these dissalved and
suspended materials on the liquid properties are then much greater than the effects of contaminants on ;

properties of water in the suppression pool. The total aerosol mass produced during a, severe reactor
'

6 9accident is typically about 4 x 10 grams. Suppression pools, typically, contain at least 2 x 10 grams
of water. Thus, mass loadings of the suppression pool by suspended materials will be less than
0.2 percent. Molar concentrations of dissolved species would be expected to be less than 0.05 moles /kg
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!

H 0. Such concentrations are not expected to affect substantially the physical properties of water that2
- are of interest here.

5. Discretization of the Aerosol Size Distribution

The size distributions of aerosols suspended in the gas flowing to a suppression pool are very uncertain.
It is assumed here that the size distributions are adequately approximated by lognormal distributions
with uncertain means and geometric standard deviations.

The efficiencies of the various processes that remove aerosols from the gas are quite dependent on the
aerosol particle sizes. Consequently, decontamination must be calculated as a function of particle size.
To do this, the acrosol particle size distribution is segmented into size classes. The size classes are
chosen such that initially each class has the same mass of aerosol particles. Decontamination of the size
class is calculated based on the behavior of a particle with a diameter representative of the size class.

Experience in previous studies of source term attenuation [1,2] indicates that lognormal distributions
can usually be adequately represented by 20 equal-mass size classes. Thus, the boundaries of the size
classes can be found from:

0.05 + (i - 1) 0.05 = 0.5 (1 + erf(zi))

where

zj = In[d (i) / p] / V(2) in ap

th sizeclassd (i) = upper size limit of the ip

= mean of the lognormal size distribution

o = geometric standard deviation of the lognormal size distribution.

The upper limit of the twentieth size class is, by the definition above, infinity. For practical purposes
this upper limit is defined by: ,

0.999 = 0.5 (1 + erf(z20))

thThe particle diameter that is taken to be representative of the size class is the mass mean particle
size in the class given by:

0.025 + (i - 1) 0.05 = 0.5 (1 + erf(z))

! The nondimensional particle sizes, in(d (i) / ) / V(2) In a, that define and represent the size classesp
j of the aerosol are listed in Table 20. Arso shown in this table are dimensional particle sizes that def'me
j and represent size classes for some example particle size distributions.

!

; !
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{ Table 20. Dimensionless and example dimensional discretization of the particle size distributions .

O x
y ,.

g Dimensionless* Dimensional
u
" = 0.25 pm p = 2.5 m .

a = 3.2 Rep. size a = 3.2 Rep. size i.

Bin # Range (-) Rep. size Size range (gm) ( m) Size range (pm) (pm)

1 -co to -1.163087 -1.385904 0 to 0.0369 0.0256 0 to 0.369 0.256
2 -1.163087 to -0.906194 -1.017902 0.0369 to 0.0563 0.0469 0.369 to 0.563 0.468
3 -0.906194 to -0.732869 -0.813420 0.0563 to 0.0749 0.0656 0.563 to 0.749 0.656
4 -0.732869 to -0.595116 -0.660855 0.0749 to 0.0939 0.0843 0.749 to 0.939 0.843 !

5 -0.595116 to -0.476936 -0.534159 0.0939 to 0.1141 0.1038 0.939 to 1.141 1.038

6 -0.476936 to -0.370807 -0.422680 0.1141 to 0.1358 0.1247 1.141 to 1.358 1.247 !

7 -0.370807 to -0.272463 -0.320858 0.1358 to 0.1597 0.1475 1.358 to 1.597 1.475
w 8 -0.272463 to -0.179144 -0.225312 0.1597 to 0.1862 0.1726 1.597 to 1.862 1.726
$ 9 -0.179144 to -0.088856 -0.133727 0.1862 to 0.2160 0.2006 1.862 to 2.160 2.006

10 -0.088856 to 0.0 -0.044341 0.2160 to 0.2500 0.2324 2.160 to 2.500 2.324 |
11 0.0 to 0.088856 0.044341 0.2500 to 0.2894 0.2689 2.500 to 2.893 2.689
12 0.088856 to 0.179144 0.133727 0.2894 to 0.3357 0.3115 2.893 to 3.357 3.115 i

'
13 0.179144 to 0.272463 0.225312 0.3357 to 0.3914 0.3622 3.357 to 3.914 3.622

|

14 0.272463 to 0.370807 0.320858 0.3914 to 0.4601 0.4238 3.914 to 4.601 4.238
15 0.370807 to 0.476936 0.422680 0.4601 to 0.5478 0.5011 4.601 to 5.478 5.011

'

16 0.476936 to 0.595116 0.534159 0.5478 to 0.6654 0.6019 5.478 to 6.654 6.019
17 0.595116 to 0.732869 0.660855 0.6654 to 0.8346 0.7414 6.654 to 8.346 7.414 ;

18 0.732869 to 0.906194 0.813420 0.8346 to 1.110 0.9529 8.346 to 11.100 9.529 ,

'

19 0.906194 to 1.163087 1.017902 1.110 to 1.694 1.334 11.100 to 16.937 13.339
20 1.163087 to 2.185124 1.385904 1.694 to 9.098 2.444 16.937 to 90.985 24.435 ;

i
*(In d /p) / /(2) In a3p

.

4
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6. Fcrmation of Bubbles and Decontamination During Bubble Formation

The model of bubble formation is selected depending on the accident phase. Aerosol laden gases during
the gap release and in-vessel release are assumed to always go through the quenchers. This is not
universally true, but seems to be the case for frequency-dominant accidents discussed in Chapter Ill.
Aerosol-laden gases produced in the ex-vessel and the late in-vessel phases of an accident, of course,
are discharged to the suppression pool through large diameter vents and downcomers.

,

| Decontamination of the gas by inertial impaction from the gas jet and diffusion are poorly understood.
In the authors' opinions, these are very important processes that have received insufficient study. They
are treated in the model by uncertain, size-dependent collection efficiencies. There will, of course, be
some aerosol removal as a result of steam condensation during bubble formation. This removal is

| neglected in the model used for uncertainty analysis. All of the effects of steam condensation during
| bubble formation, detachment from the orifice, collapse and equilibration with the steam suppression

pool are calculated in the model of decontamination during the equilibration of the bubble with the pool.
:

7. Detachment and Equilibration of the Bubble

'

The events that take place immediately after a bubble detaches from an orifice or vent are very
complicated. A mechanistic treatment of these processes is not attempted. Rather, it is assumed that

| over a distance between 2 and 10 times the initial bubble diameter, the bubble disintegrates to a stable ;

size and that it comes into equilibrium with the pool at the local conditions of pressure and the bulk pool l

temperature. Collapse and disintegration of the bubble are not thought to cause any significant
decontamination. Condensation of some fraction of the gas as the bubbles equilibrate with the pool is
assumed to remove a proportionate amount of the aerosol independent of particle size.

!

8. Plume Formation

The modified Milgram model described in Chapter IV with many of the parameters taken to be
uncertain is used to predict the behavior of bubble swarms. Each arm of a quencher is taken as a plume ;

source. Also, each downcomer is treated as a plume source. The plume model indicates that the rise
velocities of bubbles, and in some cases the slip velocities, vary both axially and :adially. The rise
velocities dictate, of course, how long the rising bubbles are exposed to the actions of the suppression
pool. The slip velocities enter into the analpes of aerosol capture. Decontamination of bubbles should
then depend on radial location within the plume.

The plume geometry and properties are calculated using a fourth order Runge-Kutta differential equation
4solver with an adaptive step-size controller configured to control errors to 1 part in 10 . This same

differential equation solver is also used to calculate mass transfer to the bubbles. |
,

At each axial location, the plume is nodalized in the radial direction so that there is a constant fraction
of the gas flux through each ring node. That is, the total gas flux is given by: ;

oc
i

1,

Q(z) = [U (r,z) + Uslip(r,z)] c(r,z) 2rrdtl
,o

|
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where

Ug(r,z) = liquid velocity at radial location r and axial location z =

= U (z) exp [-r / b(z)2j2
i

U31 p(r,z) = F(e)UB l

UB = rise velocity of an isolated bubble,

2e(r,z) = c(z) exp [-r f x2 (z)2)b|

|

|

1

1 - c(r,z)
| F(e) =

'

or
[1 - c(r,z)]2

,

Nodes are defined by the bounding radial coordinates R(i-1) and R(i) for i = 1 to N such that:;

R(i) i

*} = [Ug(r,z) + Uslip(r,z)] c(r,z) 2rrdr

R(i-1) 1

The Nth radial coordinate is, however, taken to be such that:

R(N)
Q(z) '

[U (r,z) + Uslip(r,z)] c(r,z) 2rrdr- 0.001 = i
N

R( -1)

An example nodalization for Usli =UB 1 - c r,z)) at three elevations are listed in Table 21. Some
numerical tests showed that, for be purpo(ses o(f the uncertainty analysis, 5 radial nodes at each axial
level was sufficient to characterize the plume.

Rise and slip velocities were taken to be the averages of these quantities across the node. These j
averages are.

!

NUREG/CR-6153 262

_ -.



_ _ _ _ _ . - _ _ _ - _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ - _ _ . . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ - - _ _ _ - _ - _ - _ _ - _ .

Table 21. Example nodalizations of a plume

for z = 60 cm for z = 200 cm for z = 305 cm

<U ; ><U ; > R(i) <U. >R(i) <U, >
(ch> <(U g; >R(i) <U 333gR

cmd) (cm) (cm (cmd) (cm) (c (cmd)
3

Node # (cm)

1 1.706 141.0 7.19 5.721 116.1 22.02 8.405 108.1 23.14
1

2 2.483 133.2 '8.55 8.324 109.9 22.28 12.231 102.4 23.29

3 3.138 125.0 10.02 10.524 103.4 22.56 15.463 96 4 23.44

4 3.756 116.5 11.60 12.594 %.6 22.83 18.505 90.2 23.59

5 4.375 107.5 13.31 14.670 89.3 23.10 21.556 83.6 23.74

6 5.029 97.9 15.14 16.867 81.6 23.38 24.783 76.4 23.89

7 5.765 87.4 17.08 19.334 73.1 23.66 28.408 68.7 24.04

8 6.664 75.6 19.15 22.353 63.6 23.94 32.845 60.0 24.20

9 7.970 61.3 21.38 26.734 52.3 24.23 39.284 49.0 24.35

10 14. % 7 32.6 24.31 45.959 31.9 24.58 67.725 31.1 24.54
.

C
z

5 ha
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| R(i)
'

Average Rise Velocity = <URise > [Ug(r,z) + Uslip]2rrdt"

r[R(i)2 - R(i-1)2] R(i-1)

R(i)

Average Slip Velocity = <Uslip > Uslip 2rrdt"

r[R(i)2 - R(i-1)2] R(i-1)

The average liquid rise velocity is

|

2 -R(i - 1)2' - -R()I , / (r(i)2 - R(i-1)2)< U ;q > = b U(z) < exp - expi
| b b
|

,

Then, the average bubble rise velocity is:

!

<URise > = < Ujj > + < U31 p >q

where :

<Uslip > = UB for U ;;p(r,z) = UB3

. .

Ab2 (z) -R(i-1)I -R(i)2'e< U ;j > = UB 1- exp _ exp, ,

3

,
R(i)2 - R(i-1)2

_ _ _ _ _

2 2 2 2xb xb

for Uslip(r,z) = U (1 - c(r,z))B

|

,
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.

'(} -R(i-1)2' - -R(i)2'<Uslip> - UB 1- exp - exp' ,

,
R(i)2 - R(i-1)2

_ _ _ _

2 2 2 2xb xb
_

2 2
-

e(z)2 xb -2R(i-1)2' - -2R(i)2'. exp - exp .

R(i)2 - R(i-1)2
. . .xb . .

2 2 2 2xb

for U ;;p(r,z) = U (1 - c(r,z))23 B

These average quantities for the example nodalizations are also listed in Table 21.

Note that nodalizations are fixed at the start of each spatial step and not altered in the Runge-Kutta
calculations for the step.

9. Mass Transfer to the Bubble

Mass transfer to the bubble were calculated using the thermodynamic model described in Chapter IV
(See Section IV-D). Heat transfer to and within the bubble was taken to be rapid. Numerical tests
showed that thermal gradients were likely to be small enough that thermophoresis of aerosol particles
could be neglected in comparison to diffusiophoresis.

10. Decontamination During Bubble Rise

Decontamination of bubbles in each of the 5 nodes is calculated for each of the 20 size classes. These
results are summed to determine on overall decontaminaticn factor. A mass-weighted mean particle size
is calculated from:

20 5

{ { M(i,j) Ind (i)p

<ln d > = I"I I"I
P 20 5

{ { M(i,j)
i=1 j=1

|
)

where M(i,j) is the aerosol mass of size class i remaining in node j. A standard deviation of the size j
distribution of aerosol particles emerging from the suppression pool is calculated using the expression:

.
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20 5

{ { M(i,j) [In(d (i)) - <Ind >]2p p
2 i=1 j=1In y,

20 5

{ { M(i,j) |
i=1 j=1

11. Accumulation of Results

The overall decontamination factor and the characteristics of the particle size distribution were
accumulated for subsequent statistical analyses. Results are accumulated until there was at least a
99 percent confidence that 95 percent of the range of these output quantities had been sampled. The
accumulated samples were ordered and used to uncertainty distributions at 50 and 90 percent confidence
levels as described elsewhere [1].

B. Uncertain Models, Inputs and Parametric Quantities

Uncertainties that affect the predictions of aerosol removal by steam suppression pools include
uncertainties in the boundary and initial conditions dictated by accident progression, uncertainties in the
aerosol properties, and uncertainties in phenomena and processes. Many of these uncertainties are
readily expressed in terms of parameters that can assume ranges of values. Probability distributions can
be hypothesized to describe the distributions of the values of these parametric quantities within these
ranges.

i

Especially in connection with the phenomena and processes responsible for the removal of aerosols from
gases sparging through a steam suppression pool, there is another type of uncertainty. This is
uncertainty in the physical model used to describe the process or phenomenon. It is not obvious how
this type of uncertainty can be reduced to a parametric quantity with a range of values and a distribution
of values within this range that can be sampled in the Monte Carlo uncertainty analysis. Yet, such
model uncertainty is very important to the overall uncertainty in predicting the decontamination that can
be achieved by a steam suppression pool. Thus, model uncertainty cannot be neglected in the Monte
Carlo uncertainty analysis.

Reduction of model uncertainty to a parametric quantity is done here in two ways. Consider two
models that purport to describe the same phenomenon. The prediction of the first model is designated
x(A). The prediction of the second model is designated x(B). If the models are quite distinct, say
because they invoke different physics to describe the phenomenon, a parameter, 6, is defined to be
uniformly distributed over the range from zero to one. The quantity used in the mechanistic model, r, '

is then derived from the two models by-

.
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!

x(A) if 6 < 0.5
,

x=
i r(B) if 6 2 0.5
|

| On the other hand, the two modele might be quite similar. They may differ only by different
| parameterization of a correlation for some set of data. Then, a parameter e is defined to be uniformly
; distributed over the range of 0 to 1. The quantity used in the mechanistic model is then found from the
| two alternative models from:

!
r = e x(A) + (1 - e) x(B)

l

: These two procedures for reducing model uncertainty to a parametric quantity are easily extended to
, situations involving more than two alternative models.

i In the subsections below, the various parametric quantities sampled in the Monte Carlo uncertainty
| analysis including parameters used to represent model uncertainty are described. The emphases of the
j discussions are to justify credible ranges for the values of these parameters and to define subjective

probability distributions for values of parameters within their respective ranges.

The authors are unaware of any algorithm for the definition of subjective probability distributions for
| uncertain quantities withinjustifiable ranges. The authors are aware that some investigators [271,272]
| develop fairly elaborate distributions for uncertain quantities. The very limited justifications offered
i for these complicated distributions do not appear persuasive to the authors. Based on c-iticisms levelled

at these complicated distributions, it appears others in the technical community are abo skeptical.

Here, simple, high-entropy probability distributions are ascribed to parametric values according to a set
; of rules. These rules are:

' 1. Values predicted by correlations derived from least-squares fits of experimental data are taken to
be distributed according to a Student's t distribution.

j2. Uncertain quantities whose meaningful range of values spans less than an order of magnitude are
assigned a uniform distribution.

,

3. Uncertain quantities whose meaningful range spans more than one order of magnitude are assigned

) a log-uniform distribution.

!
! 4. If there is a substantial basis to believe values of a parameter are better known than would be
'

reflected by the uniform or log-uniform distributions, this parameter is assigned a lognormal
distribution.

;

High-entropy distributions such as the Student's t distribution, the uniform distribution, and the
3

I lognormal distribution have been adopted primarily because the authors believe there is very little
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knowledge about the parameter values within their respective ranges. It is more defensible to further
decompose an issue into more fundamental parts than to attempt to define some highly structured
probability distribution for a parameter. There is, however, another advantage associated with the use
of high-entropy distributions. By restricting the distributions that can be assigned to values of a
parameter to high-entropy distributions, the results of the uncertainty analyses are not very sensitive to
the particular distributions assigned to the parameters. This relieves a question concerning the
sensitivity of results to the parameter distributions that nags all probabilistic uncertainty analyses. Relief
from this question comes about because of the peculiar similarities of high-entropy distributions in the
vicinities of the tails of the distributions. For nearly all of the high entropy distributions:*

x(5) = p - 1.6(i0.05) o

x(95) = p + 1.6(i0.05) a

where

x(5) = 5th percentile value of the uncertain quantity x,

x(95) = 95th percentile value of the uncertain quantity x,

p = mean of the distribution, and

a = standard deviation of the distribution.

Since the ranges assigned to values of a parameter essentially fix both the mean and the standard
deviation of the distribution, all of the distributions become rather similar. This is especially true near
the " tails" of the distributions. The tails of distributions in the vicinities of the 5 and 95 percentiles are
often of great interest in analyses of reactor safety issues because parametric values in these tail regions
can produce the hazardous circumstances of accidents. It is usually the sensitivity of results to tails of
parameter distributions that cause the greatest controversies when complicated, structured distributions
are employed. Though there can still be some legitimate concern about the tails of distributions when
high-entropy distributions are employed, this concern is much attenuated relative to the situation when
other types of subjective distributions are used.

1. Input and Boundary Condition Uncertainties

The first class of uncertainties to be described are those that arise because of

the variability in the designs of boiling water reactors, anda

the variability of conditions that prevail during the various types of severe accidents hypothesized*

to occur at boiling water reactors.

*The authors were made aware of this interesting property of high-entropy distributions by A. N. Roumiantsev of the

! Kurchatov Institute in Moscow, Russia.
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In the subsections below, ranges are defined and probability distributions are assigned to uncertainties

j of these types.

'

Discussions in Chapter III show that conditions vary sa signiDeantly over the four phases of severe
i accidents that it is useful to draw distinctions among the uncertainties that prevail during these accident

phases. Therefore in the discussions of many of the uncertainties in the subsections below, distinct
ranges are identified for the gap release phase, the in-vessel phase, the ex-vessel phase and the late in- i

vessel phase of an accident. I

1 It is also found that especially for the ex-vessel phase of an accident that it is useful to distinguish
between Mark I boiling water reactors and other types of boiling water reactors. Such a distinction is
also useful during the gap and in-vessel release phases of an accident because the submergence of
quenchers in the suppression pools are so different in Mark I reactors than in other types of boiling
water reactors.

The various uncertainties discussed in the subsections below are summarized in Table 22. Also shown
in this table are the ranges and the probability distribution functions ascribed to these uncertainties. i

1

a. Pool Depths

|

The submergence of the orifices and vents in the suppression pools are assumed to be known by the I

analyst. Calculations are done for submergences of 100 to 700 cm. The submergence depth is used
to correlate r^sults of the uncertainty analyses to formulate simplified models are described in Chapter
VII.

h. Orifice Sizes

Orifices in quenchers are taken to have diameters uniformly distributed over the range from 0.993 to
1.27 cm. The number of orifices was fixed at 19056 which is characteristic of Mark I suppression
pools. Mark II and Mark III suppression pools have between 17952 and 23936 quenchers orifices. This
range is small in comparison to the range of volumetric Hows to the orifices. Consequently, it was
assumed that the uncertainty in the How through an orifice would be dominated by the uncertainty in
the gas source and not very sensitive to the uncertainty concerning the number of orifices.

Downcomers vents were taken to have diameters between 59.7 to 69.8 cm. In Mark I and Mark II
suppression pools there are between 82 to 136 downcomers. It was assumed, however, that at the low
gas generation rates typical of the ex-vessel phase and late in-vessel phase of reactor accidents, there
would not be simultaneous flow through all these downcomers,

c. Wetwell Pressures

i Boiling water reactors are susceptible to ATWS type sequences that cause pressurization of the drywells

|
and wetwells even before gap release can begin. They are also subject to station blackout accidents in
which pressure builds up, in some cases to failure, over the course of the accident. Consequently, the
ranges of gas pressures that can exist over the suppression pools are the same for all phases of the

: accidents. This range is essentially from 1 atmosphere to the failure pressure.

|
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Table 22. Input uncertainties

Uncertainty Range Distribution

a. Pool depth known quantity

b-1. Orifice diameter (cm)
gap release 0.993 to 1.27 uniform
in-vessel release 0.993 to 1.27 uniform
ex-vessel release 59.7 to 69.8 uniform
late in-vessel release 59.7 to 69.8 uniform

b-2. Number of Orifices

gap release 19056 fixed
in-vessel release 19056 fixed
ex-vessel release 82 - 136 uniform
late in-vessel release 82- 136 uniform

c. Wetwell pressure (atms)

gap release 1.1 - 9 uniform
in-vessel release 1.1 - 9 uniform j

ex-vessel release 1.1 - 9 uniform
late in-vessel release 1.1 - 9 uniform

)

Mark II and III
gap release 1-5 uniform
in-vessel release 1-5 uniform
ex-vessel release 1-5 uniform )
late in-vessel release 1-5 uniform |

d-1. Mean aerosol particle
diameter (pm)

gap p-' = -366 + 0.958 Q correlated with flow l

in-vessel 0.5 to 5.0 lognormal (p=1.6, o=2)
ex-vessel 1.1 to 7.0 uniform
late in-vessel 0.19 to 3.0 log uniform

d-2. Geometric standard deviation
of aerosol size distribution

gap 1.2 to 1.8 uniform
in-vessel 1.8 to 3.8 uniform
ex-vessel 1.6 to 3.8 uniform
late in-vessel 1.6 to 3.8 uniform
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Table 22. Input uncertainties (concluded)

-.

Uncertainty Range Distribution

c. Aerosol material density

gap 2.8 to 6.1 uniform
in-vessel 3.25 to 10.96 uniform
ex-vessel 2.9 to 5.65 uniform
late in-vessel 3.15 to 2.65 uniform

f. Shape factors
primary particle diameter 0.001 to 0.1 log-uniformo

,

l o fractal dimension 1.5 to 2.2 uniform

i

g. Steam Production Rates
(moles /s)

gap
| in-vessel 2500 to 400 uniform

ex-vessel 500 to 50 uniform
Mark I 1 to 10% uniform
Mark II/III of total gas correlated -

i with gas production
c(x) 0-1 uniform

.

late-invessel

| Mark I 10 to 35% of total gas Uniform
Mark II/III correlated with gas -

production
c(y) 0-1 uniform

h. IIydrogen Production (moles /s)
t

gap 20 to 120 uniform
in-vessel 20 to 120 uniform

1. Total Gas Production (moles /s)
|
| ex-vessel

Mark I 100 to 300 uniform
Mark II/III 150 to 1100 uniform

;

! late-invessel
Mark I 20 to 80 uniform
Mark II/III 160 to 500 uniform
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There are radical differences in the failure pressures predicted for the various types of boiling water
reactors. The Mark I steel containments have been calculated to rupture at differential pressures up to
8 atmospheres. Mark III containments are not as strong and are thought to rupture at differential
pressures of about 4 atmospheres. Consequently, a distinction is drawn here between the range of
wetwell pressures in Mark I containments and the range of wetwell pressures in the Mark II and 4

,

Mark III containments. Wetwell pressures in the Mark I are considered to be uniformly distributed over
the range of 1.1 to 9 atmospheres. Wetwell pressures in the Mark II and Mark III reactors are taken |
to be unifonnly distributed over the range of 1 to 5 atmospheres. Again, the ranges of wetwell
pressures are taken to be the same for all phases of severe accidents.

d. Aerosol Particle Size
|

It is assumed for this work that aerosols reaching the steam suppression pool have a lognormal size I
Idistribution. Discussions above show that this can only be an approximation. The uncertainty in this

'

approximation is, however, confronted only through the uncertainties in the parameters that characterize
a lognonnal distribution-the mean particle size and the geometric standard deviation of the distribution.
That is, the Monte Carlo uncertainty analyses done here do not consider size distributions that differ
from the lognormal distribution. This is probably not a serious omission. It is quite likely that all '

aerosols that reach the suppression pool have aged sufficiently long that coagulation and deposition
processes have eliminated any features of the distribution that deviate much from lognormal such as

,

himodality in the distribution. The most likely discrepancy from an exactly lognormal distribution is
probably a lack of aerosol mass at the larger, low-probability sizes.

The size distributions of aerosol reaching the steam suppression pool are expected to be different in the
four phases of the severe reactor accident defined in the U.S. Nuclear Regulatory Commission's revised
severe accident source tenn [1]. The aerosol size distributions are, however, not expected to vary
according to the type of boiling water reactor of interest.

d-1. Gap Release Size Distribution

Only small amounts of aerosol mass are introduced into large gas flows during the gap release phase
of the accident. There will be little opportunity for such dilute aerosol particles to grow. Any particles
that do coagulate or grow to a substantial size are very likely to be removed from the high velocity flow
stream by impaction in bends and flow discontinuities in the pathway to the steam suppression pool.
For these reasons, aerosol reaching the steam suppression pool is expected to have a size distribution
with a small mean particle size and a small geometric standard deviation.

For all of the interest that has been paid to gap release, there is remarkably little experimental data on
particle size distributions to validate these theoretical predictions. Further, there has been little
published information on particle sizes predicted by analysis. Jordan et al. [273] have argued that
aerosol particles nucleate from vapors such as those released from the fuel cladding gap to rapidly form
particles 0.05 pm in diameter. If it is further assumed that particle concentrations are quickly reduced

8 3to 10 particles /cm by coagulation. Then, final, mean particle sizes during gap release would be
expected to range from 0.05 to 0.25 pm. These estimates seem consistent with results of calculations
with the Source Term Code Package reported by Gieseke et al. [27] for a station blackout accident at
a Mark III boiling water reactor.
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The analysis presented above suggests that the mean particle size will be correlated closely with the
molar flow. Here, this correlation is take to be:

( p-3 = -1448 + 3.78 Q

where

= mean particle size in pm, and

I Q = flow through the reactor coolant system in moles /s.
i

The material released from the fuel cladding gap may be rich in CsOH and CsI. These are two very
hygroscopic materials. Though particles of CsOH and Csl may not grow by water adsorption in the
reactor coolant system itself, they will surely grow as the aerosol-laden gas cools within the piping

| system leading to the suppression pool. Adsorption of water might be expected to continue until the
particles become saturated liquids. Then, particle sizes are given by the correlation:

-3 = -366 + 0.958 Q (moles /s)

| which is the correlation adopted here.

The geometric standard deviation of the size distribution is much more difficult to predict. It depends,t

among other things, on the heterogeneity of processes taking place during the release and transport of
the aerosol. It is expected here that the size distributions will be narrow. Geometric standard
deviations observed in flame vaporization processes are as low as 1.2 [274]. Consequently, the

; geometric standard deviation for aerosol produced during gap release is taken to be uniformly distributed
over the range from 1.2 to 1.8. The upper end of this range has been selected because for larger values|

i of the geometric standard deviation, the aerosol would have a noticeable spread in particle sizes. |

d-2. In-Vessel Release Size Distributions,

!

( In contrast to the case during the gap release phase of the accident, a very large amount of material is
aerosolized during the in-vessel release phase of the accident. Most of this aerosol mass will be non-
radioactive. A great amount of aerosol will come from vaporization of steel, tin from the zircaloy
cladding, and vaporization of UO . Radioactive species will constitute a relatively small portion of the2
total aerosol release. The aerosol that reaches the suppression pool will have a size distribution dictated

| by the interplay of particle growth and particle deposition processes.

: There has not been much information published on the sizes of particles that are predicted to be released
| to the suppression pool during the in-vessel phase of an accident. Denning et al. [23] report, for an
| ATWS accident sequence, mean panicle sizes of about 13 pm at the suppression pool. On the other

,

| hand, another analysis [296] of the aerosol suddenly released to the drywell of a boiling water reactor |
at the time of vessel failure indicates a nearly lognormal size distribution with a mean particle diameter !

'

'

of 0.8 pm. Distributions shown in Figure 13 rimilarly indicate a very broad uncertainty in the size
distributions of aerosols produced during the in-vessel release phase. Not all of the analyses that

'

produce the widely ranging size distributions have considered in detail opportunities for particle,

deposition during transport to the suppression pool. The deposition processes are often quite dependent
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on the aerosol particle size and tend to preferentially extract particles larger than 1 to 2 pm. Based on
this reasoning, the mean aerosol particle size during the in-vessel phase of an accident is taken to be
lognormally distributed around 1.6 pm with a geometric standard deviation for the distribution of the

| mean taken to be 2. Then, the 5 and 95 percentiles for the mean a.e at about 0.5 and 5.0 m,

respectively.

The geometric standard deviation of the aerosol size distribution is expected to be large. Here it is )
Iassumed to be uniformly distributed over the range of 1.8 to 3.8.
l

d-3. Ex-Vessel Release Size Distributions ;
1

Considerably attention has been paid to the size distribution of aerosols produced during core debris |

interactions with concrete. During the vigorous phase of interactions when most of the release of I
radionuclides occurs, predictions derived from correlations of experimental data indicate that mean !

particle sizes are between 1.1 and 2.2 pm. These predictions apply, however, to the aerosol
immediately above the core debris and not to the aerosol that enters the suppression pool. Aerosol that
is produced by core debris interactions with concrete mixes with the drywell atmosphere and has an
opportunity to age. That is, the aerosol will coagulate to larger particle sizes before it passes to the
suppression pool. Again, notice should be taken of the wide range of aerosol particle sizes predicted
by the Source Term Code Package to be present in the drywell (See Figure 13).

Because of the aging of aerosol in the drywell, the mean particle size of aerosol produced by core debris
concrete interactions is taken to be the lower bound on the mean size of aerosol discharged to the 1

suppression pool during the ex-vessel release phase of a severe accident. The upper limit on this mean
size is taken to be 7.0 pm based on accident calculations with the Source Term Code Package [14].

The geometric standard deviation of the aerosol size distribution is, because of the mixing and flow in
the drywell, expected to be large. Experimental studies of aerosols produced during core debris j

interactions with concrete have shown geometric standard deviations that vary from about 1.6 to 3.8.
Aerosol discharged to the suppression pool will probably have a similarly large range of geometric |

standard deviations in its size distributions. |
|

Aerosol produced during intense core debris interactions with concrete is expected to be chemically |

stable and not very hygroscopic. Certainly this is what Adams [248] found when he produced aerosols |

from concrete and introduced them into a condensing steam atmosphere. Little particle growth by
water condensation on the external surfaces of the particles is to be expected. (Internal voids are i
expected to be filled with water when the aerosol reaches the suppression pool as discussed above in (

I

Section IV-K.1).

d-4. Late In-Vessel Release Size Distributions

Almost nothing is known about the release by revaporization of radioactive materials that had been
deposited in the reactor coolant system during earlier phases of the accident. The material released
from the reactor coolant system will be relatively volatile. Cesium iodide, cesium hydroxide and

,

|
tellurium oxides are expected to be important constituents of the released material. The late in-vessel

' release is expected to be slow so that aerosol concentrations will be correspondingly low. Particle sizes
might also, then, be small.
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When aerosol (or vapors) produced by the late in-vessel release emerge into the reactor drywell, they
will encounter aerosols produced by the long-term core debris interactions with concrete. After the

,

initial, intense aerosol production marking the ex-vessel release phase of the accident, core
debris / concrete interactions settle into a quasi-steady state interaction that produces aerosols mostly from;

constituents of concrete at rates of 1 to 10 grams per second. Though these are small rates of aerosol
production in comparison to rates of aerosol production during ex-vessel release, they are significant
rates in comparison to the rates of late in-vessel aerosol production. It is likely, then, that aerosol
reaching the steam suppression pool during the late in-vessel phase of the accident will have size
characteristics determined by aerosols produced by the quasi-steady state core debris / concrete

t

interactions. Model predictions of these aerosols indicate mean particle sizes of 0.19 to 0.30 m.
These predictions are based on an assumption concerning the nature of aerosol growth. This assumption
has not been validated by experimental studies. These mean particle sizes do not account for growth !
of particles during residence in the drywell. Residence periods can be quite long during this late-stage
of the accident when gas production rates are low. To account for this growth, the mean aerosol l

particle size during the late in-vessel phase of the accident is taken to be loguniformly distributed over i

the range from 0.19 to 3.0 m.
|

Size distributions of aerosol produced during the late stage of core debris interactions with concrete are
assumed to have geometric standard deviations of 2.3 [19]. This is an average of experimental
observations that have varied from 1.6 to 3.8. Consequently, the geometric standard deviation of the
size distributions of aerosol produced during the late in-vessel phasc of an accident is taken to be
uniformly distributed over the range from 1.6 to 3.8.

The aerosol produced in the drywell during the late in-vessel phase of an accident might be quite
hygroscopic. Certainly CsOH and Csl vaporized from the reactor coolant system are hygroscopic.
Aerosols produced by core debris / concrete interactions at this late stage of the accident are rich in
hygroscopic oxides of sodium and potassium. On the other hand, the atmosphere will contain quite a
lot of carbon dioxide that will react with oxides and hydroxides to form decidedly less hygroscopic
bicarbonates.

c. Acrosol Material Density

Material densities enter into the descriptions of aerosol removal processes. The material densities are
expected to vary some among the four phases of the accident.

e-1. Gap Release

Room temperature densities of the materials expected to make up much of the gap release are shown
below:

3Material Density (c/cm )

Csl 4.510
CsOH 3.675
TeO 5.682
TeO 5.075 - 6.13
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Cesium hydroxide and cesium iodide are so hygroscopic that they may be present as saturate solutions rather j
than as solid particles. These densities would be reduced substantially to 2.8 to 3.2 in saturated solutions. <

Consequently, the aerosol material densities during the gap release are taken to be uniformly distributed over
3the range 2.8 to 6.1 g/cm .

e-2. In. Vessel Release

Aerosol material densities during the in-vessel release will be determined primarily by the massive amounts
of nonradioactive materials released during this phase of the accident. Some typical densities of these

materials are:
3Material Density (c/cm )

UO 10.96
2

U 0, 8.30
3

UO 7.29
3

ZrO 5.6- 5.892

ZrO * z H O 3.25
2 2

Sn 5.75 to 7.28
SnO 6.446

SnO 6.95
2

Fe 0,. 5.18
3

Material densities during the in-vessel phase of a severe reactor accident are taken to be uniformly
distributed over the range of 3.25 to 10.96.

e-3. Ex-Vessel Release

Examination of calculated results for a variety of severe accidents [25] shows that material densities during
3

the period of intense aerosol generation in core debris interaction vary from about 5.65 to 2.9 g/cm .

e-4. Late In-vessel Release
:

Again, the aerosol properties during the late in-vessel release will actually be determined by the aerosol
materials generated by the long-term, quasi-steady core debris interactions with concrete. Material densities

3

during this phase of an accident are calculated [25] to be in the range of 3.15 to 2.65 g/cm .

f. Uncertainty in Shape Factors

it is assumed here that there is enough water adsorption by aerosol particles that these particles become

porous spheres. The collision shape factor, y, and the dynamic shape factor, x, are equal for all particles:

x = y = 1/a''3

|
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It is also assumed that shape factors are size dependent and this dependency is described by: ,

epp + (1-e)pe
,

| PP |
| \
t !

I
i

3-dr
'

Ze = min 1,
_d

i p ,
,s

; where z is the diameter of primary particles that make up agglomerated particles and d is the fractalf
| dimension of agglomerates. This primary particle size is taken to be uncertain and has a log-uniform
i distribution over the interval from 0.001 to 0.1 pm. The fractal dimension of the agglomerates was

taken to be uniformly distributed over the range from 1.5 to 2.2.

g. Gas Flow Rates I
I

Gas flow rates to the suppression pool are expected to be quite variable over the course of the four
phases of severe accidents considered here. An assumption made in the analyses done here is that gases|

| flow to the quenchers during the gap release and the in-vessel release phase of the accident. Gases flow
to the suppression pool through downcomers and horizontal vents during the ex-vessel and late in-vessel
phases of the accidents. Possible bypass of the suppression pool is neglected throughout the analyses,

g-1. Gap Release Phase i

!

l
Based on the discussions of accident sequences presented in Chapter III, the gas flows to the quenchers

| for all types of boiling water reactors are taken to be uniformly distributed over the range of 2500 to
| 400 moles per second. Hydrogen generation rates are taken to be uniformly distributed over the range

of 20 to 120 moles /s.

| g-2. In-Vessel Release Phase
!

| Again, from the discussions in Chapter III steam flows to the quenchers during the in-vessel phase of
! an accident are taken to be uniformly distributed over the range of 50 to 500 moles /s. The hydrogen
i flows are taken to be uniformly distributed over the range 20 to 120 moles /s. No attempt is made here

to account for episodic eruptions of steam that accompany the relocation of core debris to the water-
;

filled lower plenum of the reactor vessel. i

l
i
!

!
!

!
,
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| g-3. Ex-vessel Release Phase
t

I Gas production during the ex-vessel phase of a severe reactor accident must be treated differently for
Mark I reactors than for Mark II and Mark III reactors. The differences arise because in the Mark II
and Mark III reactors, degassing of the concrete introduces substantial quantities of water vapor into
the gases being discharged to the suppression pools. Consequently, molar flows to the suppressie-"ool
in the case of Mark I reactors are taken to be uniformly distributed over the range of 100 to 300 i
moles /s. Molar flows to the suppression pool in the case of Mark II and Mark III reactors are taken I
to be uniformly distributed over the range of 150 to 1100 moles /s.

The condensible portion of the gas produced during the ex-vessel phase of an accident in a Mark I
boiling water reactor would be calculated to be very small (< 1 percent) if only core debris interactions
with concrete were considered. There is not much concrete exposed to heating that will degas to add
water vapor to the gas discharged to the suppression pool. The reactor pedestal is concrete that can
degas and there may be some evaporation from residual water in the reactor coolant system.
Consequently, gas discharged to the suppression pool in an accident at a Mark I reactor is taken to have
a water vapor content uniformly distributed over the range of 1 to 10 percent.

J

Much of the gas discharged to the suppression pools during the ex-vessel phases of an accident in Mark
II and Mark III reactors can be water vapor. The water vapor content is taken here to be correlated
with the gas production rate:

l

m les '

th(total) - 0.8[100 + e(x)200] for th(total) > 300
s

th(H O) = <2 m les ;

0.2 th(total) for th(total) <; 300
s

,

where ,

rh (H O) = moles water vapor discharged to the suppression pool per second, |2

rh (total) = total number of moles of water vapor discharged to the suppression pool per second, and

c(x) = uncertain number uniformly distributed over the range O to 1.

g-4. Late In-vessel Release Phase

Similar reasoning to that discussed above in connection with gas generation during the Ex-Vessel
Release phase of an accident is used to draw a distinction between gas generation during the Late In-
Vessel Release phases of accidents at Mark I reactors and accidents at Mark II and Mark III reactors.

l

Gas production during the Late In-Vessel Release phase of an accident in a Mark I reactor is taken to
be uniformly distributed over the range of 20 to 80 moles /s. As discussed in Chapter III, much more
of this gas can be water vapor. Here the water vapor content of the gas is taken to be uniformly
distributed over the range of 10 to 35 percent.
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On the other hand, during accidents at Mark II and Mark III reactors, the gas production is taken to be
uniformly distributed over the range of 160 to 500 moles /s. Water vapor production is taken to be:

m(H O) = m(total) - [20 + 60 c(y)]2

where c(y) is uniformly distributed over the range of 0 to 1.

2. Phenomenological Uncertainties in Bubble Behavior

In the subsections below, the phenomenological uncertainties in bubble behavior recognized in the
Monte Carlo uncertainty analyses are described. The uncertain parameters, the possible ranges of
values they can assume, and the distributions of values within these ranges are summarized in Table 23.

c. Uncertainty in Bubble Formation

It is apparent from the discussions above (see Section IVA) that there is no universally applicable model
of bubble formation. The two-stage model devised by Kumar and Kaloor [31] has the attractions of
validation by comparison to a wide variety of data and because it has explicit dependencies on orifice
geometry. The empirical correlation devised by Paul et al. [30] yields predictions that are different than
those obtained from the Kumar and Kaloor model. But, the empirical correlation is attractive because
it is based on data obtained from a simulated quencher orifice. Neither the Kumar and Kaloor model
nor the empirical correlation seems to have been thoroughly validated for steam-rich gases entering
steam suppression pools that are significantly sub-cooled.

To treat the uncertainty of bubble formation at quencher orifices, a parameter 6(b) is defined to be
uniformly distributed over the range 0 s 6(b) < 1. Then, the Kumar and Kaloor model is used when
randomly sampled values of 6(b) are less than 0.5. The empirical correlation developed by Paul et al.
is used when 6(b) 2 0.5.

When the Kumar and Kaloor model is selected, the orifice orientation angle, y, is randomly selected
from the range 0 s y < 90 . When the correlation developed by Paul et al. is selected, the prediction
of the model is taken to be uncertain. The uncertainty in the natural logarithm of the normalized
volume is given by a Students' t distribution with 15 degrees of freedom and a standard error of:

- 1/2

0.0588 + (In(We) - 7.6562)2standard error = 0.225
145.952

. .

where

2We = Weber number = U pg D / og,o
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Z Table 23. Uncertainties in the phenomena affecting bubbles ec n
M nm n
9 Uncertain quantitv Range of values Distribution 5-O q

$_ Bubble Formation

O * gap and invessel release

6(b), parameter to select among models 0 to 1 uniform

0, orifice orientation in Kumar and Kaloor model 0 to 90 uniform
(degrees)

e(P), uncertainty in correlation of the natural Students' t
v = 15logarithm of the normalized bubble volume 1/2

0.0588 + [In(we) - 7.6561]2.se = <
145.952

y * ex-vessel and late invessel
o

C, coefficient in Davidson Schular model 0.976 to 1.722 uniform

Initial Bubble Size

e(bs), uncertainty in the correlation of the natural _ _ Students' t
v = 12logarithm of the mean bubble si7e

2 - 0~4434)2se = 0.0634 0.0833 + (Y
1.1847

_ _

o(S), geometric standard deviation of the log-normal 1.36 to 1.61 uniform
bubble size

Bubble Shape

6(E), parameter to select between models 0 to I uniform

Bubble Slio Velocity

6(v), parameter to select between models of two phase O to 1 uniform

flow

_ _ . _
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Table 23. Uncertrinties in the phenomena rJfecting bubbles (continued)

Uncertain quantity Range of values Distribution

Bubble Rise Velocity

e(J ), uncertainty in the correlation of log 10 J with -

1/2t Students' t

0.01563 + (log 10H - 1.17945)2
y = 62log 10 H for H < 59.3

se = 0.0915
10.66

_ _ |
;

e(J ), uncertainty in the correlation of log 10 J with - -

1/22 Students' t

0.01887 + (log 10H - 2.1655)2 v = 51log 10 H for 59.3 s H s 1000
se = 0.02693

4.3305
. .

e(J ), uncertainty in the correlation of UT _ _ Students' t3 fr
H > 1000 2 y = 68 !

DB - 5.586y

$ se = 527.8 0.01429 +
97.7

_ _

Plume Parameters

Students' t !e(a), uncertainty in the correlation of the entrainment _ _ ,g

0.0145 + (1/FB - 0.2145)2 ,

coefficient with the Froude number, FB y = 67

se = 4.185 t

1.8474 t

_ _

y = 1 + f = momentum amplification factor '

f lognormal !

p = 0.5
y a = 3.28 ;

$ A 0.7 to 1.0 uniform

N h
:= a
b !. ,

a 5

;

!
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Uncertainty

|
-

1/2

VN = normalized volume =
@l #g) g4V

|
,.

2 at! 19 - -o

U= 4rn/p xDg o,
i !

| |
D = orifice diameter,o

I
.

|1

rh = mass flow rate,

V = bubble volume,

p = gas density at the orifice.g

Data for bubble formation at large diameter horizontal vents and downcomers are scarce. Though it !
is not strictly applicable, the Davidson-Schuler model is used to predict the size of bubble formed at

| these large diameter vents:

6/5 -3/5
B={D =CQ gV B

|
,

The leading coefficient in the Davidson-Schuler model, C, is taken to be uncertain and is assumed to -
be uniformly distributed over the range of 0.976 to 1.722. .

|

| b. Uncertainty in the Equilibration Distance

; Bubbles that detach from orifices are large and may be steam-rich relative to the partial pressure of ,

! water in equilibrium with the suppression pool. It was assumed that over an uncertain distance between
2 and 10 initial bubble diameters, the gas comes into compositional and thermal equilibrium with the
suppression pool. The most important effect of this equilibration is, of course, to remove aerosols by

; the condensation of excess steam in the gas. Removal of aerosols during this equilibration compensates
for the neglect of aerosol removal by steam condensation during bubble formation.'

L The equilibration of steam-rich bubbles is a fairly violent process. Undoubtably, rmechanisms other than
condensation of steam may well remove aerosols from the gas during this equilibration process. It has
not been possible to identify these additional mechanisms quantitatively. It is an area meriting additional
experimental attention.

!
c.- Initial Size of Bubbles in the Plume

{.

| Experiments by Paul et al. [30] and by Hakaii et al. [69] show that bubbles rising through the pool have
a distribution of sizes. The experimental evidence is for bubbles that are formed above quencher-

orifices. Presumably bubbles with similarly distributed sizes are formed when gas globules detach from
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'

downcomers and horizontal vents and then disintegrate. Experimental studies by Paul et al. [30] and
by Hakaii et al. [69] showed that the bubble sizes were lognormally distributed.

The mechanistic model of source term attenuation by steam suppression pools used for the Monte Carlo
analyses has been constructed for bubbles of a fixed size. Consequently, bubble size must be treated
as an uncertain quantity. The uncertain bubble size is taken to be lognormally distributed. The mean
of the bubble size distribution has been taken from a correlation of the experimental results obtained
by Paul et al. as described in Section IV-C. The mean size, (B), is found from:

i

2(B) = 0.435 {1 + exp[-0.08789/Q]} exp[-0.5972 y ) |

| |

where ,

1

|
(B) = mean of the bubble size distribution,

Q = volumetric flow rate through the orifice, and
j

!

i

y = mole fraction of steam in the gas flowing through the orifice.

| The logarithm of the mean size is taken itself to have a Student's t distribution with 10 degrees of
! freedom, and a standard error given by:

20.0634 0.0833 + (y - 0.4434)2/1.1847

The geometric standard deviation for the bubble size distribution is only modestly uncertain. Based on
the experimental data obtained by Paul et al. this geometric standard deviation, o(B), is taken to be
uniformly distributed over the range 1.36 to 1.61.

| d. Uncertainty in Bubble Shape

The mechanistic model used here for the Monte Carlo uncertainty analyses has been constmeted for
ellipsoidal bubbles of eccentricity E. This eccentricity is a function of bubble size and behavior.
Eccentricities are recalculated at each time step. Models for the dependencies of eccentricity on bubble,

properties are uncertain. The available data on eccentricities are scattered. There is at least some
evidence that bubbles in sw arms are less distorted than are isolated bubbles. Proof of this speculation,

i

however, has not been founc Consequently two models for the eccentricities of bubbles are considered.

One is a correlation of data for isolated bubbles [82]:

l

|
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1 for Ta < 1

1/E(A) = ' [0.81 + 0.2% tanh{2(0.8 - logio Ta)}]3 for I s Ta s 39.8
1

0.24 for Ta > 39.8
l
i

)
iwhere

Ta = Re M .23,0

i/ F(I)'Re = p(l) U(slip) DB

U(slip) = slip velocity of the bubble, and

4 2 3p = Morton number = g g (pi-p ) j #1 9 ,g

The second model is an empirical correlation of experimental data obtained by Paul et al. [30]:
,

1 for DB s 0.15 cm
1/E(B) = * 0.68 - 0.57 exp [-D /0.26] for DB > 0.15 cmB

A parameter 6(E) is defined to be uniformly distributed over the range 0 to 1. The eccentricity model
used in a particular calculation, then, is found from:

E(A) for 6(E) < 0.5.

E=
E(B) for 6(E) 2: 0.5

.

e. Bubble Slip Velocity ,

The slip velocities of bubbles in a rising plume depend on the void fraction of the plume. An indepth
!treatment of this two-phase flow issues has not been attempted. Rather, the uncertainty in the slip

velocity dependence on void fraction is reflected by the consideration of various models. A parameter
6(c) is defined to be uniformly distributed on the range from 0 to 1. Then, the slip velocity is found

'
to be:

:

,
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|

UB for 6(e) < 1/3
iU (1 - c(r,z)) for 1/3 s 6(e) < 2/3BU(slip) ,

U (1 - e(r,z))2 for 6(e) 2 2/3B

where

UB = rise velocity of an isolated bubble of the same size, and

c(r,z) = void fraction at axial location z above the orifice and radial location r away from the
orifice.

The rise velocity of an isolated bubble is found from:

0.735 /gD (cm) for H > 1000B

U (cm/s) = -T #I
M -0.149 (J - 0.857) for H s 1000

#1 DB

where

M = Morton number

0.94 H .757 for 2 s H s 59.30
J= ,

3.42 H .441 for 59.3 <H s 10000

H = 4/3 E M-0.149 (pi (po se) / 0.009)-0.14o

The correlations of J in terms of H were found by linear least-squares fitting of log J as a function of
log H. The uncertainty in the predictions of log J derived from the correlations are then given by
Students t distributions. For the regime of 2 s H s 59.3 the parameters of the distribution are:

degrees of freedom = 62

standard error = 0.0915 0.01563 + (1 8 H - 1.17945)2
10.66

, _
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For the regime 59.3 < H s; 1000, the parameters are:

degrees of freedom = 51

~

1/2

0.01887 + (1 E H - 2.1655)2standard error = 0.02693
4.3305

. .

2The values of UT f r H > 1000 were found from linear least-squares fitting of U values to DB
follows a Students' t distriktion:values. The uncertainty in the predicted values of UT

degrees of freedom = 68

21/2
-

;

DB
'

- 5.586
2standard error = 527.8 0.014286 +

97.7
. .

- f. Uncertainty in Plume Parameters
7

Three uncertain parameters are used in the description of the bubble plumes rising through the
suppression pool: i

the entrainment coefficient, a*

the momentum amplification factor, y, and*

A which is the ratio of the size parameters for the void and liquid velocity distribution parameter.*

,

Milgram [44] provides a correlation for entrainment coefficients, a, derived from experimental values.
The correlation was derived by linear least squares fitting of the experimental values. Consequently,
the uncertainty in the predictions of the correlation should have a Students' t distribution. Though
Tacke et al. [45] argue that the uncertainty is larger than this, this prescription is' adopted here. '

Milgram's correlation for the momentum amplification factor proves to be computationally difficult to
use. Milgram's arguments concerning the correlation of the momentum amplification factor are difficult ,

to follow. Detailed examination of the correlation derived by fitting an expression to data suggests that
there may be little correlation. Consequently, the momentum amplification factor is treated as an ;

'

uncertain parameter. Theoretical arguments suggest its value is always greater than 1.0 and perhaps
greater than 1.07. Comparisons to data suggest values in the range of 1.1 to 2.8 characterize properties :

of bubble plumes reasonably well. Here the momentum amplification factor is taken to be: !
.

T=1+I |
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1

where & is an uncertain parameter with a lognormal distribution of values around a mean of 0.5 with '

a geometric standard deviation of 3.28. Then,95 percent of the values of y are greater than 1.07, and
94 percent of the values of y are less than about 4.6.

|

The distribution of liquid velocities with radial distance in the plume is taken to be exponential:
'

!

l
2 2Ug(r,z) = U (z) exp(-r /b (z))|

1

|

| Void fraction is also taken to be exponentially distributed with radial distance:

!

2
e(r,z) = e(z) exp( r /b,(z))

|

|

The plume model used in the mechanistic model has been constructed under the assumption that the:

radial distributions of void fraction and liquid velocities are related by:

b ix = ,(z)
4

b(z)
!

where A is a constant that is independent of position, flow, etc. Milgram [44] argues that predictionsi ;

, of the plume model are not especially sensitive to the values of A that is assumed. Values of A = 0.7
to 1.0 have been used by various investigators [45]. Here it is assumed that A is uncertain and that its

'

values are uniformly distributed over the range of 0.7 to 1.0.

g. Uncertainty in Bubble Growth

As bubbles rise through a pool they will grow as a result of both the loss of pressure head and the
vaporization of water into the bubble. Paul et al. [30] did not observe a significant amount of bubble
growth in their tests Certainly, the developers of the SPARC code [6] took this as thejustification for

i treating the bubbles as though their sizes were invariant with axial distance. Certainly, the low ionic
' strength medium used for the tests conducted by Paul et al. would be conducive to the establishment

of a dynamic equilibrium between bubble disintegration and coalescence. Dissolution of salts in the
pool, which would be expected in a reactor accident, might interrupt this equilibrium. On the other,

hand, growth of bubbles may not have been detectable except near the very top of the pool.

The growth of bubbles as they rise through a water pool can reduce the efficiencies of processes such
as diffusion, inertial impaction, and sedimentation at depositing aerosol particles on the bubble walls.
A dynamic equilibrium that keeps bubble size about the same along the axial dimension of the plume
would certainly keep the deposition efficiency high. The dynamic equi' librium could have another effect!

when the variation in the efficiency of aerosol removal with radial distance modeled here is recognized.
The dynamic equilibrium of coalescing and disintegrating bubbles would move aerosol-laden gases
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i
j between regimes of maximal and minimal attenuation. In the model used here, bubble growth is '

'

recognized and calculated following the thermodynamic model described in Chapter IV. Heat transfer
to and within the bubble is taken to be instantaneous. There are no thermal gradients near the surface
of the bubble diat would inhibit aerosol deposition on the surface.

h. Radial Mixing in the Bubble Plume
,

Bubble within a plume. There can, in fact, be a dynamic equilibrium of bubbles coalescing and I
disintegrating. This dynamic process has the effect of moving aerosol-laden gases from regions of low |
aerosol removal rates in the plume into regions where removal is more rapid. Unfortunately, there is )

'not now an indication of how much mixing occurs. Consequently, it is assumed that at the end of each
computational step a fraction of the bubbles in a radial node exchanges with bubbles in an adjacent
node. This fraction is taken to be uniformly distributed over the range of 0 to 1.

|

3. Phenomenological Uncertainties in Aerosol Behavior

Uncertainties that arise in the description of processes that remove aerosol from gas bubbles in the
suppression pool are described in the subsections below. The discussions address aerosol removal

'

during formation of bubbles at orifices, downcomers and vents as well as aerosol removal as bubbles -

i rise through the suppression pool. Uncertain parameters defined in these discussions are summarized
in Table 24. Also shown in this table are the ranges of possible values theses parameters can assume"

and subjective probability distributions for values within these ranges. Note that no uncertainties are
ascribed to the transition period between the time bubbles detach from the orifice and the formation of I
a bubble plume. Aerosol mass removal during this period is taken to be proportional to the amount of
gas removed by condensation and the aerosol removal is taken to be independent of aerosol particle size.

!-

a. Uncertainty in Aerosol Trapping by Inertial Impaction

Inertial impaction of aerosol on the walls of rising bubbles is a very important mechanism for the
attenuation of aerosol source terms in suppression pools. This mechanism depends, of course, on the
circulation of gases within a rising bubble. The issue of the circulation of gases has been much
discussed in the literature. In many of the earlier discussions, it has been assumed that there is some i

critical dimension at which circulation of gases within a rising bubble begins. Bubbles smaller than this ,

critical dimension were found to rise through liquid as though they were rigid spheres. Larger bubbles
rose through the liquid as though they were fluid spheres.

More recently, attentions have been directed toward the accumulation of surface active agents, present
as often minute impurities in the liquid, at the gas liquid interface. Immobilization of the gas-liquid
interface by these impurities rather than simply the bubble dimension is thought to be responsible for
stagnation of gases within a bubble. Bubbles initially released into a pool may have circulating gases.
As they rise and accumulate impurities gas circulation is damped.

Arguments concerning the surface activity of liquid phase impurities are quite significant with respect :

to discussions of steam suppre;sion pools. Though it might be argued waters in these pools are quite '

pure at the start of an accident, these waters will surely become contaminated as a severe accident ,

progresses. The possibility that the contamination will immobilize the gas-liquid interface of rising |
bubbles and, consequently, inhibit circulation of gases within the bubble must be recognized.
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Table 24. Uncertainties in the phenomena affecting aerosol behavior

Uncertain quantity Range of values Distribution

Efficiency of Inertial Imoaction

3
| Vm (cm / mole), molar volume of 40 to 1,000 log-uniform

| surface-active agents
4

C(surf)(moles per liter), surface-active 10-10 to 10 log-uniform

agent concentration

Diffusive Deposition

S*, Sherwood number for particle mass 14.6 to 17.66 uniform

transfer from Hill's vortex

Momentum Accommodation Coefficient|

= 1 - A exp(-300/T), A 0 to 0.6 uniformam
Temperature Accommodation Coefficient

'

at " "m [1 - A' exp(-300/T)], A' 0 to 1 uniform

Oscillation Capture

C(o), criterion for the onset of 2.96 to 4.24 uniform |

oscillations ;

6(osc), parameter for evaluation of 0 to 1 uniform '

oscillation frequency

Capture Durine Bubble Formation

e(f), parameter to interpolate between 0 to 1 uniform
models of inertial impaction

6(0, parameter to select model of 0 to 1 uniform

particle mass transport within the
forming bubble

1

|

|
,
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| It is hypothesized here that bubbles are formed with entirely mobile interfaces. As they rise through
! the pool, surface active contaminants accumulate at the interface and progressive immobilize this

interface beginning at the trailing boundary of the bubble and progressing, perhaps, to eventually
| immobilize the entire bubble interface. Thus, at an arbitrary position in the pool, a bubble will have

its interface immobilized over polar angles from 0 to 4. For analysis purposes, the interface over polar
angles from & to r radians is assumed to be entirely free of surface active agents. Experimental data

| suggest that this may be only an approximate description of the actual nature of bubble surfaces [237J.
|

| Though accumulations of surface active agents necessary to immobilize the gas bubble interface may l

first develop at the trailing surface of rising bubbles, all surfaces may quickly be partially contaminated i
with surface active agents at concentrations that at least affect interface mobility.

! Sadhal and Johnson (238] have analyzed the circulation of gases within spherical bubbles with partially '

| immobilized interfaces. It is assumed here that the proportionate reduction in particle deposition ;
calculated from gas flows in spherical bubbles with partially immobilized interfaces will apply as well |i

| to ellipsoidal bubbles with partially immobilized interfaces considered in the mechanistic model. The
non-dimensional stream function fo
partially immobilized interfaces is:,und by Sadhal and Johnson for gas flows in spherical bubbles with

1 *
p = 1.5(4 -$) P (x) dx + { Ck .f +3 _ g + 1-

14 2 k k
P (x) dx

cos0 k=1 cose

|

where
i

& = 2r / D 'B

0 = polar angle,

k (x) = k U egree Legendre polynomial,tP d

|

|
1

i

1

k (x) dx = sin 0 T{i(cos0) where T _i(cose)s
o

*The integral P an associate Legendre function.k
cos0

Associated Legendre functions, which are integrals of classic legendre polynomials, are not discusscd as frequently as are
the derivatives of Legendre polynomials. The recurrence relationship for the first integrals is:

(n+1) T (cos0) = (2n-1) Tn-1 coso) - (n-2) Tn- (cos0) .n

I: Note that T (cos0) = 0.5 sin (0) and T2 (coso) = 0.5 sin (0) cos0.i
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Ci= -

4r [24 + sind - sin 24
.I 34] + 1
3s

. ..

{ sin (k+2)4 - sink 4 + sin (k+1)4 - sin (k-1)4| Ck=
!

| sin (k+2)4 sin (k-1)4'-2
i k+2 k-1 ,J
!

| The velocity of the gas tangential to the gas-liquid interface is found from:

!
3

-1 85V(tangential) _
( sin 6 at

(=1

Normalized tangential velocities are shown in Figure 105 as functions of polar angle for various values
of 4. As immobilization of the interface progresses, the circulation of gases within the bubble becomes
confined into a smaller region near the leading front of the rising bubble. Particle deposition is
proportional to the angular acceleration:

V(tangential)2
a0 = K

DB

where K is the proportionality constant. Total deposition of particles by inertial impaction over the gas-
liquid interface is gicen by:

1

Y xDB
Deposition oc sin 0 ag d6

. 2
o

The variation in the deposition with 4 is shown in Figure 106. There is a shup reduction in the amount
of deposition as & exceeds 30*. As 4 exceeds 125* particle deposition approaches 0. This variation
in particle disposition by inertial impaction is given, approximately, by:

[1 - m(4)]/[1 + m(4)] = z(4)

where m(4) = (1/2x)[24 + sind - sin 24 - 1/3 sin 34].

291 NUREG/CR-6153



Z CC RX nm 3
9 1.0 i ,

s i i i s i s i iiiii : i . . . . s i sin i i so e :? # 's sS / s
,- -

0 / N
' \

!0.8 - -

g / \
!

/ \ '_

O -

O / g -

a I \ '

$ 0.6 /
- -

,
. . ,

|
,.

,

O 0o i .- . l
' *

N 45 / 90 / ','.-
:- -

3 1
' *

i
- -

$ 0.4 '.'.
'

I j
- - -

o x I : '.-8 O ,

g : >
*

. . .z : *
.

I : '

. i

0.2 I [
.

- ', i
--

'.....'
i i 135 .- !

' ' '

'. --

~

1 | | .-
|

-
-

.,

t -: . I
-

a%aa a I a a ! n aJ a a I a a I a a I a a I e a f a a I a a I a a
i

30 60 90 120 150 180 |
L

POLAR ANGLE (degrees)
i

,

iFigure 105. Variation of the normalized tangential velocities about a spherical bubble with various amounts of surface -

immobilization. Curves are labelled by values of & in degrees. ,

!

:

_ _ _ _ _ _ _ _ _ . - _ . .. .-.
I

-



. . - - - . - . _ . . - . - . . . - - - . - . _ . . . - . . . - . . _ - . - . _ _ . -_

t

i
i,

| i
:.

!

I I I I I I I !

z
O
P
g 0.8 _ _

o .

O. i
m '

O
m 0.6 _ _

a
52 -

.

>
IE ;

{ 0.4 f_ _

o .

!8 o
us
tf

'

J
<c 0.2 _ _

|E
IE |

O l
z

[ti I I I I I
25 50 75 100 125 150 175 |

t

i

i

& = POLAR ANGLE MARKING IMMOBILIZED INTERFACE (DEGREES) !
z :
C :

b
9 C i

o R
'

io:e
6 Figure 106. Variation of the normalized, integrated particle deposition by inertial impaction as a function of the extent of surface 3 |

G immobilization E' !

w x

:

!
.-._ ____-_- _____-______-__---_____-. _ _ _ _ _ _ - _ _ -__- _ _ _ _ - - _ _ _ _ - - . - _ - -



~. ._. . . . . _ . _ . .. _.._.. __ _ . . _ . . . _ _ _ . _ _ _ . _ _ .___.

1

Uncertainty

l i

Sadhal and Johnson find the angle of surface immobilization, 4, to be related to the molar amount of i

surface active agent, N(surf), by:

l
1

2xDB
N(surf) = UsliP 2RTp(l) [24 - 44 cos4 - sin 24 + 4 sin 4]

.

i

Assume the surface active agent is present in the liquid at a molar concentration of C(surf). Then,-
!
l

dN(surf) = rD D Sh C(surf)
Bdx 1000 U jjsp

where

! C(surf) = concentration of surface active agent (moles / liter),

Sh = Sherwood number for mass transport to the bubble,

2D = diffusion coefficient of the surface active agent in water (cm /s),
L
l

| x = distance the bubble has risen in the pool (cm), and

Uslip = slip velocity of the bubble in the bubble plu:ne rising through the suppression pool
j (cm/s).

| Then, to a satisfactory level of approximation

N(surf) = x r DB D Sh C(surf)/U jsip 1000

;

There is no information on what types of agents might be responsible for immobilizdion of bubble
interfaces in a suppression pool. Trace concentration organic species are, of course, often quite potent;

surfcce active agents. The Wilke-Change method for the estimation of diffusion coefficients of such
! species in water yields:
!

!

D , 5 x 10-9 T y
(1) V,0'6

'

'
.

| where V is the molar volume of the surface active agent at its normal boiling point. Such molarm
3volumes might vary from 40 to 1000 cm / mole. Similarly, the concentrations of the surface active,

! agents are unknown, but can be imagined to be in the range of 10-10 to 10-4 moles per liter of water.

|
!
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Solution of the above equations for 4 allows m($) to be found. Then, the deposition velocities of
aerosol particles by inertial impaction are found from:

,

sin (n) /E -1 E z(4)72 2 5/32U
V (4) "D . 5/2 2

-I /E _1 ;2 1 [E-1 -E tan2 2 2
DB cos (y) . -

2
-

E _1
'

,

i

| b. Uncertainty in Aerosol Trapping by Diffusion ,

| Controversies concerning the proper description of aerosol trapping by diffusion of particles to the
| bubble walls have been discussed above in Section IV-L.1.a. There are three models available. Fuchs
| [148] has derived a model that is widely used. The derivation is based on vortex flows within the
| bubble. But, Mills and Hoseyni [204] point out that the result of the derivation is more appropriate for
! conditions in which the gas making up the bubble is well-mixed. They correctly note that for vortex .

| flows the Kronig-Brink model [88] of mass transfer is more appropriate. They also point to
Calderbank-Korchinski model [206] as' being applicable. As noted above, vortex flows may be'

substantially damped in a bubble due to contamination. As the gas in the bubble becomes stagnant there
is no convective enhancement of the diffusion of particles to the bubble walls. A complicated situation

| can be imagined in which a substantial volume of the bubble is stagnant and the rest is involved in a
! vortex flow or is well-mixed. But, for bigger bubbles shape oscillations (see below) may produce
| mixing--even when otherwise the gas would be stagnant within a bubble.

| The analyses presented above provide a definition for the region of a bubble that is involved in vortex
flows Diffusive deposition in this region is calculated from:

;

Sh = S*

where S* is uncertain and is taken to be uniformly distributed over the range from 14.6 (the long time
limit of the Calderbank-Korchinski model) and 17.66 (the long time limit of the Kronig-Brink model).

| The diffusive deposition of particles from stagnated gases in small bubbles that do not undergo shape
oscillations is found from::

Sh = 6.58!

|

which is the long time limit of Newman's solution for diffusion in a sphere. When shape oscillations
are predicted to occur are assumed here to mix well all regions of the bubble. The diffusive deposition
is calculated from Fuchs' model: l

E

f Sh = f(E) Pe /2l
i
i
;

'

i
l
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c. Uncertainty in Slip Correction Factors

There have been a variety of empirical, slip correction factors used by various authors. Several of these
are described in Section IV-K.2. Despite the differences in the parametric values of the different
impressions, there are not great differences among the predictions derived from the expressions. With i
the exception of the expression obtained by Allen and Raabe [143] these various expressions have been j
obtained by fitting to the same or at least similar database. The functional form of the slip correction
factor expression is such that there is a great deal of correlation among the three adjustable parameters.
Small differences in the procedure used to obtain parametric values produce fairly significant changes
in parametric values. But, because of the correlation the three adjustable parameters do not vary
arbitrarily. There is a compensation in the variations so that large variations in the predictions of the
expressions within the range of the database are not produced.

The empirical expressions are, however, based on a rather narrow database that does not seem closely
related to the conditions of interest here. Most of the data used in the fitting process was obtained for
oil droplets at room temperature. The theoretical expression obtained by Phillips [145] is more
attractive for the substantial extrapolation to be done in this work:

2 3
15 + 12C1 Kn + 9(C + 1) Kn2 + 18 C (C + 2) Kn1 2 i

2 2
15 - 3 C1 Kn + C (8 + rat) (Ci2 + 2) Kn

where

Ci = (2 - am) / "m'

C2 = 1 / (2 - am)'

a = momentum accommodation coefficient, andm

at = thermal accommodation coefficient.

This theoretical expression was derived, of course, based on a variety of questionable assumptions. It
does seem to predict well the slip correction factors in the regimes where the many empirical
expressions are applicable. Consequently, the Phillips model is taken here to be accurate (no
uncertainty). Uncertainty in the slip correction factors arises from uncertainty in the accommodation
coefficient to use in the theoretical expression. It is assumed here that this uncertainty is a much bigger i

effect than uncertainty that can arise because particles are slightly distorted from perfect spheres. )
1

d. Uncertainty in Accommodation Coefficients !

All available data seem to suggest that momentum accommodation coefficients vary from perhaps as
low as 0.74 to 1.0. Most measured values are around 0.9. But, the available data are quite limited.
In particular, few measurements have been made at elevated temperatures in steam-rich atmospheres.
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Intuition suggests that the momentum accommodation coefficient should decrease with temperature.
Here, the momentum accommodation coefficient is taken to be

m = 1.0 - A exp (-300/T)a

|

|

I where A is an uncertain parameter uniformly distributed over the range from 0 to 0.6.
|

I What data are available suggest that the temperature accommodation coefficient is no greater than the
| momentum accommodation coefficient. Consequently, the temperature accommodation coefficient is
| taken to be:

|
'

!

at = am II - A' exp(-300/T)]
~

.

, where A' is an uncertain parameter uniformly distributed over the range of 0 to 1.

e. Uncertainty in Aerosol Capture by Bubble Oscillations

Bubbles rising through the pool can be big-enough that they do not rise smoothly. Rather, there are
sharp oscillations of the bubbles. These oscillations are assumed to sweep out aerosol particles. The
uncertainties that arise concerning this mechanism of aerosol capture deal with the onset of bubble

! oscillations as well as the effectiveness of oscillations at aerosol capture.

Available information concerning the onset of oscillations of bubbles is really for isolated bubbles. It ;

!' is not clear such information is actually applicable to bubbles in swarms, but this is assumed to be the
case here. Oscillations are then assumed to occur when:

, ,

#1 3U DB > C(o)slip
;

where C(o) is uniformly distributed over the interval from 2.96 to 4.24 (see Section IV-F).

L The removal of particles by oscillations is described by:

1 dn(d ) -k (osc)p - m
n(d )p

| A dt VB

:

1

I
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or

1 dn(d ) -k (osc)p - m
n(d )pA dx U VBslip

where

n(d ) = number of particles of diameter d in the bubble,p p
;

x = rise distance of the bubble,

24 (;-1) #
/f D(d ) , andk ( sc) = mass transfer coefficient = pm

$ = uncertain parameter uniformly distributed over the interval 0 to 2.4.

Other quantities in these equations are defined in Section IV-L.1.g. The frequency of bubble oscillation
is calculated from

(2rf)2 = 8n(n- 1) (n + 1) (n +2) ai,

D I(" + 1) #1 + "# lB 8

where n = 2.

f. Uncertainty in the Summation of Aerosol Capture Processes
,

The discussions of mechanisms of aerosol capture processes were presented as though each of the
mechanisms was independent of the others. This, of course, is not the case. Treatment of the processes '

as though they were independent is certainly a common approximation. The next level of approximation
is a vector addition of the deposition velocities. That is, the net deposition velocity, V(net), is given
in the BUSCA code [9] by:

V(net) = V(impaction) + V(thermophoresis) + V(diffusiophoresis)

- V(settling)cos6 + V(impaction) + V(diffusion)

'

and this is integrated over the surface of the bubble. In the SPARC code [6],

V(net) = V(impaction) + V(diffusion) - V(settling)cos4 - V(vapor) |
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where V(vapor) is the velocity of the vapor evaporating from the bubble surface.

Vector addition, appealing as it is, still does not fully correct for the full effects of coupling among
mechanisms. Physically, the additional coupling comes about because the various mechanisms affect
the concentration gradients in the boundary layers which has a strong effect on the diffusive
mechanisms. Derevich and Zaichik [251] formulate the net flux to the wall using the Fokker-Plank
cquation to be:

_
_

D 1/2 1 d Dn n
n+- - (Uy + ra ) -J=

.2rr 2 dy y 2
_

, g

-

where

J = particle flux to the surface,

y = distance from the wall,

D = diffusion coefficient,

2p p / 18 p 'd7 =p g

Uy = gas velocity perpendicular to surface,

a = accelerations on particle, andy

n = particle concentration.

The gradient in the term Dn is the source of complicated coupling. Goldberg [251] has solved the
Fokker-Plank equation for simultaneous gravitational settling and diffusive deposition of particles. The
fraction of particles that world be leposited by the coupled gravitational settling and diffusive deposition

mechanisms are shown in Table 25 for dimensionless times of ( = 2V t / DB and various values ofs

2 D / V, D . also shown in the table are the fraction of particles that would deposit by pure diffusiveB
deposition and pure gravitational settling. Simply summing these pure deposition processes does, of
course, overpredict deposition (it even yields physically impossible values greater than 1).

Rosner and coworkers [252-5] have discussed the complicated coupling between thermophoresis and
other deposition processes. They find a complicated correlation of the deposition flux with
thermophoresis, and without thermophoresis that depend in complicated ways on the specifics of the
situation.

Here the vector addition procedure is utilized in the form:

V = V(impaction) + V(thermophoresis) + V(diffusiophoresis) - V(settling)coss
+ V(impaction) + u V(diffusion)- V(vapor)s
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Z CC Ry Table 25. Effects of coupling between diffusion and gravitational settling g
9 E'n x? Fraction of particles deposited by
9
$ Pure pum coupled

gravitational diffusion surn calculation e* for fDS =a = 2D / V, Dg ( = 2V,t / DB settling f, f fD+I I I + ** Ip s DS s D
0.05 0.1 0.075 0.224 0.299 0.223 0.661
0.10 0.075 0.308 0.384 0.310 0.763
0.20 0.075 0.419 0.454 0.645 1.360
0.50 0.075 0.607 0.682 0.705 1.036
1.00 0.075 0.770 0.845 0.744 0.869

0.05 0.2 0.150 0.308 0.458 0.333 0.594
0.10 0.150 0.419 0.568 0.437 0.685
0.20 0.150 0.557 0.7 % 0.561 0.738
0.50 0.150 0.770 0.920 0.769 0.804y 1.00 0.150 0.916 (1.065) 0.906 0.825

0.05 0.4 0.296 0.419 0.715 0.499 0.484
0.10 0.2 % 0.557 0.853 0.603 0.551

,

0.20 0.2 % 0.718 (1.014) 0.740 0.618
;

0.50 0.296 0.916 (l.212) 0.911 0.671 }1.00 0.2 % 0.988 (1.284) 0.993 0.705

0.05 0.7 0.504 0.528 (1.032) 0.675 0.324 i
0.1G 0.5N 0.686 (1.189) 0.774 0.394 :
0.20 0.5 N 0.847 (1.350) 0.901 0.469
0.50 0.504 0.981 (1.484) 0.978 0.483 '

O.05 1.0 0.688 0.607 (1.294) 0.799 0.183 ;

0.10 0.688 0.770 (1.458) 0.903 0.279 |
0.20 0.688 0.916 (1.603) 0.945 0.280
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Uncertainty;

j where a is an uncertain parameter uniformly distributed over the range from 0.5 to 1.5. Whens
; oscillations of the bubble become important, the mechanisms of aerosol deposition are taken to be
i diffusion, oscillations, and gravitational settling and they are taken to be independent.
i

g. Uncertainty in Aerosol Capture During Bubble Formation !,

i
l

| Three mechanisms of aerosol capture during bubble formation are consider here:
1 |

inertial impaction from the jet,o '

;

; convective deposition from circulating gases, and*
8 ,

7

| * diffusiophoretic deposition due to the condensation of steam.

!
: Uncertainty in the diffusiophoretic deposition of aerosol particles is assumed here to be dominated by
; the uncertainty in heat transfer from the forming bubble and uncertainty in the gas composition. These
' uncertainties have been discussed above. Uncertainty in the other two mechanisms are discussed here. !
i :

'

j Most computer codes used as a model for inertial impaction from the gas jet a model appropriate for
j stagnation flow against a fixed plate. This model predicts a rather abrupt variation in the efficiency of
j . particle capture with variations in particle size. Above, an alternative model is described. This model
j shows much less variation in particle capture efficiency with particle size. Since there are not data to
; guide selection between these models, a parameter c(f) is defined to be distributed uniformly over the

| range from 0 to 1, and the particle capture efficiency as a function of particle size is found from
!
!

j .e(d ) = e(f) E(plate) + [1 - E(f)] E(disk)p
i
|
1

i where
i

c(d )|= fraction'of particles of diameter d captured,p p

E(plate) = fraction of particles of diamcter d captured according to the fixed plate model, andp

E(disk)' = fraction of particles of diameter d captured according to the alternative (disk) model.p

The capture of particles from convective motion of gases within the bubble can be described in terms
of inertial impaction or, in terms of convective mass transport. These are qualitatively different
hypotheses and it is not clear which best describes what takes place within the bubbles. Consequently,
a parameter 6(f) is defined to be uniformly distributed over the range 0 to 1. The convective deposition
efficiency of particles is determined from:
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! Uncertainty
!

j c(inertial) for 6(f) <0.5
'

e=
! c(convection) for 6(f) 2: 0.5
|

|

| 4. Summary of Uncertainties 1

1 1

The uncertainty analyses described in Chapter VI consider 38 uncertainty quantities. Nine of these
| uncertain quantities (described in Table 22) deal with the boundary conditions dictated by plant
! geometry and accident progress. Nineteen of the uncertain quantities deal with the behaviors of gas ;

bubbles forming and rising in the steam suppression pool (see Table 23). Ten uncertain quantities deal I
with the behavior of aerosol particles in bubbles in the suppression pool (see Table 24). |

|
|

| i

.

I
I

|

l

i

.

|

1

|

|

l

i ,

|
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VL Results of the Uncertainty Analyses

!

Results of the Monte Carlo uncertainty analyses are described in this chapter. Uncertain quantities )
i predicted by the mechanistic model of decontamination by a steam suppression pool and of interest here l
l are:

* . the extent of decontamination, and
t

'

the sizes of aerosol particles that emerge from the pool.*

| The extent of decontamination of gases that sparge through suppression pools is of interest because this
represents an attenuation of the severe accident source term. Particle size information for aerosol |

materials that do emerge from the suppression pool is of interest for prediction of the subsequent
| behavior of these aerosols.

Decontamination of acrosol-laden gases sparging through suppression pools is characterized here by
decontamination factors. These decontamination factors are defined as the aerosol mass input to a
process divided by the aerosol mass that emerges from the process.

! The calculations done for the Monte Carlo uncertainty analysis were organized so that distinct
decontamination factors were accumulated for the processes:

o bubble formation, DF(form)
|

bubble detachment, collapse and equilibration with the suppression pool, DF(equil), and
' a

bubble rise through the pool, DF(rise).*

The product of these three decontamination factors in a particular calculation yields the total
decontamination factor, DF(total), predicted for the particular set of values of uncertain quantities of
the calculation. Some correlation among the three decontamination factors is to be expected. I
Consequently, accumulated values of DF(fonn), DF(equil), and DF(rise) ought not be separately |

analyzed and the results multiplied to form an estimate of DF(total).

Condensation of excess steam is an important decontamination process during both bubble formation
and bubble equilibration. The mechanistic calculations treat decontamination by considering it to occur j,

only during equilibration. The product, DF(FE) = DF(form) DF(equil)is more physically meaningful
than the component decontamination factors.

'

In this chapter, uncertainty distributions are discussed for:
i,

i

| * DF(FE)

DF(rise)*

| * DF(total)
!

the mean size of aerosol particles that emerge from a suppression pool, d (mean) and*
p

303 NUREG/CR-6153
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the standard deviation of the distribution of particle sizes, o, of aerosol that emerges from the pool.e

Example uncertainty distribution for DF(total), d (mean), and o are shown in Tables 26,27, and 28,p
respectively. Other distributions calculated in this work is collected in tabulated form in Appendix A.

Each uncertainty distribution is derived from a finite sample obtained in the Monte Carlo calculations.
Consequently, the uncertainty distributions can be determined only to a specified confidence interval.
That is, each quantile of the cumulative uncertainty distribution is characterized by a range of values
of the uncertain quantity. The uncertainty distributions shown here and in Appendix A provide ranges
for quantiles at 5 percent intervals between 5 and 95 percent. The ranges are shown for confidence
levels of 50 and 90 percent. At a confidence leve! of 100(1-a) percent, there is a confidence of
100(1-a) percent that the value of the uncertain quantity corresponding to the specified quantile of the
"true" uncertainty distribution lies within the specified range. There is a 100 a percent probability that
this tme value is actually above of below the specified range. The widths of the ranges increase as
higher levels of confidence that the range include the tme value are demanded. The widths of the
ranges shrink with increasing sample size. Unfortunately, the ranges decrease in size only with the j

square root of the number of samples taken in the Monte Carlo analyses. There is, then, a rapidly |

diminishing return obtained by increasing the sample size.
1

As noted in the introduction to this document, sample sizes were selected so that there was a 99 percent |

confidence that 95 percent of the ranges of uncertain values were sampled. In general, the ranges of
values of the uncertain quantities associated with quantiles of the uncertainty distributions are small
compared to the 10 to 90 percent range of uncertain values spanned by the distribution. However,
especially for the decontamination coefficients, ranges at the 90 and 95 percent quantiles do become
quite large.

In the remainder of the discussion here only selected features of the uncertainty distributions are
described in detail. These selected features are:

the medians or 50 percentiles of the distributions which are censidered here to be the best estimates*

of the uncertain quantities,

the 90 percentiles of the distributions which are considered here to be reasonable upper bound values*

of the uncertain quantities,

the 10 percentiles of the distributions which are considered here to be reasonable lower bounda

values of the uncertain quantities, and

the means of the distributions which may be of interest to some but have no particular statistical*

significance for the uncertainty distributions developed here.

A. Decontamination During Release Through 'T' Quenchers

Uncertainty distributions for the decontamination factors and size characteristics of particles that emerge
from a suppression pool were calculated for materials discharged to the pool through 'T' quenchers
during the gap release and the invessel release phases of an accident. The quenchers were assumed to
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Table 26. Uncertainty distribution for the total decontamination of invessel release materi-l after passing i

through a 'T* quencher 500 cm deep
,

Values of log 10 DF(total) ;

Characteristic of the indicated percentile at a confidence level, C, ofPercentile
C = M% C = M%

_ ,

,

5 7.14 to 13.1 8.65 to 11.4
10 13.2 to 26.3 16.6 to 20.4 f
15 23.0 to 42.5 27.7 to 36.1 !

20 35.8 to 64.4 42.3 to 53.1 f
25 49.6 to 90.3 62.1 to 79.6 !

!
30 73.1 to 125 87.5 to 101 [
35 99.3 to 190 111 to 141 [,

! 40 133 to 287 167 to 218w
o iu 45 202 to 490 243 to 372 |

50 328 to 728 440 to 548 !
i

55 501 to 1256 608 to 908 !

I60 783 to 1945 998 to 1570
65 1390 to 3090 1690 to 2500 ;

(70 1995 to 6456 2860 to 3990
75 3715 to 26100 5600 to 13200

:

[l
80 12100 to 189000 16750 to 55300

$ 85 52700 to 647000 187000 to 263000

$ 90 395000 to 15.8 x 106 61.68 x 10 to 7.72 x 106 :

h 695 16.8 x 10 to 3 x 108 626.6 x 10 to 78.3 x 106
Mean = 1720 g |

U $ h

!
:
!
>



_ . . _ - . . ..

.

Z Table 27. Uncertainty distribution for the mean particle size of invessel release after passing through a 'T* quencher y
500 cm deep E.C

E G
'

e
Q

Values of d (pm)o
Characteristic of the indicated percedtile at a confidence level, C, of

$D Percentile
$ C=M% C = M%

5 0.114 to 0.138 0.122 to 0.130

10 0.138 to 0.154 0.144 to 0.150

15 0.150 to 0.169 0.155 to 0.159 -

20 0.159 to 0.185 0.169 to 0.179 ,

25 0.176 to 0.207 0.182 to 0.193 [

30 0.188 to 0.221 0.198 to 0.212 ;

35 0.210 to 0.231 0.216 to 0.226 -

40 0.222 to 0.243 0.228 to 0.238 [m
'

8 45 0.231 to 0.256 0.242 to 0.248

50 0.244 to 0.276 0.251 to 0.265 e

;

55 0.257 to 0.291 0.267 to 0.283 (

60 0.279 to 0.314 0.287 to 0.302 [

65 0.293 to 0.339 0.307 to 0.325 [
70 0.321 to 0.375 0.330 to 0.358 !

75 0.353 to 0.409 0.366 to 0.394 ,

80 0.393 to 0.452 0.408 to 0.433
85 0.433 to 0.494 0.452 to 0.478

90 0.482 to 0.569 0.500 to 0.539 -
95 0.571 to 1.293 0.627 to 0.700 i

Mean = 0.270 pm !
i

.
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Table 28. Uncertainty distribution for the standard deviation invessel release after passing through n 'T* quencher
500 cm deep

Values of a
Characteristic of the indicated percentile at a confidence level, C, ofPercentile

C = 90% C = 50%

5 1.0001 to 1.003 1.001 to 1.001

10 1.003 to 1.012 1.006 to 1.007

15 1.008 to 1.036 1.012 to 1.022

20 1.022 to 1.064 1.036 to 1.052

25 1.050 to 1.089 1.063 to 1.074 <

30 1.069 to 1.141 1.081 to 1.112

35 1.100 to 1.189 1.125 to 1.164

40 1.150 to 1.243 1.172 to 1.207

$ 45 1.190 to 1.293 1.212 to 1.265

50 1.250 to 1.353 1.277 to 1.328
,

55 1.295 to 1.416 1.341 to 1.372
,

60 1.357 to 1.457 1.386 to 1.434
'

65 1.420 to 1.485 1.452 to 1.465
70 1.462 to 1.525 1.474 to 1.501
75 1.489 to 1.577 1.520 to 1.544

,

80 1.539 to 1.634 1.571 to 1.621
85 1.621 to 1.691 1.632 to 1.6657

g 90 1.676 to 1.760 1.697 to 1.738

8 95 1.762 to 1.854 1.771 to 1.823
F5 Mean = 1.302
Y ma a
b $
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be submerged to depths of 100, 200, 300, 500, and 700 cm. Selected features of these uncertainty

I distributions are summarized in Tables 29 through 33. Note that the uncertainty distributions were
developed for logarithms of uncertain quantities. Actual values rather than logarithms are listed here
to facilitate discussion.

The median,10 percentile, and 90 percentile values of the decontamination factor associated with bubble
formation at a 'T' quencher during gap release are shown as functions of quencher submergence in
Figure 107. A similar plot of these decontamination factors for aerosol-laden gases released through
a 'T' quencher during the invessel release phase of an accident is shown in Figure 108. In both of
these figures, the bars indicate the limits of the 50 percent confidence level for median values and the
90 percent confidence level for the 10 and 90 percentile values.

Decontamination during formation and equilibration is rather insensitive to the depth of quencher
submergence. There is much less than a factor of 10 change in the decontamination by bubble
formation and equilibration as the assumed submergence of the 'T' quencher is varied from 100 to 700
cm.

Decontamination during the gap release is consistently, but modestly, less than decontamination during
the invessel release phase. Decontamination by bubble formation during the gap release phase is much
less than during the invessel release phase because gas flow velocities are so much higher during the
gap release phase of a severe reactor accident. On the other hand, gas flowing to the suppression pool
during the gap release phase is mostly steam. Consequently, equilibration of the gas with the
suppression pool during gap rernoves a very large amount of aerosol material relative to the amount
removed by the equilibration process during invessel release when a significant amount of
noncondensible hydrogen is present in the gas.

|

The predicted decontamination factors during bubble formation and equilibration with the suppression
pool can be correlated simply as constants for particular percentiles and phases of an accident. For gap
releasc through a 'T' quencher:

Median (50 percentile)*

log 10 DF(FE) = 1.313
DF(FE) = 20.6

Lower Bound (10 percentile)*

log 10 DF(FE) = 0.905
DF(FE) = 8.0

|

| Upper Bound (90 percentile)*

I

log 10 DF(FE) = 1.786
DF(FE) = 61.0

,

NUREG/CR-6153 308



_ _ _ - - . . _ _ .._- _ ___-_-- _-__ - _-___ _-_____-__ _ _ --______ -- _ __________--_-- ____---_-- _ ______ _ __ _ _ _ _ _ _ _ _

t
t

Table 29. Summary of the uncertainty distributions for the decontamination factor associated with formation and
equilibration of bubbles, DF(FE), during gap release and invessel release through 'T' quenchers

Decontamination factor, DF(FE) {
Quencher Upper bound Median Lower boung

submergence (cm) (90 percentile ) (50 percentile,,) (10 percentile ) Mean }
Gao release

100 57.5 to 83.8 20.2 to 22.0 6.87 to 9.14 22.0

f200 48.3 to 78.9 19.5 to 21.3 5.48 to 9.84 21.0
I300 49.6 to 68.5 20.2 to 21.6 7.33 to 9.68 21.1

500 43.6 to 60.7 18.7 to 20.9 6.47 to 8.53 19.7,

8 700 55.7 to 77.3 19.9 to 21.5 8.11 to 10.5 22.2
,

Invessel release

100 368 to 783 28.9 to 33.5 4.92 to 7.33 47.1 !

200 406 to 1387 27.3 to 34.5 4.46 to 8.93 54.7 '

|
300 570 to 1871 25.9 to 31.3 4.93 to 7.24 51.0

500 197 to 413 24.7 to 29.0 4.08 to 5.16 36.1 ;

i

700 189 to 333 28.6 to 30.4 5.08 to 7.34 34.0 !
!

$ *90 percent confidnce level.

p 50 percent confidence level. ;

9 i

n ,

Y I:*fe a !
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IResults

i Mean=

logia DF(FE) = 1.326 )
DF(FE) = 21.2 |

During invessel release through a 'T' quencher:

Median (50 percentile)=
,

1

| logio DF(FE) = 1.466
'

j. DF(FE) = 29.3

i
Lower Bound (10 percentile)=j

i

logio DF(FE) = 0.760
-

, DF(FE) = 5.8
|

Upper Bound (90 percentile)|
=

logio DF(FE) = 2.695

DF(FE) = 495

= - Mean ,

'

logio DF(FE) = 1.642 ,

DF(FE) = 43.8

Note that no statistical significance is ascribed here to the means of the samples taken to construct the
uncertainty distributions for decontamination by bubble formation and equilibration. It is, however,
interesting that the mean values are rather similar to the median values. It appears that the uncertainty
distributions for the decomamination factors associated with bubble formation and equilibration approximate

lognormal distributions.

The decontamination associated with bubble formation and equilibration is most significant since
historically this decontamination has not been considered in analyses of bubble rise through water pools
[148, 153]. Some modeling of these decontamination processes is included in computer codes used for
analyses of reactor accidents [6-9]. Systematic experimental studies of decontamination during the
processes of bubble formation and equilibration have not been conducted. Results obtained here, then are
strictly the products of modeling described in Chapter IV of this report. It would be useful to have some
experimental validation of this modeling. Of particular interest would be studies of the effects of flowL

| within the inflating bubble and the effects of bubble disintegration and coalescence on decontamination.

Much more attention has been devoted to decontamination of aerosol-laden gas bubbles as they rise through

water pools. Results obtained here for decontamination as bubbles rise through suppression pcols after
emerging from 'T' quenchers are summarized in Table 30. Decontamination factors associated withl

bubble rise, DF(rise), are dependent on the submergences of the quenchers within the pools as is evident
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Table 30. Summary of the uncertainty distributions for the decontamination factor associated with bubble rise through
a suppression pool during gap release and invessel release through a *T* quencher 1

i Decontamination Factor, DF (rise)
!

Quentcher
! submergence Upper bound Median Lower bound ;

(cm) (90 percentile *) (50 percentile **) (10 percentile *) Mean [
t

L

Gan release ;

100 2.56 to 3.93 1.33 to 1.43 1.10 to 1.13 1.66 !

200 8.01 to 16.6 2.44 to 2.70 1.27 to 1.44 3.24 !

u 300 44.8 to 120 3.35 to 3.76 1.54 to 1.66 6.71 (
U 500 118 to 762 5.52 to 7.14 1.% to 2.24 13.6

700 4900 to 37800 19.7 to 26.5 2.88 to 3.65 82.4
,.

Invessel release 1

:

100 5.70 to 11.4 1.72 to 2.12 1.10 to 1.16 2.69 |

200 78.7 to 447 3.42 to 3.94 1.30 to 1.53 8.55 t

300 320 to 1570 5.42 to 6.22 1.51 to 1.89 16.0

500 2900 to 3100 12.4 to 17.1 2.08 to 2.54 47.6 -

7

700 11900 to 292000 24.4 to 39.9 2.94 to 3.74 153

*90 percent confidence level.
**50 percent confidence level.
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Results

from plots of DF(rise) against submergence shown in Figures 109 and 110 for the gap release and
invessel release phases of an accident, respectively.

The first notable feature of the uncertainty distributions for decontamination during bubble rise is that
these distributions are much wider as measured by the range from the 10 percentile to the 90 percentile.
Much of this breadth is actually between the medians and the 90 percentiles. Combinations of small
bubble size and large aerosol particles can lead to very extensive decontamination.

-

The next noticeable feature of results obtained here for DF(rise) is that values of the decontamination
factor at the medians and 10 percentiles of the distributions are not large relative to decontamination
produced by formation and equilibration of bubbles. Restricting attentions to median values, DF(rise)
becomes comparable to DF(FE) only at the deepest submergences considered here.

Decontamination of aerosol-laden bubbles as they rise through the suppression pool is suppressed by
the evaporation of water into the bubble as hydrostatic head is lost. (Note that this evaporation flux has
been overlooked in many classic treatments of bubble decontamination [148,153] though it has been
included in models used for reactor accident analyses (6-9]). Plume effects shorten the opportunity for
decontamination before the bubble reaches the pool surface.

The analyses here have included an effect that does produce decontamination during bubble rise.
Bubbles that are large-enough will oscillate and undergo shape deformations as they rise. The
movements of the bubble walls will sweep out particles too large to respond to the gas mx|ons within
the bubbles induced by bubble deformations. The authors are unaware of experimental studies of
decontamination by shape oscillations that would validate the model of this process adopted here.

The results obtained for decontamination during bubble rise can be correlated linearly with quencher
submergence,11. During the gap release phase:

Median (50 percentile)*

log 10 DF(rise) = -0.03007 + 1.892 x 10-3 II(cm)
DF(rise) = 10[(H 15.9)/528]

Lower Bound (10 percentile)*

log 10 DF(rise) = -0.02609 + 0.746 x 10-3 II(cm)
DF(rise) = 10{(H-35)/1340]

Upper Bound (90 percentile)*

log 10 DF(rise) = -0.07191 + 5.777 x 10-3 H(cm)
DF(rise) = 10((H-12.4)/173]

'* Mean

log 10 DF(rise) = -0.04374 + 2.681 x 10-3 H(cm)
DF(rise) = 10{(H-16.3)/373]
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Results

The correlations do not extrapolate to DF(rise) = 1 (no decontamination) at zero submergence. This is
because the decontamination processes considered in the definition of DF(rise) were assumed inoperative
in the injection zone between the quencher orifice and the point at which bubbles had equilibrated with the
suppression pool.

Similar correlations of DF(rise) with quencher submergence during the invessel release phase are:

Median (50 percentile)*

logio DF(rise) = 0.1204 + 2.021 x 10~3 H(cm)

DF(rise) = 10 "+ NV*l8

Lower Bound (10 percentile)*

logio DF(rise) = -0.0261 + 0.746 x 10'3 H(cm)

DF(rise) = 10nn.35vi3*1

Upper Bound (90 percentile)*

logio DF(rise) = 0.770 + 6.07 x 10-3 H(cm)

DF(rise) = 10an + i2m651

- Mean

3logio DF(rise) = 0.286 + 2.78 x 10 H(cm)
DF(rise) = 108"+ ' 3V3*1

Note that at the high levels of decontamination characteristic of deeper submergences, the logarithm of
DF(rise) does not vary linearly with depth. This is because of changes in the aize distribution caused by
decontamination during bubble rise which is discussed further below. More complicated correlations would
have to be developed to account for the decreasing efficiency of decontamination with depth and the effects
of the injection zone described above. Suffice it to say here that these correlations ought not be extrapolated
to deeper or shallower submergences than those considered in developing the correlations.

The total decontamination of aerosol-laden gases is, of course, the product of the effects of bubble formation

and equilibration and the effects of bubble rise. Because there is some correlation of these effects in any of
the samples used to construct the uncertainty distributions, the distributions for the decontamination by
formation and equilibration cannot be simply combined with distributions for decontamination during
bubble rise to produce a distribution for the total decontamination, DF(total). Instead, distributions for
DF(total) have to be constructed from sampled results. The distributions for DF(total) during the gap release
and invessel release phases of the accident are summarized in Table 31. These results are also shown as plots
of DF(total) against the assumed submergence of the 'T' quencher in Figures 11 land 112.

6
Note that the upper bound or 90 percentile values of the total decontamination factor exceed 10 for the
deeper submergences of the quencher. The authors are not persuaded that the models they have

317 NUREG/CR-6153

. . _ . . . . _



_ _ _ _ _ _ _ _
.

.

.

,

2
C x
h 2
o 58
?'

$ Table 31. Summary of the uncertainty distributions for the total decontamination factor for material released to aw
suppression pool during gap release and invessel release through a *T* quencher

Decontamination factor

Quencher
submergence Upper bound Median Lower bound

(cm) (90 percentile *) (50 percentile **) (10 percentile *) Mean
.

Gao release

100 115 to 146 31.8 to 36.2 9.59 to 13.0 36.5200 257 to 557 58.6 to 64.3 13.7 to 20.5 67.9w 300 1190 to 3400 85.5 to 93.8 17.7 to 24.0 142* 500 2450 to 15600 142 to 163 18.8 to 36.0 269700 146000 to 1.3 x 106 497 to 721 42.2 to 63.0 1840
Invessel release

100 1020 to 7130 64.4 to 71.6 7.11 to 11.4 127200 11900 to 244000 147 to 200 10.8 to 19.8 468300 73500 to 1.3 x 106 214 to 275 14.6 to 22.2 820500 395000 to 15 x 106 440 to 548 13.2 to 26.3 17206700 2.3 x 10 to 22 x 106 895 to 1580 28.0 to 49.5 52000
*90 percent confidence level.

**50 percent confidence level.

1



__ - . . - - _ _ _ _

.

610 : i i i i , ,

: :
. :

J ,
-

5 90 PERCENTILE __

- -

10 r - --

-
- -

,
,

- :. -
- .

- -
-4 _

'--

'0 -
- -

-
E -
: .- :,,

- : __ -
- :

-o . .-
__

-

' -4)
o1000 - -

*-

MEDIAN ]d !
'

--
,

G E - - :__
-o -

- _

3' *
100 =-

:
-

I ::

10 - r-- -
3________x_

.
-

-T________.
- -

-

:

i 10 PERCENTILE -

:
-

:

.- _-
' ' ' ' ' ' i1

100 300 500 700
z
C
g SUBMERGENCE OEPTH (cm)
O
8
Y :e
o a

} Figure Ill. Variation in DF(total) during gap release through a 'T' quencher with quencher submergence h
.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ - - -



_

z
c: y
x s
m =

-9
o
x 6& 10 _ i i 1 i ,- i i :c ? '

?-m .,- __ .

" / -
--

5 ' .

10 r 90 PERCENTILE 7
'

,-
-

. : i

.

,- .
- ,- -

,

.- - -

4 ,
'10 - -

--

- --
_-

r, :
.

-4 . :
,

0 - i-

4 MEDIAN T io 1000 - --
-

.p : :
m u :

g -
:
-

o -

-

100 --
-

! .- -

- :

_-...-3-----_______---I.

:
. :
:

.

7 ______
.

i 10 r I - -- "'
. -_

- 10 PERCENTILE E:
_

~

~

i i i i i i i1

100 300 500 700 '

SUBMERGENCE DEPTH (cm)

Figure 112. Variation of DF(total) during invessel release through a *T' quencher with quencher submergence

. _ _ _ - _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ . -



-. . - - . . -

1

i

5 Results
i

| used are sufficiently accurate to place much faith in such nearly quantitative decontamination. To be
j sure, the models used here have neglected re-entrainment of contaminated liquids when bubbles break
; at the pool surface. Such re-entrainment, especially later in an cccident, will limit the apparent
i decontamination based on the radioactivity of gases above a water pool to values of about 10@d
; Consequently, the authors recommend that decontamination factors calculated to be greater than 10

6; be interpreted as 10 ,
4

i

j The efficiencies of many of the processes that lead to decontamination are dependent on the aerosol
| particle size. Certainly, this is true for decontamination during bubble formation and during bubble
j rise. Particle-size dependence of decontamination during bubble equilibration is expected to be small
; and has been neglected here.

h
i Because of the particle-size dependencies of the decontamination processes, the size distribution of
| aerosols that do emerge from the suppression pool can be quite different than the size distributions of
i the aerosols that enter the suppression pool. Typically, it is found that the decontamination processes
} are very efficient for very large and very small aerosol particles, but there is an intermediate particle
[ size for which the combination of all aerosol removal processes has minimal efficiency. As discussed
, at some length in Chapter IV, the size of minimal removal efficiency is sensitive to details of the!

modeling. Notably, it is sensitive to removal by inertial impaction modeling both during bubble'

| formation and bubble rise,
i

j Because of the size dependence of aerosol removal processes, the aerosol that emerges from the
suppression pool will have a size distribution that is narrower than the size distribution injected into the:

pool. Tbe mean of the size distribution of aerosol emerging from the pool will be shifted toward the;

| size of minimal aerosol removal efficiency. As decontamination progresses the aerosol size distribution
| will become very sharply peaked at this size of minimum removal efficiency. The rate of
( decontamination drops from high values when large or small particles were being rapidly removed to
j the minimal rate.
.

| These expectations concerning the changes of the aerosol size distribution caused by passage through
the suppression pool are reflected in the results obtained here. The size distribution of aerosol emergingi

j from the pool was characterized by a mass weighted mean dp (pm), and a standard deviation, o.
Uncertainty distributions for d (pm) and o are summarily described in Tables 32 and 33. Values of; p

| d (pm) and o are plotted against the assumed submergence of the 'T' quencher in Figures 113 to 116.p
t

| The characteristic features of the mean particle size decrease modestly with increasing submergence of
j the 'T' quencher. Much of the change in the size distribution occurs by very rapid removal of large
i and small particles during bubble formation and over rise distances of less that one meter. Continued
j change in the size distribution is not rapid because particles that remain in bubbles are difficult to
j remove. Some removal does still occur preferentially at the tails of the distributions since the standard

deviations decrease with increasing submergence of the 'T' quencher.

Interestingly, the mean size of aerosol emerging from the suppression pool is consistently smaller during
the gap release phase of the accident than during the invessel release phase. This is largely due to:

somewhat smaller bubbles are, on average, expected to be present during the gap release phase, ando
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h Table 32. Sununary of the uncertainty distributions for the mean size of aerosol particles emerging from a suppressionw pool during gap release and invessel release through a 'T' quencher
,

..
r

Mean particle size (pm)

Quencher
submergence Upper bound Median Lower bound i(cm) (90 percentile *) (50 percentile **) (10 percentile *) Mean

,

Gao release

100 0.143 to 0.166 0.094 to 0.097 0.079 to 0.081 0.105 !
200 0.139 to 0.159 0.097 to 0.101 0.081 to 0.084 0.104g 300 0.137 to 0.149 0.100 to 0.103 0.082 to 0.085 0.106" 500 0.139 to 0.160 0.102 to 0.105 0.084 to 0.089 0.108
700 0.143 to 0.154 0.109 to 0.111 0.088 to 0.093 0.113

Invessel release

100 0.508 to 0.573 0.302 to 0.319 0.174 to 0.195 0.331
200 0.634 to 0.771 0.313 to 0.331 0.147 to 0.180 0.330
300 0.517 to 0.655 0.268 to 0.281 0.147 to 0.166 0.289

,

500 0.482 to 0.569 0.251 to 0.265 0.133 to 0.154 0.270 *

700 0.464 to 0.617 0.245 to 0.251 0.127 to 0.143 0.258 ;
* 3 percent confidence level.. ;

**50 percent confidence level.
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Table 33. Summary of the uncertainty distributions for the standard deviation of the size distribution of aerosol particles i

emerging from a suppression pool during gap release and invessel release through a "T' quencher

.

.

Decontamination factor

Quencher
submergence Upper bound Median Lower bound

(cm) (99 percentile *) (50 percentile **) (10 percentile *) Mean

Gao release

100 1.604 to 1.644 1.429 to 1.456 1.221 to 1.261 1.430

200 1.573 to 1.621 1.409 to 1.436 1.224 to 1.265 1.415
i

g 300 1.562 to 1.594 1.385 to 1.405 1.211 to 1.241 1.394

* 500 1.522 to 1.593 1.370 to 1.379 1.240 to 1.272 1.388

700 1.474 to 1.531 1.333 to 1.348 1.203 to 1.222 1.348 ,

Invessel release

100 1.801 to 1.921 1.446 to 1.470 1.030 to 1.090 1.431
.'

200 1.709 to 1.774 1.311 to 1.370 1.010 to 1.034 1.333

300 1.678 to 1.744 1.322 to 1.348 1.007 to 1.026 1.324

500 1.676 to 1.760 1.277 to 1.328 1.003 to 1.012 1.302

700 1.540 to 1.661 1.204 to 1.245 1.002 to 1.012 1.254
r

*90 percent confidence level. ;

**50 percent confidence level.
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Results

because much of the gas entering the suppression pool during the gap release phase is condensed,a

plume effects on the rise velocities of gas bubbles are smaller than during the invessel release phase.

It is noteworthy that the uncertainty distributions for the mean particle size of aeroso! emerging from
the pool are not especially large. Accurate measurements of the mean particle size could be useful for
validating the modeling used for this work, but would not be useful for identifying the causes of
discrepancies between predictions and observations. Unfortunately, accurately measuring size
distributions in the predicted range is challenging.

It should be noted also that the standard deviations of the size distributions found here are small, even
at high percentiles of the uncertainty distributions, relative to standard deviations of size distributions
measured for aerosols directly from the generation processes. To a defensible level of approximation,
certainly at the 50 percentile range, aerosols that emerge from suppression pools are nearly
monodisperse. (It was, in fact, for the purposes of generating monodisperse aerosols that
decontamination by bubble rises through water pools was first studied [148]). The emerging particles
from pools are narrowly distributed around size that are slow to be removed by the pool and often found
to be only slowly removed by other processes including filtration and the actions of water sprays.

B. Decontamination During Release Through 'X' Quenchers

Exploratory calculations suggested results obtained for decontamination of gap release material
discharged through an 'X' quencher would be little different than results obtained for gap release
through a 'T' quencher. Certainly, gap release is only a small fraction of the radioactivity released
during a severe accident so whatever small differences arise between discharge to a pool through a 'T'
quencher and discharge through an 'X' quencher ought to be negligible.

Calculations were done for invessel release through an 'X' quencher. Qualitatively, results were
entirely analogous to results obtained for invessel release through a 'T' quencher. These results for
invessel release through * X' quenchers are summarized in Tables 34 through 38 and are plotted against
quencher submergence in Figures 117 through 121.

Correlations of the results obtained for decontamination by bubble formation and equilibration at an
'X' quencher are:

Median (50 percentile)o

log 10 DF(FE) = 1.640
|

DF(FE) = 43.6 |

Lower Bound (10 percentile)*

log 10 DF(FE) = 0.852
DF(FE) = 7.12
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Table 34. Summary of the uncertainty distributions for the decontamination factor associated with formation and ,

equilibration of bubbles, DF(FE), during invessel release through an 'X' quencher

Decontamination factor, DF(FE)

Quencher
submergence Upper bound Median Lower bound {

*

(cm) (90 percentile *) (50 percentile **) (10 percentile *) Mean

'g Invessel release
e

100 723 to 2930 49.4 to 62.2 7.11 to 8.89 91.4

200 908 to 3910 43.4 to 51.3 6.65 to 8.79 14.8
.

300 562 to 2170 36.1 to 40.0 6.10 to 7.89 63.8 |
'

500 450 to 1770 35.6 to 44.6 6.22 to 8.32 55.1

700 613 to 1900 34.7 to 46.6 4.53 to 7.98 61.9

*90 percent confidence level.
**50 percent confidence level.
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Table 35. Summary of the uncertainty distributions for the deenntamination factor associated with bubble rise
through a suppression pool, DF(rise), during invessel release through an 'X* quencher

,

Decontaminsdon factor, DF(rise)

Q ;.dier

submergence Upper bound Median Lower bound
(cm) (90 percentile *) (50 percentile **) (10 percentile *) Mean

g Invessel release

100 10.6 to 18.2 1.86 to 2.01 1.14 to 1.20 2.94
,

200 56.0 to 180 3.30 to 3.52 1.28 to 1.44 7.59
300 453 to 9910 5.75 to 6.87 1.44 to 1.71 18.0
500 339000 to 6.2 x 106 17.5 to 25.3 1.88 to 3.30 157 [
700 13000 to 828000 36.1 to 54.0 2.22 to 3.84 162

*90 percent confidence level.
**50 percent confidence level.
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Table 36. Summary of the uncertainty distributiocs for the total decontamination factor, DF(total), for material
released to a suppression pool during invesse.1 release through an 'X' quencher

Decontamination factor, DF(total)

Quencher
submergence Upper bound Median Lower bound

(cm) (90 percentile *) (50 percentile **) (10 percentile *) Mean

g Invessel Release
-

100 3890 to 27800 57.3 to 123 9.55 to 17.6 268

200 7670 to 98400 179 to 223 13.4 to 21.1 679
6

300 458000 to 3.3 x 10 232 to 360 13.8 to 27.2 1150
6 6

500 3.3 x 10 to 656 x 10 1050 to 1860 19.8 to 45.2 8670
6 9

700 2.8 x 10 to 1.5 x 10 2275 to 3860 27.7 to 70.3 9890

*90 percent confidence level.
**50 percent confidence level.
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Table 37. Summary of the uncertainty distributions for the mean size of aerosol particles emerging from a
suppression pool during invessel release through an 'X' quencher

!

Mean particle size (pm)

Quencher
submergence Upper bound Median Lower bound

(cm) (90 percentile *) (50 percentile **) (10 percentile *) Mean

g Invessel release
u

100 0.534 to 0.633 0.279 to 0.305 0.156 to 0.171 0.302
200 0.564 to 0.691 0.272 to 0.297 0.141 to 0.167 0.293 i

300 0.487 to 0.594 0.255 to 0.268 0.134 to 0.158 0.269 (500 0.501 to 0.625 0.255 to 0.265 0.126 to 0.152 0.272
700 0.499 to 0.616 0.243 to 0.261 0.117 to 0.137 0.260

*90 percent confidence level.
**50 percent confidence level.
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Table 38. Summary of the uncertainty distributions for the standard deviation of the size distributens
of aerosol particles emerging from a suppression pool during invessel release through an 'X* quencher

f

Standard deviation, a |

Quencher
submergence Upper bound Median Lower bound ;

(cm) (90 percentile *) (50 percentile **) (10 percentile *) Mean {
; g Invessel Release

,w
100 1.745 to 1.849 1.380 to 1.412 1.007 to 1.055 1.376 :

'

200 1.688 to 1.776 1.329 to 1.362 1.002 to 1.019 1.330
300 1.703 to 1.786 1.312 to 1.376 1.007 to 1.013 1.327
500 1.613 to 1.701 1.191 to 1.244 1.0007 to 1.004 1.260 !
700 1.523 to 1.641 1.127 to 1.175 1.0004 to 1.006 1.216 |

r

*90 percent confidence level.
**50 percent confidence level.
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Results
|

|- Upper Bound (90 percentile)o

log 10 DF(FE) = 3.093
DF(FE) = 1240

o Mean

log 10 DF(FE) = 1.849
DF(FE) = 70.6

; Correlations of decontamination during bubble rise with the depth of submergence, H(cm), of an 'X'
| ' quencher are:

. Median (5 percentile)o
,

|

log 10 DF(rise) = 0.0836 + 2.315 x 10-3 H(cm)

Lower Bound (10 percentile)o

log 10 DF(rise) = -0.0078 + 0.731 x 10-3 H(cm)

o Upper Bound (90 percentile)

log 10 DF(rise) = 0.812 + 7.548 x 10-3 H(cm)

i- o . Niean

,

-log 10 DF(rise) = 0.283 + 3.107 x 10-3 H(cm)
|

Decontamination by discharge through an 'X' quencher differs by a small amount from
decontamination by discharge through a 'T' quencher. Most of the difference is due to differences in

. the decontamination during bubble formation and equilibration. A detailed examination of the results
to identify the exact cause of the difference has not been undertaken. It appears, however, that the
narrower range of wetwell pressures considered for the 'X* quencher case in comparison to the range

,

for 'T' quenchers is responsible. Wetwell pressure will affect both the rate of bubble formation and '

consequently the bubble size at the point bubbles detach from orifices. This, in turn, will affect
predictions of particle capture by impaction and by diffusion.

!

.

i.

.!

h
:
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VII. Simplified Model

A simplified model of decontamination by steam suppression pools is constructed by correlation of the
results obtained in the Monte Carlo uncertainty analysis. The critical features of decontamination by

, suppression pools that need to be predicted by a simplified model are:

| * total decontamination, ard
!

;e size distribution of the emerging aerosol

, It is assumed for the development of this model that the decontamination processes are strictly physical so
!

the composition of the aerosol that emerges from a suppression pool is exactly the same as the composition
) of' aerosol discharged to the pool. That is, mechanisms to preferentially deplete or enrich the emerging

aerosol in radionuclides are not known.'

It is further assumed that the emerging aerosol has a lognormal size distribution so that the fraction of the,

aerosol mass with particle sizes less than D,is given by:

In D r >2
P

1 in D,/d
inc [li ,[ exp % [ilno ,

Pf(D ) = gg jg g"p

(

It is assumed that the important parameters DF(total), d,, and a will depend on the phase of the accident and
' the type of quencher used in the suppression pool,

Best estimate values of the important parameters are obtained by correlation of the median values of
| uncertainty distributions obtained in the Monte Carlo analyses. There is an apparent dichotomy of opinion

within the technical community concerning whether medians of uncertainty distributions are best-estimates
-(as is believed by the authors of this report) or means of the distributions are best-estimates. (Some refer 1

to means by the regrettable term " conservative best-estimate" - whatever that is.) The authors do not propose i

' to resolve this debate, but do provide correlations of the means of the samples used to construct uncertainty
distributions from the Monte Carlo uncertainty analyses.

, Whatever convention is adopted for the best estimate of uncertainty distributions, it is important to know
the width of the distributions. For the simplified model adopted here, the 10 percentile and 90 percentile

, values are considered reasonable lower bounds and reasonable upper bounds on the distributions.
' Correlations for these lower and upper bounds are provided.

, The important parameters, DF(total), d,, and o, in principle, are not entirely independent of one another.
| results of tne Monte Carlo samples were examined for correlations among these quantities. The search for
| correlations was based on the conventional linear correlation coefficient, r, between sets of values X(i) and

L Y(i):
!
l

i
t
!
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Simplified Model

N N N !

N [ X(i) Y(i) - [ X(i) [ Y(j)
I"l I"I i*Ir=

.h N N .jN 'N 42 ' 12

N [ X(i)2 - [ X(i) N [ Y(j)2 _ { y(;)
i=1 (i =1 j=1 sj = 1j ,

! where N is the number of samples and X(i), Y(i) were sampled values oflogio DF(total), d,, or o.

Significant (99 percent confidence) negative correlation of d with logio DF(total) was found in all cases.p
Furthermore, significant positive correlation of a with d, and negative correlation with logio DF(total) was '
found. This, of course, would be expected based on discussions presented in Chapter VI. These indications
of correlation among the important predictions of the simplified models means that correlations for the *
important predictions cannot be selected independently. That is, the best-estimate of the decontamination
factor cannot be used in conjunction with the lower bound particle size of aerosol emerging from the-
suppression pool. Such a combination would be inconsistent with the predictions of detailed mechanistic
models.

The acceptable combinations of correlations for important predictions of the simplified model are:

1. Gap release through either 'X * or 'T' quenchers submerged to a depth H(cm):

|| Median (Best Estimate)*

-3
logio DF(total) = 1.350 + 1.933 x 10 H(cm)

d, = 0.102 m -3
o = 1.454 - 0.166 x 10 H(cm)

* Mean

-3
logio DF(total) = 1.283 + 2.68 x 10 H(cm)

d, = 0.107 m
-3

o = 1.440 - 0.126 x 10 H(cm)

* Lower Bound (10 percentile)

-3
logio DF(total) = 0.980 + 1.006 x 10 H(cm)

d, = 0.149 m
-3

o = 1.640 - 0.189 x 10 H(cm)
.

* Upper Bound (90 percentile)

-3
log 10 DF(total) = 1.485 + 5.554 x 10 H(cm)

d, = 0.085 pm
-3

o = 1.248 - 0.032 x 10 H(cm)
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|

Simplified Model
|

2. Iny:ssel release through a 'T' quencher submerged to a depth H(cm) with a wetwell that can
sustain pressures in excess of 5 atms:

o Median (Best Estimate)

.

log 10 DF(total) = 1.752 + 1.92 x 10-3 H(cm)
'

d ( m) = 0.326 - 0.121 x 10-3 H(cm)p
a = 1.448 - 0.324 x 10-3 II(cm)

o Mean

log 10 DF(total) = 2.047 + 2.45 x 10-3 H(cm)
d (pm) = 0.343 - 0.132 x 10-3 H(cm)p

a = 1.416 - 0.242 x 10-3 H(cm)

o Lower Bound (10 percentile)

log 10 DF(total) = 0.930 + 0.870 x 10-3 H(cm)
d (pm) = 0.684 - 0.242 x 10-3 H(cm)p

a = 1.850 - 0.346 x 10-3 H(cm)

o Upper Bound (90 percentile)

log 10 DF(total) = 3.444 + 5.38 x 10-3 H(cm)
d (pm) = 0.183 - 0.073 x 10-3 H(cm)p

a = 1.048 - 0.069 x 10-3 H(cm)

!3. Invessel release tlaough a 'T' or an 'X* quencher at a submergence H(cm) and wetwell that can
only sustain pressures less than 5 atms:

o Median (Best Estimate)

log'0 DF(total) = 1.791 + 2.477 x 10-3 li:;m)
d (pm) = 0.293 - 0.064 x 10-3 H(cm)

'

p
a = 1.441 - 0.420 x 10-3 H(cm)

o Mean
i

log 10 DF(total) = 2.256 + 2.764 x 10,-3 H(cm)
d ( m) = 0.303 - 0.065 x 10-3 H(cm)t p

| a = 1.395 - 0.260 x 10-3 H(cm)
L

o I.ower Bound (10 percentile)

log 10 DF(total) = 1.034 + 0.875 x 10-3 H(cm)
d ( m) = 0.597 - 0.071 x 10-3 H(cm)

'

p
a = 1.824 - 0.341 x 10-3 H(cm)
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Simplified Model

* Upper Bound (90 percentile)

logio DF(total) = 3.964 + 6.528 x 10-3 II(cm)
d ( m) = 0.166 - 0.058 x 10-3 II(cm)p

o = 1.025 - 0.038 x 10-3 II(cm)

Two additional points concerning the simplified model are:

* 1 percent of the discharge to suppression pool may leak into the wetwell space and thus bypass the
actions of the pool, and

6 6* calculated decontamination factors in excess of 10 should be reduced to 10 ,

To illustrate the application of the simplified model consider the concentration of iodine in the wetwell
space in the absence of any attenuation mechanisms other than the suppression pool. From

NUREG-1465 [3], 5 percent of the initial core inventory is discharged to the suppression pool during
the gap release phase of an accident and 35 percent of the initial core inventory is discharged during
the invessel release phase. Assume 1 percent of the discharge leaks into the wetwell without passing
through the suppression pool. This leakage puts 0.4 percent of the initial core inventory of iodine into
the wetwell space.

To calculate the additional iodine passing through the suppression pool assume that the discharge to the
pool is through 'T' quen-hers submerged to a depth of 150 cm and the wetwell space is always less
than 5 atmospheres. The best estimate decontamination factor during gap release is:

DF(total) = 43.6

Then, the amount of iodine entering the we:well space is 4.95 percent of the initial core inventory
(5 percent less the amount leaked) times 1/43.6 or 0.11 percent of the initial core inventory. Lower
bound and upper bounds are 0.37 percent and 0.024 percent of the 'nitial core inventory. The best
estimate of the mean particle size of the iodine bearing material is 0.102 pm. The reasonable range for
this mean size is 0.085 to 0.149 pm.

The best estimate of iodine teaching the wetwell space during invessel release is:

34.65/145.4 = 0.24 percent

The upper and lower bounds on this range are 2.37 percent and 0.0004 percent.

Then, the best estimate of the total iodine released to the wetwell by the discharge that passes through i
the suppression pool is 0.11 percent + 0.24 percent = 0.35 percent which is slightly less than reaches
the wetwell space by leakage. The reasonable range for the concentration of iodine in the wetwell space )
is:

* Upper Bound = 0.4 + 0.37 + 2.37 percent = 3.14 percent of the initial core inventory

* Lower Bound = 0.4 + 0.024 + 0.0004 percent = 0.42 percent of the initial core inventory.
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VIII. Conclusions
'

Monte Carlo uncertainty analyses of decontamination of aerosol-laden gases sparging through a
suppression pool show that decontamination by bubble formation and equilibration with the suppression

| pool can be significant. For shallow pools, the decontamination by the bubble formation and
| equilibration processes can be larger than decontamination by bubble rise through the pool. Much less
; experimental and analytic attention has been given to decontamination during the formation of bubbles
| and the subsequent processes of disintegration and coalescence than has been given to decontamination
| during bubble rise through a pool. Decontamination by bubble formation and equilibration found to be
| relatively insensitive to pool depth but is sensitive to the flow and steam content of gas discharged lot.

Decontamination of aerosol-laden bubbles rising through a water pool is resisted by the evaporation of
! water from the bubble surface as the hydrostatic head is released. Bubble plumes that entrain water in

the upward flow of gases reduce the opportunity for decontamination during bubble rise. On the other
| hand, bubble oscillations and shape deformations may cause decontamination not considered in some

mod 21s.

Decontammation is predicted to narrow the size distribution of aerosol discharged to a pool and to shift
| the mass mean of the size distribution toward values where decontamination processes are minimally
'

effective. This size of minimal effectiveness of removal processes is relatively insensitive to pool depth.
It is sensitive to the flow rate of gases to the pool.

'

Uncertainties in the predicted decontamination that can be achieved by steam suppression pools arise
from:

|

* uncertainties in boundary conditions dictated by the nature of accident progression such as pool
temperature and wetwell pressure,

i o uncertainties in the sizes of aerosol particles discharged to the suppression pools,

o uncertainties in bubble behavior, is

o uncertainties in aerosol behavior in forming and rising bubbles.

The means, mediatts, and the 10 percentile and 90 percentile values of uncertainty distributions for total
decontamination of gases sparging through suppression pools and the parameters of the size distribution'

of aerosol emerging from pools can be correlated with pool depth. Parameters of the correlations
depend on the phase of the accident and the nature of the discharge to the pool.

|

!

,
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Appendix A |
Tabulations of Uncertainty Distributions

Uncertainty distributions calculated in this work for:

log 10 DF (FE): logarithm of the decontamination factor for bubble formation and equilibration,: o

log 10 DF(rise): logarithm of the decontamination factor associated with the bubble rise through the: o

suppression pool, i

|
,

o log 10 DF (total): logarithm of the total decontamination of aerosol-laden gases passing through the
steam suppression pool,

' o d (pm): mean particle size of aerosol that emerges from the suppression pool, andp

*o o: standard deviation of the particle size distribution that emerges from the suppression poolg

are tabulated in Tables A-1 to A-75. Tabulations show the ranges of values at confidence levels of
90 percent and 50 percent for percentiles of the cumulative distribution from 5 to 95 percentiles at
5 percent intervals. Distributions are shown for pool depths of 100, 200, 300,500, and 700 cm. The
mean of the sample used to constmet each uncertainty distribuGon is also listed, but it should be noted
that the mean has no particular statistical significance for the distributions listed here.

,

i

e
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Table A-1. Uncertainty distribution for decontamination during bubble formation and equilibration of gap release f.$ through a 'T' quencher 100 cm deep
:c y

$D !

$ Values of log 10 DF(FE)
characteristic of the mdicated percentile

at a confidence level, C, of
i

Percentile C = 90% C = 50%
5 0.729 to 0.870 0.748 to 0.840
10 0.837 to 0.%1 0.871 to 0.916 ;

15 0.900 to 1.019 0.928 to 0.986 '

20 0.%9 to 1.078 0.991 to 1.034
25 1.014 to 1.168 1.037 to 1.132 i

t

30 1.054 to 1.218 1.134 to 1.178 -

w 35 1.152 to 1.270 1.177 to 1.234 :E 40 1.183 to 1.305 1.232 to 1.280
t45 1.251 to 1.334 1.277 to 1.308 ,

50 1.283 to 1.393 1.306 to 1.343
55 1.312 to 1.443 1.341 to 1.395

,

60 1.350 to 1.480 1.394 to 1.452
;

|65 1.397 to 1.518 1.452 to 1.488 |70 1.454 to 1.579 1.486 to 1.535 >

75 1.490 to 1.662 1.536 to 1.597 !

80 1.556 to 1.751 1.608 to 1.680
85 1.656 to 1.837 1.720 to 1.784 :90 1.760 to 1.923 1.793 to 1.865 :
95 1.870 to 2.056 1.922 to 1.992

Mean = 1.342

I

:
. _ - - _ - - -
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!

Table A-2. Uncertz.inty distribution for decontaminttion cf grp release during bubble rise from !

a *T* quencher 100 cm deep i

'

Values of logg DF(rise)
characteristic of the inbicated percentile

,

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.0308 to 0.0450 0.0345 to 0.0400 [

10 0.0399 to 0.0548 0.0456 to 0.0507
15 0.0478 to 0.0673 0.0544 to 0.0604 |
20 0.0549 to 0.0798 0.0617 to 0.0701
25 0.0656 to 0.0851 0.0704 to 0.0825 j

30 0.0733 to 0.106 0.0827 to 0.0914
*

g 35 0.0836 to 0.114 0.0902 to 0.108
* 40 0.0963 to 0.123 0.108 to 0.116 t

45 0.110 to 0.143 0.116 to 0.125
50 0.118 to 0.172 0.124 to 0.155

'

55 0.126 to 0.205 0.145 to 0.173
60 0.160 to 0.237 0.173 to 0.218 i

65 0.177 to 0.263 0.217 to 0.242 i

70 0.225 to 0.314 0.241 to 0.273
75 0.248 to 0.361 0.273 to 0.332

80 0.291 to 0.406 0.335 to 0.371 i

85 0.350 to 0.446 0.380 to 0.419
90 0.409 to 0.594 0.425 to 0.577 t

7 .

C 95 0.579 to 0.860 0.592 to 0.727 :

:e ,

8 Mean = 0.220 > i

b N
P B.
S w
0 > :

i

!
,
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@ Table A-3. Uncertainty distribution for the total gap release decontamination after passing through h8 a 'T* quencher 100 cm deep
:= >
$
$ Values of log 10 DF(total)

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
5 0.889 to 1.008 0.920 to 0.982
10 0.982 to 1.113 1.009 to 1.063
15 1.036 to 1.221 1.102 to 1.183
20 1.128 to 1.274 1.194 to 1.226
25 1.208 to 1.348 1.227 to 1.326

30 1.243 to 1.390 1.328 to 1.355
g 35 1.334 to 1.45'' 1.354 to 1.404* 40 1.359 to 1.493 1.400 to 1.462

45 1.426 to 1.546 1.461 to 1.522
50 1.464 to 1.625 1.503 to 1.559
55 1.530 to 1.640 1.551 to 1.631
60 1.566 to 1.691 1.629 to 1.661
65 1.633 to 1.770 1.656 to 1.698
70 1.671 to 1.834 1.698 to 1.782
75 1.740 to 1.966 1.782 to 1.847
80 1.792 to 2.046 1.865 to 1.996
85 1.946 to 2.110 2.000 to 2.088
90 2.060 to 2.166 2.109 to 2.144
95 2.144 to 2.412 2.166 to 2.261

Mean = 1.562

|

|

[

, __ _
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iTable A-4. Uncertainty distribution for the mean particle size of gap release after passing through
a "I" quencher 100 cm deep

Values of log i) d (pm) {g
-characteristic of the m&,ca,ted percentile ;

at a confidence level, C, of ,

r

Percentile C = 90% C = 50% ,

5 0.077 to 0.080 0.078 to 0.079 |

10 0.079 to 0.081 0.080 to 0.081
15 0.080 to 0.083 0.081 to 0.082 |
20 0.082 to 0.083 0.082 to 0.084
25 0.083 to 0.086 0.084 to 0.085 i

30 0.084 to 0.088 0.085 to 0.086

g 35 0.085 to 0.090 0.086 to 0.089
* 40 0.087 to 0.093 0.088 to 0.091

'

45 0.089 to 0.096 0.091 to 0.094

h50 0.091 to 0.101 0.094 to 0.097

55 0.095 to 0.104 0.096 to 0.102 I

60 0.097 to 0.111 0.101 to 0.105 !

65 0.102 to 0.121 0.104 to 0.113 [
70 0.107 to 0.131 0.113 to 0.123 i
75 0.115 to 0.136 0.123 to 0.133 j

80 0.127 to 0.142 0.133 to 0.137
85 0.1'35 to 0.157 0.139 to 0.147 l

|90 0.143 to 0.166 0.152 to 0.1622
c 95 0.163 to 0.204 0.166 to 0.183 i

:z
$ Mean = 0.105 m > ;

e ;;- !
0 >

r

i
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C 5* a

@ Table A-5. Uncertainty distribution for the standard deviation of gap release after passing through h8 a 'T* quencher 100 cm deep y
W
b |
$ Values of or

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%

5 1.199 to 1.233 1.204 to 1.222
10 1.221 to 1.261 1.234 to 1.245 !

15 1.240 to 1.290 1.247 to 1.277
20 1.265 to 1.312 1.284 to 1.288 ;

25 1.288 to 1.332 1.302 to 1.319
,

30 1.306 to 1.376 1.319 to 1.348
,

g 35 1.321 to 1.410 1.346 to 1.398 |oo 40 1.355 to 1.428 1.392 to 1.412 +

45 1.399 to 1.454 1.412 to 1.431
'50 1.414 to 1.472 1.429 to 1.456

55 1.432 to 1.500 1.455 to 1.473 |
60 1.457 to 1.527 1.473 to 1.505
65 1.479 to 1.546 1.503 to 1.532

'

70 1.517 to 1.567 1.532 to 1.549
75 1.541 to 1.581 1.549 to 1.569

i

80 1.554 to 1.602 1.570 to 1.585
85 1.577 to 1.625 1.586 to 1.613
90 1.604 to 1.644 1.617 to 1.633 ;

95 1.634 to 1.657 1.643 to 1.649

Mean = 1.430
i

I

[
'
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Table A-6. Uncertainty distribution for decontaminition during bubble formation and equilibration |

of gap release through a 'T* quencher 200 cm deep |
!

!
Values of logie DF(FE) ,

characteristic of the mdicated percentile i

at a c:,nfidence level, C, of |

Percentile C = 90% C = 50%
.

5 0.651 to 0.861 0.6% to 0.740 !

10 0.739 to 0.993 0.862 to 0.924 |
15 0.903 to 1.037 0.978 to 1.015 ;

20 1.001 to 1.084 1.018 to 1.052 i
I25 1.037 to 1.142 1.056 to 1.114
I

30 1.077 to 1.185 1.115 to 1.148
g 35 1.135 to 1.240 1.146 to 1.201 [
c 40 1.155 to 1.284 1.198 to 1.262

45 1.204 to 1.319 1.257 to 1.298 |

50 1.268 to 1.363 1.289 to 1.328 !
!

55 1.302 to 1.414 1.321 to 1.369 |
60 1.333 to 1.478 1.366 to 1.416 |
65 1.379 to 1.551 1.415 to 1.490 i.

70 1.431 to 1.599 1.488 to 1.571 !

75 1.534 to 1.645 1.571 to 1.611 f
80 1.590 to 1.601 1.614 to 1.658 I

85 1.631 to 1.738 1.669 to 1.692 )
90 1.684 to 1.897 1.714 to 1.804 |2

C 95 1.811 to 1.964 1.8% to 1.936 !
:n >

f$ Mean = 1.322 >
F5 @ |

|C B i

S !b i
!if: >
!

I
:

_ - -
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E 3
$ Table A-7. Uncertainty distribution for decontamination of gap release during bubble rise from h8 a *T* quencher 200 cm deep y
:c
b !

$ Values of log 10 DF(rise) !

characteristic of the indicated percentile '

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.0870 to 0.122 0.0911 to 0.105 !
10 0.105 to 0.157 0.124 to 0.139 (
15 0.135 to 0.173 0.155 to 0.163 :

'20 0.159 to 0.182 0.166 to 0.176
25 0.172 to 0.220 0.177 to 0.189

30 0.179 to 0.248 0.190 to 0.227

|3 35 0.1% to 0.320 0.227 to 0.265
o 40 0.235 to 0.378 0.259 to 0.331

45 0.272 to 0.417 0.329 to 0.398 !

50 0.332 to 0.491 0.388 to 0.431 |
55 0.399 to 0.520 0.422 to 0.499 !

60 0.446 to 0.590 0.4% to 0.531 ;

65 0.502 to 0.678 0.530 to 0.603 !

70 0.550 to 0.716 0.603 to 0.692 }75 0.637 to 0.794 0.692 to 0.733 i

80 0.705 to 0.884 0.741 to 0.820 f
85 0.785 to 1.010 0.828 to 0.918
90 0.904 to 1.220 0.985 to 1.100 (
95 1.114 to 1.677 1.021 to 1.423 !

;

Mean = 0.510
|:
|

. . _ - _- _. -- --_----
i
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Table A-8. Uncertainty distribution for the total gap release decontamination after passing through
a 'T' quencher 200 cm deep i

Values of log 10 DF(total) !-

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50% k

5 0.808 to 1.202 0.906 to 1.140 ;

10 1.136 to 1.311 1.205 to 1.263 !

15 1.229 to 1.373 1.297 to 1.343 I
20 1.315 to 1.472 1.366 to 1.390 t

25 1.372 to 1.570 1.398 to 1.520

30 1.421 to 1.634 1.521 to 1.595

3 35 1.560 to 1.690 1.590 to 1.666
40 1.615 to 1.753 1.653 to 1.708 i

-

45 1.673 to 1.800 1.698 to 1.775
50 1.718 to 1.838 1.768 to 1.808

i
55 1.776 to 1.897 1.801 to 1.849 :
60 1.814 to 1.907 1.843 to 1.909 '

65 1.858 to 2.082 1.906 to 1.986
70 1.916 to 2.192 1.982 to 2.095
75 2.008 to 2.222 2.095 to 2.195

80 2.162 to 2.405 2.1% to 2.284
85 2.210 to 2.507 2.297 to 2.426 t

90 2.410 to 2.746 2.475 to 2.631 !7
C 95 2.636 to 2.930 2.746 to 2.860 !

$
o Mean = 1.832 >
25 %
? Be
G S*

-

w >
i

k
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Table A-9. Uncertainty distribution for mean particle size of gap release after flow through a 'T* quencher 200 cm deep h
Q >
g Values of d,(gm)
$ characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.074 to 0.081 0.079 to 0.081
10 0.081 to 0.084 0.081 to 0.083
15 0.082 to 0.086 0.084 to 0.085
20 0.085 to 0.087 0.085 to 0.086 !

25 0.086 to 0.089 0.087 to 0.088

30 0.087 to 0.092 0.088 to 0.090
35 0.089 to 0.095 0.090 to 0.093

3 40 0.091 to 0.097 0.093 to 0.095
|9 45 0.093 to 0.100 0.095 to 0.097 -

50 0.096 to 0.104 0.097 to 0.101 [

55 0.G98 to 0.107 0.101 to 0.104 ,

60 0.102 to 0.110 0.104 to 0.107 ;

65 0.104 to 0.114 0.107 to 0.110
70 0.108 to 0.119 0.110 to 0.115 '

75 0.112 to 0.127 0.115 to 0.121

80 0.118 to 0.138 0.122 to 0.133
85 0.125 to 0.147 0.134 to 0.141 |
90 0.139 to 0.159 0.143 to 0.151

;
95 0.152 to 0.179 0.159 to 0.170 ;

'Mean = 0.104 pm

i
!

__ _ _________-___._____ _ . _ . - _ , . . . _ _ - . - -. - - _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ - _
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Ttble A-10. Uncerttinty distribution for standard deviction of gap release ofter passing through
a *T* quencher 200 cm deep

Values of er
characteristic of the indicated percentile

at a confidence level, C, of

Percentiic C = 90% C = 50%

5 1.205 to 1.232 1.216 to 1.224
10 1.224 to 1.265 1.233 to 1.251

,

15 1.245 to 1.286 1.256 to 1.270
20 1.267 to 1.319 1.274 to 1.291 '

25 1.281 to 1.347 1.294 to 1.326

30 1.304 to 1.366 1.326 to 1.352

$ 35 1.334 to 1.393 1.352 to 1.376
40 1.353 to 1.407 1.374 to 1.397
45 1.377 to 1.427 1.3% to 1.414 |

50 1.399 to 1.449 1.409 to 1.436

55 1.418 to 1.467 1.433 to 1.451
60 1.438 to 1.494 1.450 to 1.472 '

65 1.452 to 1.508 1.470 to 1.501 !

70 1.477 to 1.520 1.500 to 1.512 i

75 1.502 to 1.543 1.513 to 1.521
,

80 1.516 to 1.568 1.524 to 1.553 ;

85 1.540 to 1.597 1.558 to 1.588 |

Z 90 1.573 to 1.621 1.595 to 1.606 |

95 1.607 to 1.652 1.621 to 1.645 |

9 Mean = 1.415 % ;

O ) I

s 9: >
;

- - - _ _ - _ _ _ _ _ _ --___m__
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Z %C ,

g <

h Table A-11. Uncertainty distribution for the decontamination of gap release material during bubble h
B formation and equilibration at a 'T' quencher 300 cm deep y ,

:c
b
$ Values cf log 10 DF(FE)

characteristic of the mdicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
'

5 0.729 to 0.864 0.780 to 0.835
10 0.865 to 0.986 0.916 to 0.950
15 0.%2 to 1.060 0.992 to 1.037
20 1.036 to 1.095 1.060 to 1.081
25 1.080 to 1.132 1.091 to 1.112

30 1.105 to 1.173 1.127 to 1.158
3 35 1.148 to 1.232 1.167 to 1.197
* 40 1.190 to 1.282 1.215 to 1.254

45 1.234 to 1.318 1.264 to 1.299
50 1.291 to 1.348 1.305 to 1.334

',

55 1.323 to 1.375 1.337 to 1.363
60 1.352 to 1. "4 1.370 to 1.3%
65 1.381 to 1.480 1.412 to 1.444
70 1.432 to 1.526 1.457 to 1.502
75 1.484 to 1.586 1.518 to 1.553 I

80 1.550 to 1.669 1.573 to 1.633 ,

85 1.633 to 1.731 1.665 to 1.692 |
90 1.6% to 1.836 1.736 to 1.792
95 1.838 to 1.945 1.876 to 1.921 L

Mean = 1.324
.

L

- s - o .-,e - ,____ - . _ _ _ _ _ _ _ . - . _ _ _
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Tr:ble A-12. Uncert:.inty distribution for the decontaninition of g*p release material during bubble rise
from a 'T' quencher 300 cm deep

Values of log 10 DF(rise)
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.147 to 0.185 0.168 to 0.179
10 0.186 to 0.219 0.197 to 0.213
15 0.214 to 0.263 0.227 to 0.245 i

20 0.245 to 0.305 0.262 to 0.283
25 0.278 to 0.352 0.300 to 0.326

30 0.318 to 0.387 0.340 to 0.372

3 35 0.360 to 0.434 0.383 to 0.411
* 40 0.398 to 0.491 0.423 to 0.456

45 0.438 to 0.548 0.473 to 0.520
50 0.498 to 0.602 0.525 to 0.575

55 0.552 to 0.674 0.590 to 0.622
60 0.605 to 0.758 0.660 to 0.718
65 0.698 to 0.848 0.740 to 0.798
70 0.780 to 0.984 0.837 to 0.909 i
75 0.903 to 1.165 0.%7 to 1.117 :

80 1.050 to 1.359 1.156 to 1.248
85 1.247 to 1.750 1.353 to 1.554
90 1.651 to 2.078 1.785 to 1.9522

C 95 2.092 to 2.878 2.185 to 2.538
$
o Mean = 0.8265 >
N "
30
& E- -
S >

,

-
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@ Table A-13. Uncertainty distribution for the total decontamination of gap release material that has passed {c.
| 8 through a 'T' quencher 300 cm deep > ;

:c
l . &

.

*

| - E Values of log 10 DF(total) [

characteristic of the indicated percentile
'at a confidence level, C, of

Percentile C = 90% C = 50%
:|

5 1.070 to 1.245 1.106 to 1.233
10 1.248 to 1.381 1.324 to 1.362 ,

15 1.367 to 1.462 1.397 to 1.440 -

20 1.439 to 1.545 1.461 to 1.518 y

25 1.492 to 1.628 1.536 to 1.585 j
30 1.572 to 1.695 1.618 tc 1.665 |

3 35 1.647 to 1.772 1.677 to 1.739
{'m 40 1.714 to 1.879 1.760 to 1.833

45 1.788 to 1.946 1.851 to 1.910 -

!50 1.881 to 2.004 1.932 to 1.972

55 1.950 to 2.058 1.986 to 2.023
60 2.012 to 2.148 2.036 to 2.083 ;

65 2.063 to 2.276 2.120 to 2.223 i
70 2.180 to 2.422 2.267 to 2.350 |
75 2.332 to 2.633 2.398 to 2.493

80 - 2.478 to 2.883 2.597 to 2.813 -
85 2.810 to 3.147 2.881 to 3.061 !
90 3.074 to 3.531 3.163 to 3.403 !
95 3.535 to 4.230 3.705 to 4.032 !

!

Mean = 2.151 [

4

i
-
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Tcble A-14. Uncertainty distribution for the mean particle size cf gap release materid r.fter passing
through a 'T' quencher 300 cm deep

Values of d (pm)o
characteristic of the indicated percentile

at a confidence level, C, of '

Percentile C = 90% C = 50%

5 0.080 to 0.082 0.081 to 0.082
10 0.082 to 0.085 0.084 to 0.084

'

15 0.085 to 0.088 0.086 to 0.087
20 0.087 to 0.090 0.088 to 0.089
25 0.088 to 0.091 0.089 to 0.090

30 0.090 to 0.094 0.091 to 0.093

3 35 0.092 to 0.096 0.093 to 0.095
4 40 0.094 to 0.098 0.095 to 0.096

45 0.096 to 0.101 0.097 to 0.100
50 0.098 to 0.104 0.100 to 0.103 '

!

55 0.102 to 0.107 0.103 to 0.1% i

60 0.104 to 0.110 0.106 to 0.109 ;

65 0.107 to 0.115 0.109 to 0.112
70 0.111 to 0.119 0.114 to 0.116

,

75 0.116 to 0.126 0.118 to 0.123

80 0.122 to 0.133 0.126 to 0.130
85 0.130 to 0.140 0.133 to 0.136 :

90 0.137 to 0.149 0.142 to 0.146 ;2
C 95 0.149 to 0.160 0.152 to 0.157
5 I

o Mean = 0.106 pm >
d ?
? E
S &
$ >

,

|
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@ Table A-15. Uncertainty distribution for the standard deviation of gap release material after passing hB through a *T* quencher 300 cm deep '

|c >
h
$ Vahies of a

characteristic of the indicated perceatile
at a confidence level, C, of

Percentile C = 90% C = 50%
,

5 1.201 to 1.210 1.205 to 1.207
10 1.211 to 1.241 1.217 to 1.227
15 1.229 to 1.271 1.241 to 1.259
20 1.258 to 1.303 1.271 to 1.289
25 1.287 to 1.322 1.299 to 1.311

30 1.307 to 1.342 1.320 to 1.337
3 35 1.329 to 1.363 1.341 to 1.357
* 40 1.344 to 1.379 1.360 to 1.367

45 1.365 to 1.390 1.374 to 1.384
50 1.381 to 1.415 1.385 to 1.405

55 1.392 to 1.432 1.410 to 1.424 '

60 1.419 to 1.449 1.427 to 1.443 i

65 1.435 to 1.467 1.444 to 1.460 '

70 1.454 to 1.488 1.463 to 1.481
'

75 1.472 to 1.512 1.484 to 1.493 i

80 1.492 to 1.530 1.510 to 1.520
85 1.520 to 1.571 1.529 to 1.546 i
90 1.562 to 1.594 1.577 to 1.590
95 1.594 to 1.626 1.604 to 1.619 |

>

Mean = 1.394
,

!

;
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Ttble A-16. Uncertainty distribution for decontrmination during bubble formation and equilibration !
'

for gap release tnrough a 'T* quencher 300 cm deep

Values of logie DF(FE)
characteristic of the indicated percentile

at a confidence level, C, of |

Percentile C = 90% C = 50% ;

5 0.6% to 0.838 0.774 to 0.812 t

10 0.811 to 0.931 0.839 to 0.904 !

15 0.861 to 1.004 0.924 to 0.959 t

20 0.933 to 1.008 0.%7 to 1.036
25 0.995 to 1.119 1.043 to 1.097

30 1.064 to 1.193 1.097 to 1.138 -

3 35 1.098 to 1.222 1.129 to 1.201 -

* 40 1.167 to 1.266 1.199 to 1.228 ;
i

45 1.207 to 1.311 1.226 to 1.276
50 1.235 to 1.335 1.273 to 1.321

55 1.286 to 1.370 1.319 to 1.343
60 1.323 to 1.420 1.340 to 1.372
65 1.350 to 1.461 1.372 to 1.426
70 1.378 to 1.533 1.425 to 1.474
75 1.443 to 1.571 1.478 to 1.546 !

80 1.511 to 1.640 1.549 to 1.612 i

85 1.568 to 1.729 1.619 to 1.653 |

90 1.640 to 1.783 1.705 to 1.7597
C 95 1.760 to 1.%2 1.782 to 1.914

$o Mean = 1.295 >

e ; <

a > -

,
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Z >
C

Y
h Table A-17. Uncertainty distribution for decontamination of gap release during bubble rise h
B from a 'T' quencher 500 cm deep yy v

b |$ Values of log 10 DF(rise)
characteristic of the indicated percentile I

at a confidence level, C, of *

Percentile C = 90% C = 50% -
:

5 0.1% to 0.300 0.243 to 0.292 |

10 0.292 to 0.351 0.300 to 0.318 ,

15 0.310 to 0.408 0.338 to 0.360
20 0.353 to 0.463 0.367 to 0.442 :

25 0.400 to 0.531 0.445 to 0.476 !

30 0.451 to 0.573 0.477 to 0.546
g 35 0.481 to 0.638 0.546 to 0.595 !o 40 0.554 to 0.721 0.592 to 0.648 !

45 0.599 to 0.826 0.641 to 0.755 i

50 0.667 to 0.942 0.742 to 0.854
'

i
55 0.764 to 1.020 0.833 to 0.953 I

60 0.866 to 1.130 0.948 to 1.040
65 0.972 to 1.130 1.037 to 1.166-
70 1.049 to 1.389 1.160 to 1.422

.

|
75 1.249 to 1.762 1.427 to 1.652 !,

80 1.464 to 2.061 1.660 to 1.846
85 1.723 to 2.460 1.884 to 2.104 !
90 2.073 to 2.882 2.315 to 2.570 I

95 2.589 to 4.053 2.876 to 3.242
i

Mean = 1.135 i

'

i
:
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Table A-18. Uncertainty distribution for total gap release decontamiution after passing through
a 'T* quencher 500 cm deep

Values of log 10 DF(total)
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%

5 1.028 to 1.310 1.099 to 1.277
10 1.274 to 1.556 1.311 to 1.525

i

15 1.420 to 1.625 1.536 to 1.598
20 1.561 to 1.746 1.609 to 1.681 ;

25 1.622 to 1.842 1.692 to 1.789

30 1.727 to 1.922 1.789 to 1.876 ;

w 35 1.808 to 2.020 1.873 to 1.972
5 40 1.8% to 2.132 1.952 to 2.058

45 1.980 to 2.208 2.030 to 2.178
50 2.085 to 2.282 2.154 to 2.211

55 2.179 to 2.366 2.210 to 2.299
60 2.212 to 2.543 2.293 to 2.428
65 2.301 to 2.732 2.398 to 2.555
70 2.463 to 2.922 2.553 to 2.775
75 2.604 to 3.018 2.780 to 2.946

80 2.852 to 3.366 2.955 to 3.133
85 3.009 to 3.846 3.223 to 3.455
90 3.390 to 4.192 3.715 to 4.1067

$ 95 4.109 to 5.428 4.182 to 4.622 ;

9
o Mean = 2.430 *

>
h 8 :

o:e

h b !
*m >

!

i

_ - _ _ - - _ - - _ - - _ - - __ __ _ - - - -- - - - - - .



__ ___ _ - _ - _ _ - _ __ . - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _

,

r

Z
C d

2
Table A-19. Uncertainty distribution for the mean particle size of gap release material after passing h .

8 through a *T* quencher 500 cm deep
,

>? ;

? |$ Values of d,(pm) {
characteristic of the indicated percentile i

at a confidence level, C, of [.

Percentile C = 90% C = 50%.

!

5 0.082 to 0.085 0.082 to 0.084
'

10 0.084 to 0.089 0.085 to 0.087 :

15 0.086 to 0.092 0.088 to 0.089 ,

20 0.089 to 0.094 0.090 to 0.093 |
.

25 0.091 to 0.096 0.093 to 0.095 <

30 0.093 to 0.099 0.095 to 0.097 !
g 35 0.096 to 0.101 0.097 to 0.099 !
N 40 0.097 to 0.102 0.099 to 0.101 ;

45 0.100 to 0.104 0.101 to 0.102 [50 0.101 to 0.106 0.102 to 0.105 '

55 0.102 to 0.110 0.105 to 0.107 !
60 0.105 to 0.114 0.107 to 0.112 |
65 0.108 to 0.117 0.111 to 0.114 !
70 0.112 to 0.124 0.114 to 0.118 [75 0.115 to 0.131 0.118 to 0.127

j 80 0.121 to 0.137 0.127 to 0.132
85 0.130 to 0.147 0.133 to 0.144 '

,

90 0.139 to 0.160 0.146 to 0.148 i
95 0.150 to 0.164 0.160 to 0.161 !

Mean = 0.108

!.,

e

;
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Ttble A-20. Uncertainty distribution for the geometric standard deviction of release material efter passing
through a "I" quencher 500 cm deep

Values of a
characteristic of the indicated percentile

at a confidence :evel, C, of

Percentile C = 90% C = 50%
5 1.198 to 1.248 1.217 to 1.240
10 1.240 to 1.272 1.248 to 1.261
15 1.260 to 1.292 1.271 to 1.283
20 1.273 to 1.304 1.287 to 1.298
25 1.290 to 1.329 1.299 to 1.317

30 1.302 to 1.342 1.317 to 1.335
g 35 1.323 to 1.355 1.334 to 1.346
* 40 1.335 to 1.369 1.344 to 1.357

45 1.346 to 1.379 1.35'l to 1.370
50 1.359 to 1.391 1.370 to 1.379

55 1.370 to 1.415 1.379 to 1.395
60 1.381 to 1.444 1.393 to 1.420
65 1.397 to 1.455 1.418 to 1.449
70 1.423 to 1.478 1.449 to 1.458
75 1.450 to 1.501 1.458 to 1.483

80 1.477 to 1.521 1.483 to 1.512
85 1.490 to 1.548 1.514 to 1.528
90 1.522 to 1.593 1.532 to 1.5577

g 95 1.557 to 1.637 1.593 to 1.611

$ Mean = 1.388 >
P5 $? 8.g w
$ >

. _ __ __- _ __ _ _ - _ ____ - _- . _ _ _ _ _ _ -
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@ Table A-21. Uncertainty distribution for decontamination of gap release by bubble formation and h
W

8 equilibration at a *T* quencher 700 cm deep >
|c

b
$ Values of log 10 DF(FE)

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.763 to 0.916 0.805 to 0.884

10 0.909 to 1.020 0.943 to 0.982

15 0.980 to 1.071 1.018 to 1.048

20 1.039 to 1.101 1.060 to 1.088

25 1.079 to 1.139 1.093 to 1.116

30 1.103 to 1.178 1.122 to 1.165

w 35 1.139 to 1.240 1.165 to 1.207

5 40 1.172 to 1.269 1.212 to 1.249

45 1.225 to 1.310 1.250 to 1.295

50 1.256 to 1.362 1.299 to 1.332

55 1.307 to 1.383 1.333 to 1.367 l

60 1.360 to 1.448 1.369 to 1.3%

65 1.379 to 1.521 1.403 to 1.457

70 1.444 to 1.611 1.476 to 1.546

75 1.520 to 1.675 1.572 to 1.629

80 1.616 to 1.724 1.659 to 1.685

85 1.684 to 1.783 1.707 to 1.746

90 1.746 to 1.888 1.783 to 1.853

95 1.879 to 1.984 1.910 to 1.947

Mean = 1.347
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Table A-22. Uncert:Jnty distribution for decontamint. tion of gap release during bubble rise
from a *T* quencher 700 cm deep

Values of log 10 DF(rise)
characteristic of the indicated percentile

at a confidence level, C, of |

Percentile C = 90% C = 50% [

5 0.318 to 0.471 0.394 to 0.430

10 0.460 to 0.562 0.490 to 0.524 !

15 0.524 to 0.642 0.561 to 0.593

20 0.580 to 0.718 0.613 to 0.669

25 0.654 to 0.864 0.681 to 0.780

30 0.732 to 1.011 0.787 to 0.923

w 35 0.863 to 1.143 0.960 to 1.052
5 40 1.006 to 1.259 1.075 to 1.191

45 1.137 to 1.388 1.192 to 1.293

50 1.220 to 1.573 1.295 to 1.424 ,

55 1.355 to 1.708 1.456 to 1.634

60 1.557 to 1.943 1.658 to 1.769

65 1.684 to 2.157 1.850 to 2.009
'

70 1.927 to 2.568 2.045 to 2.332

75 2.153 to 2.865 2.369 to 2.715 .

80 2.592 to 3.298 2.748 to 3.143

85 3.071 to 4.013 3.259 to 3.694

90 3.690 to 4.578 3.%8 to 4.390
2
C 95 4.527 to 6.577 4.638 to 5.958
c

$ Mean = 1.916 >
E

Fi a r? !?*
c: >
w

,
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@ Table A-23. Uncertainty distribution for total decontamination of gap release after passing through 8.
3 a *T* quadier 700 cm deep g. .

? > !
'os

h Values of logie DF(total) [
characteristic of the indicated percentile !-

at a confidence level, C, of
i

Percentile C = 90% C = 50%
5 1.405 to 1.653 1.500 to 1.606
10 1.625 to 1.799 1.667 to 1.741 !15 1.740 to 2.003 1.799 to 1.914

,

20 1.8% to 2.152 1.955 to 2.061 i25 2.034 to 2.254 2.091 to 2.209 '

30 2.156 to 2.372 2.222 to 2.3%ta 35
E 2.254 to 2.455 2.319 to 2.39740 2.361 to 2.637 2.412 to 2.513

,

45 2.445 to 2.787 2.549 to 2.693
50 2.587 to 2.917 2.6% to 2.858

.

55 2.740 to 3.097 2.861 to 2.98260 2.910 to 3.306 2.999 to 3.170
[65 3,082 to 3.542 - 3.179 to 3.422
|70 3.298 to 3.849 3.428 to 3.575( 75 3.542 to 4.360 3.599 to 3.947!

l '.80 3.8% to 4.716 4.171 to 4.532 '

85 4.529 to 5.493 4.646 to 5.17090 5.167 to 6.114 5.450 to 5.74295 5.947 to 8.018 6.384 to 7.506
,

Mean = 3.264

,

. . - _ - . - - - . _ - - _ _ _ _ - _ _ - - - - - + +
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Table A-24. Uncertrinty distribution for the mean particle size of gap release after passing through
a *T* quencher 700 cm deep

Values of d,(pm)
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.085 to 0.089 0.086 to 0.087 ,

10 0.088 to 0.093 0.090 to 0.091 ;

15 0.091 to 0.095 0.093 to 0.094

20 0.094 to 0.098 0.095 to 0.096 i

i

25 0.096 to 0.101 0.097 to 0.099
,

30 0.098 to 0.103 0.100 to 0.101

w 35 0.101 to 0.104 0.102 to 0.103
0 40 0.102 to 0.106 0.104 to 0.105

45 0.104 to 0.110 0.105 to 0.109 [
'

50 0.106 to 0.112 0.109 to 0.111

55 0.110 to 0.115 0.111 to 0.113 ,

'

60 0.112 to 0.117 0.114 to 0.116

65 0.115 to 0.121 0.117 to 0.119 .

70 0.117 to 0.125 0.119 to 0.123

75 0.121 to 0.132 0.124 to 0.128
,

80 0.126 to 0.137 0.130 to 0.133 |

85 0.133 to 0.146 0.135 to 0.143 '

90 0.143 to 0.154 0.146 to 0.151
7
C 95 0.152 to 0.172 0.155 to 0.164 i

:e

$ Mean = 0.113 pm > '3
F5 8? e-m *
- >
"w

e

1
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3$ Table A-25. Uncertainty distribution for the standard deviation of gap release after passing through 1

i:5 a 'T' quencher 700 cm deep h |
rx >

$
u
w Values of a )

characteristic of the indicated percentile I
,

at a confidence level, C, of
iI

'

Percentile C = 90% C = 50%
i
!

5 1.187 to 1.208 1.193 to 1.201
}

!

10 1.203 to 1.222 1.211 to 1.216
15 1.216 to 1.246 1.221 to 1.240 f

20 1.234 to 1.269 1.244 to 1.252 !25 1.250 to 1.285 1.258 to 1.279
I

30 1.272 to 1.297 1.280 to 1.291w 35 1.285 to 1.317 1.294 to 1.3075 i40 1.297 to 1.330 1.309 to 1.322 !45 1.314 to 1.340 1.323, to 1.33150 1.325 to 1.356 1.333 to 1.348
55 1.336 to 1.372 1.348 to 1.358

|

i

60 1.354 to 1.394 1.359 to 1.37765 1.371 to 1.415 1.383 to 1.399 i70 1.394 to 1.431 1.401 to 1.42475 1.414 to 1.447 1.427 to 1.437
,

'

80 1.431 to 1.466 1.442 to 1.454 '

85 1.453 to 1.485 1.462 to 1.47490 1.474 to 1.531 1.484 to 1.510
i

95 1.519 to 1.574 1.542 to 1.557
1

Mean = 1.348
,

!
_ - _ _ _ - _ _ _ _ _ _ _ - _ _ _ _ - _ - - . - . _ . ._. -. - . - - _ _ _ _ _ - _ _ _ _ _ _ _ . _ _ - _ _ _ - _ _ _ _ .-
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Tcble A-26. Uncertrinty distribution for decontamination of invessel release by bubble formation and
equilibration at a *T* quencher 100 cm deep

Values of log 10 DF(FE)
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.545 to 0.693 0.620 to 0.653
10 0.692 to 0.865 0.739 to 0.811
15 0.820 to 1.017 0.878 to 0.%9
20 0.933 to 1.075 1.015 to 1.055
25 1.042 to 1.146 1.073 to 1.110

30 1.096 to 1.238 1.125 to 1.173
w 35 1.155 to 1.353 1.210 to 1.309
E 40 1.257 to 1.422 1.321 to 1.393

,

45 1.364 to 1.4% 1.400 to 1.459

50 1.425 to 1.5% 1.461 to 1.525

55 1.499 to 1.680 1.534 to 1.626

60 1.599 to 1.798 1.648 to 1.723

65 1.686 to 1.920 1.763 to 1.859

70 1.817 to 2.018 1.876 to 1.950

75 1.934 to 2.189 1.993 to 2.112

80 2.066 to 2.339 2.173 to 2.267

85 2.261 to 2.679 2.330 to 2.530

90 2.566 to 2.894 2.698 to 2.837
7
c: 95 2.891 to 3.944 3.079 to 3.462
x
$ Mean = 1.673 >

E
F5 Bn
.b. $
- >
11:
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3Q ' Table A-27. Uncertainty distribution for decontamination ofinvessel release during bubble rise
R-Q from a 'T' quencher 100 cm deep >

N
O

Values oflogi. DF(rise)
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%
5 0.0167 to 0.0424 0.0260 to 0.0366
10 0.0412 to 0.0643 0.0513 to 0.0565
15 0.0570 to 0.0889 0.0648 to 0.07%20 0.0794 to 0.1160 0.0887 to 0.1056

,

| 25 0.0974 to 0.1340 0.1140 to 0.1274
! 30 0.121 to 0.170 0.131 to 0.156|

$ 35 0.138 to 0.196 0.164 to 0.17940 0.174 to 0.223 0.187 to 0.20445 0.198 to 0.248 0.207 to 0.23250 0.224 to 0.302 0.236 to 0.270
55 0.249 to 0.345 0.287 to 0.32760 0.303 to 0.382 0.335 to 0.36765 0.348 to 0.426 0.377 to 0.39470 0.387 to 0.499 0.402 to 0.47175 0.451 to 0.564 0.491 to 0.529
80 0.518 to 0.666 0.550 to 0.62585 0.618 to 0.830 0.660 to 0.74490 0.756 to 1.057 0.848 to 0.98195 1.042 to 1.865 1.188 to 1.480

Mean = 0.430

- _.. _

_ _ _ . - _ - _ _ _ _ _ _ __
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Table A-28. Uncertainty distribution for total decontamination of invessel release dier passing
through a *T* quencher 100 cm deep

.

Values of log 10 DF(total)
characteristic of the indicated percentile

at a confidence level, C, of ;

Percentile C = 90% C = 50%

5 0.639 to 0.856 0.758 to 0.804

10 0.852 to 1.058 0.893 to 0.989

15 1.000 to 1.197 1.084 to 1.136 ;

20 1.134 to 1.339 1.195 to 1.280

25 1.265 to 1.415 1.322 to 1.382

30 1.369 to 1.532 1.400 to 1.472

w 35 1.424 to 1.631 1.500 to 1.580
8 40 1.557 to 1.741 1.602 to 1.680

45 1.635 to 1.831 1.698 to 1.783

50 1.751 to 1.918 1.809 to 1.855

55 1.834 to 2.033 1.859 to 1.966

60 1.929 to 2.134 1.981 to 2.080

65 2.044 to 2.312 2.092 to 2.217

70 2.144 to 2.428 2.250 to 2.345

75 2.321 to 2.685 2.402 to 2.592 [

80 2.556 to 2.862 2.652 to 2.757

85 2.753 to 3.171 2.844 to 2.995

90 3.010 to 3.853 3.184 to 3.577 f

g
C 95 3.789 to 5.453 4.150 to 4.941 i

N l

$ Mean = 2.103 >
"

P5
W b ,& - ,
-

if: >

,
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C >"W 3$ Table A-29. Uncertainty distribution for the mean particle size of invessel release after passing through

[c-8 a 'T' quencher 100 cm deep
F >
e
g

Values of d,(gm)
characteristic of the indicated percentile

at a confidence level, C, of
Percentile C = 90% C = 50%

5 0.144 to 0.174 0.156 to 0.167
10 0.174 to 0.195 0.179 to 0.186
15 0.187 to 0.222 0.197 to 0.210
20 0.209 to 0.237 0.220 to 0.233
25 0.230 to 0.251 0.235 to 0.241
30 0.239 to 0.261 0.247 to 0.257w 35 0.253 to 0.277 0.259 to 0.2700 40 0.263 to 0.293 0.272 to 0.286
45 0.278 to 0.309 0.288 to 0.299
50 0.294 to 0.334 0.302 to 0.319
55 0.309 to 0.356 0.320 to 0.345
60 0.335 to 0.384 0.349 to 0.361
65 0.357 to 0.411 0.364 to 0.394
70 0.385 to 0.449 0.404 to 0.424
75 0.419 to 0.481 0.440 to 0.468
80 0.459 to 0.535 0.478 to 0.516
85 0.508 to 0.573 0.533 to 0.551
90 0.554 to 0,740 0.579 to 0.679
95 0.732 to 0.973 0.770 to 0.901

Mean = 0.331 m
.

_..m________.______,_____._m ___ _ _._ - -__ _ .__._________.____.__.___m_._
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Table A-30. Uncert::inty distribution for the geometric sttndard devirtion of invessel release after passing
through a 'T' quencher 100 cm deep

,

Values of er
'

characteristic of the indicated percentile
at a confidence level, C, of ;

.

Percentile C = 90% C = 50%
!

5 1.004 to 1.030 1.011 to 1.026

10 1.030 to 1.090 1.044 to 1.060 "

15 1.066 to 1.142 1.096 to 1.128 -
!

20 1.125 to 1.186 1.139 to 1.164

25 1.160 to 1.263 1.180 to 1.228 !

30 1.211 to 1.317 1.242 to 1.288 i

35 1.276 to 1.379 1.299 to 1.352 [g
.

w 40 1.339 to 1.425 1.364 to 1.403 i

45 1.382 to 1.454 1.411 to 1.436 !'

50 1.427 to 1.485 1.446 to 1.470 !

55 1.455 to 1.543 1.472 to 1.497 |

60 1.486 to 1.574 1.504 to 1.558 {
65 1.544 to 1.616 1.565 to 1.595 ,

70 1.582 to 1.670 1.610 to 1.639 !

75 1.626 to 1.730 1.649 to 1.711 i

80 1.703 to 1.773 1.727 to 1.745 t

85 1.744 to 1.819 1.768 to 1.798 i

90 1.801 to 1.921 1.835 to 1.879 i
7
C 95 1.914 to 2.052 1.966 to 2.014
* i

$ Mean = 1.431 > !

Pi @
0N

& e.
*

-
* >w *

I

!

!
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h Table A-31. Uncertainty distribution for decontamination during bubble formation and equilibration hB for invessel release through a *T* queincher 200 cm deep y:o
b
g Values of logie DF(FE) r

characteristic of the indicated percentile
at a confidence level, C, of

L

1%rcentile C = 90% C = 50%
,

5 0.4% to 0.742 0.584 to 0.648
10 0.649 to 0.951 0.751 to 0.855

,

15 0.838 to 1.035 0.948 to 1.002
20 0.972 to 1.126 1.022 to 1.081
25 1.037 to 1.232 1.094 to 1.179 !

30 1.123 to 1.2% 1.201 to 1.264 i

w 35 1.220 to 1.354 1.276 to 1.310I 40 1.289 to 1.415 1.311 to 1.372 ;
45 1.335 to 1.515 1.373 to 1.435 |
50 1.395 to 1.620 1.436 to 1.538 ;

55 1.448 to 1.731 1.540 to 1.676
60 1.556 to 1.865 1.679 to 1.763
65 1.710 to 2.061 1.765 to 1.927 *

70 1.813 to 2.155 1.953 to 2.086
75 2.039 to 2.372 2.114 to 2.215 ;

80 2.154 to 2.568 7.227 to 2.420
85 2.388 to 2.708 2.498 to 2.625
90 2.608 to 3.142 2.685 to 2.783
95 2.911 to 4.329 3.422 to 3.651 ;

Mean = 1.738

:
L

__ -.% _ . - w. - . _ . _ _ _ _ . _ _ _ _ _ _ _ . . . _ _
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Tchie A-32. Uncertainty distribution for decontamination for invessel release during bubble rise ,

. from a 'T' quencher 200 cm deep

Values of log 10 DF(rise)
characteristic of the indicated percentile <

at a confidence level, C, of
|

Percentile C = 90% C = 50%

5 0.0528 to 0.115 0.0693 to 0.100
10 0.113 to 0.184 0.119 to 0.163
15 0.153 to 0.225 0.184 to 0.206
20 0.1% to 0.281 0.210 to 0.258
25 0.231 to 0.320 0.272 to 0.300

30 0.280 to 0.390 0.311 to 0.358
w 35 0.314 to 0.457 0.368 to 0.407
0 40 0.377 to 0.523 0.410 to 0.474

45 0.423 to 0.575 0.482 to 0.527
50 0.500 to 0.684 0.534 to 0.5%

'

55 0.569 to 0.802 0.5% to 0.713
60 0.640 to 0.930 0.719 to 0.850 :

65 0.757 to 1.077 0.855 to 0.988 !

70 0.889 to 1.2% 0.999 to 1.140 (
75 1.052 to 1.414 1.142 to 1.344 :

i80 1.294 to 1.704 1.363 to 1.629
85 1.474 to 2.154 1.640 to 1.955
90 1.8% to 2.650 2.077 to 2.317 j7

c: 95 2.384 to 3.834 2.822 to 3.155 '

W '

$ Mean = 0.932 >
Fi E
n 8
b @
$ > !

:

..
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@ Table A-33. Uncertainty distribution for total invessel release decontamination after passing ,$.8 through a 'T' quencher 200 cm deep
*s >
b
$ Values ofloggg DF(total)

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
5 0.707 to 1.055 0.915 to 1.021
10 1.034 to 1.2% 1.107 to 1.177
15 1.173 to 1.417 1.279 to 1.384
20 1.346 to 1.536 1.405 to 1.500
25 1.424 to 1.648 1.516 to 1.581

30 1.534 to 1.854 1.595 to 1.766
w 35 1.624 to 1.972 1.793 to 1.8858 40 1.840 to 2.099 1.900 to 1.997

45 1.944 to 2.2528 2.004 to 2.164
50 2.031 to 2.432 2.167 to 2.302
55 2.213 to 2.636 2.302 to 2.587
60 2.371 to 2.846 2.589 to 2.708
65 2.603 to 3.127 2.709 to 2.876
70 2.816 to 3.336 2.878 to 3.181
75 3.116 to 3.510 3.230 to 3.367
80 3.328 to 4.041 3.400 to 3.769
85 3.556 to 4.613 3.964 to 4.122
90 4.077 to 5.388 4.425 to 5.105 4

95 5.250 to 7.532 5.787 to 6.524

Mean = 2.670

,

. . _ . , ., ,y --
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Tr_ble A-34. Uncertainty distribution for mem particle size cf invessel release r3ter flow through
a 'T* quencher 200 cm deep

Values of d,( m)
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%
5 0.124 to 0.153 0.132 to 0.144
10 0.147 to 0.180 0.157 to 0.168
15 0.166 to 0.1% 0.180 to 0.185
20 0.183 to 0.220 0.190 to 0.204
25 0.198 to 0.239 0.207 to 0.227

30 0.216 to 0.255 0.230 to 0.243
w 35 0.237 to 0.276 0.245 to 0.2620 40 0.250 to 0.3% 0.262 to 0.282

45 0.266 to 0.325 0.285 to 0.313
50 0.291 to 0.363 0.313 to 0.331

55 0.321 to 0.378 0.332 to 0.367
60 0.349 to 0.393 0.367 to 0.382
65 0.372 to 0.437 0.382 to 0.405
70 0.387 to 0.495 0.409 to 0.447
75 0.424 to 0.545 0.454 to 0.507

80 0.489 to 0.617 0.518 to 0.571
85 0.552 to 0.695 0.591 to 0.646
90 0.634 to 0.771 0.689 to 0.7347

c 95 0.740 to 1.100 0.826 to 0.983
$
a Mean = 0.330 pm >b $? 8.S w
d' >

. __ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ - _ - .-
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Table A-35. Uncertainty distribution for the geometric standard deviation of invessel release after passing h8 through a 'T* quencher 200 cm deep

|c >
b
$ Values of a

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
5 1.001 to 1.008 1.001 to 1.004
10 1.010 to 1.034 1.014 to 1.026
15 1.025 to 1.070 1.033 to 1.046
20 1.043 to 1.097 1.059 to 1.079
25 1.072 to 1.135 1.084 to 1.107
30 1.092 to 1.178 1.115 to 1.147w 35 1.126 to 1.235 1.149 to 1.183S 40 1.164 to 1.302 1.186 to 1.256
45 1.215 to 1.346 1.259 to 1.310
50 1.274 to 1.413 1.311 to 1.370
55 1.319 to 1.436 1.374 to 1.417
60 1.391 to 1.514 1.417 to 1.460
65 1.428 to 1.562 1.462 to 1.522
70 1.498 to 1.594 1.533 to 1.572
75 1.543 to 1.632 1.578 to 1.612
80 1.591 to 1.690 1.618 to 1.651
85 1.637 to 1.733 1.658 to 1.715
90 1.709 to 1.774 1.730 to 1.761
95 1.766 to 1.863 1.782 to 1.841 >

Mean = 1.333 *

,

_ _ _ _ _ . - _ _ _ _ _ _ - _ _ _ _ _ _ _ _
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Tchle A-36. Uncertrinty distribution for decontamination of invessel release materid by bubble
formation and equilibration at a 'T' quencher 300 cm deep ;

i

Values of logie DF(FE)
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.442 to 0.691 0.533 to 0.611 ,

10 0.693 to 0.860 0.779 to -.331 [
15 0.847 to 0.982 0.882 to 0.927 !

20 0.924 to 1.089 0.980 to 1.031 !

25 1.019 to 1.226 1.082 to 1.158 {

30 1.133 to 1.254 1.194 to 1.238
to 35 1.230 to 1.343 1.246 to 1.304 :

8 40 1.273 to 1.381 1.312 to 1.351 ,

45 1.345 to 1.472 1.362 to 1.401 i

50 1.385 to 1.524 1.414 to 1.4%
'

55 1.477 to 1.606 1.509 to 1.548
60 1.528 to 1.714 1.572 to 1.690
65 1.637 to 1.857 1.699 to 1.764
70 1.742 to 1.983 1.807 to 1.915 [
75 1.906 to 2.183 1.946 to 2.059 i

80 2.056 to 2.433 2.115 to 2.292
85 2.292 to 2.821 2.406 to 2.692 i

90 2.756 to 3.272 2.876 to 3.0727
C 95 3.285 to 4.083 3.478 to 3.698
M

$ Mean = 1.708 ;>

e e
S > j

i

I
_
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h Table A-37. Uncertainty distribution for decontamination of invessel release during bubble rise h
B from a 'T' quencher 300 cm deep >
?
E
g Values of log 10 DF(rise)

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.110 to 0.178 0.121 to 0.160
10 0.179 to 0.276 0.225 to 0.257
15 0.269 to 0.330 0.281 to 0.310
20 0.308 to 0.405 0.330 to 0.377
25 0.370 to 0.454 0.3% to 0.432

30 0.419 to 0.487 0.448 to 0.469
A 35 0.465 to 0.572 0.481 to 0.5508 40 0.504 to 0.676 0.554 to 0.620

45 0.582 to 0.759 0.643 to 0.715
50 0.682 to 0.849 0.734 to 0.794

55 0.764 to 0.945 0.821 to 0.885
60 0.860 to 1.046 0.900 to 0.975
65 0.960 to 1.263 0.990 to 1.126
70 1.070 to 1.482 1.240 to 1.328
75 1.294 to 1.794 1.444 to 1.620

80 1.581 to 2.289 1.742 to 2.002
85 1.998 to 2.648 2.256 to 2.469
90 2.505 to 3.197 2.658 to 2.936
95 3.209 to 4.813 3.438 to 4.409

Mean = 1.205
1

i

l

- _ _ _ _ _ _ _ _ _ - -
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Table A-38. Uncertainly distribution for total decontamination of invessel release material after passing
through a *T* quencher 300 cm deep r

Values of log 10 DF(total)
- !

'

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.805 to 1.160 0.892 to 1.097
10 1.163 to 1.346 1.219 to 1.294 |

15 1.305 to 1.473 1.354 to 1.438 !

20 1.435 to 1.620 1.473 to 1.544 ;

25 1.524 to 1.809 1.610 to 1.700 ;

f30 1.685 to 1.957 1.727 to 1.885
a 35 1.841 to 2.087 1.894 to 2.021 :

8 40 1.988 to 2.216 2.052 to 2.123 I

45 2.092 to 2.381 2.162 to 2.300 [
50 2.264 to 2.492 2.331 to 2.440 |

,

55 2.395 to 2.692 2.464 to 2.548 |
60 2.508 to 2.886 2.591 to 2.740 ;

65 2.706 to 3.178 2.782 to 2.966 I

70 2.922 to 3.416 3.067 to 3.278 r

75 3.238 to 4.037 3.364 to 3.701 !
t

80 3.529 to 4.552 3.898 to 4.250 !

85 4.247 to 5.187 4.543 to 4.740 !

90 4.866 to 6.113 5.295 to 5.457 f7
g 95 6.126 to 8.004 6.348 to 6.754 j

! h Mean = 2.914 >
Ps a iC @ -

b $ la >
|
!
!
!

._ ______ _____ _ ____ - __________-_--
-
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a Table A-39. Uncertainty distribution for the mean particle size of invessel release material after passing g
i:5 through a *T* quencher 300 cm deep >:c
b
3 Values of d,(pm)

characteristic of the indicated percentile
at a confidence level, C, of 1

Percentile C = 90% C = 50%
'

5 0.100 to 0.147 0.135 ro 0.141
10 0.147 to 0.166 0.152 to 0.160
15 0.161 to 0.180 0.169 to 0.175
20 0.175 to 0.1% 0.179 to 0.192
25 0.189 to 0.208 0.1% to 0.202 .

30 0.199 to 0.224 0.205 to 0.216
A 35 0.211 to 0.236 0.221 to 0.2300 40 0.227 to 0.259 0.232 to 0.249

45 0.241 to 0.275 0 255 to 0.264
'

50 0.260 to 0.299 0.268 to 0.281

55 0.275 to 0.327 0.285 to 0.313
60 0.303 to 0.348 0.321 to 0.336

|65 0.329 to 0.369 0.341 to 0.360
70 0.356 to 0.390 0.366 to 0.378
75 0.370 to 0.423 0.383 to 0.409

80 0.397 to 0.459 0.420 to 0.440
85 0.440 to 0.536 0.457 to 0.507
90 0.517 to 0.655 0.544 to 0.603
95 0.656 to 0.873 0.704 to 0.812

'

Mean = 0.289 pm ,

!

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _- --_ _. , , . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _
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Ttble A-40. Uncert:Jnty distribution for tb geometric standard deviation cf invessel release material after
~

passing through a "I" quencher 300 cm deep

Values of a
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%

5 1.001 to 1.006 1.002 to 1.003
10 1.007 to 1.026 1.011 to 1.019

,

15 1.020 to 1.052 1.027 to 1.034 |
20 1.034 to 1.103 1.051 to 1.079 ;
25 1.077 to 1.141 1.096 to 1.119 [
30 1.111 to 1.178 1.136 to 1.155
35 1.146 to 1.221 1.169 to 1.199 s

'

A 40 1.181 to 1.292 1.215 to 1.264
8 45 1.233 to 1.331 1.274 to 1.312

50 1.295 to 1.370 1.322 to 1.348 '

55 1.336 to 1.427 1.355 to 1.391 !

60 1.381 to 1.479 1.413 to 1.454
65 1.435 to 1.526 1.463 to 1.4%
70 1.489 to 1.553 1.515 to 1.535
75 1.529 to 1.586 1.546 to 1.561 !

!80 1.559 to 1.639 1.580 to 1.617
85 1.616 to 1.707 1.638 to 1.666 j

90 1.678 to 1.744 1.709 to 1.722 L

95 1.745 to 1.844 1.773 to 1.821 (z
h Mean = 1.324
O >
5 3? a
S & L

$ >
|

!
l
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h Table A-41. Uncertainty distribution for the decontsmination of invessel release material during formation i

and equilibration of bubbles at a *T* quencher 500 cm deep j
9 *

b Values of logie DF(FE)
$ characteristic of the m' dr~ ated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.468 to 0.608 0.518 to 0.560
10 0.611 to 0.713 0.654 to 0.694
15 0.698 to 0.886 0.726 to 0.804
20 0.802 to 1.000 0.884 to 0.%9
25 0.955 to 1.119 0.988 to 1.062

30 1.038 to 1.1% 1.098 to 1.157
35 1.137 to 1.268 1.180 to 1.246
40 1.215 to 1.351 1.254 to 1.313g
45 1.287 to 1.420 1.327 to 1.384
50 1.358 to 1.494 1.393 to 1.462

55 1.436 to 1.611 1.478 to 1.531
60 1.504 to 1.686 1.561 to 1.630
65 1.617 to 1.778 1.653 to 1.724
70 1.706 to 1.686 1.744 to 1.833
75 1.809 to 1.891 1.851 to 1.982

80 1.978 to 2.179 2.013 to 2.118
85 2.117 to 2.332 2.178 to 2.278
90 2.294 to 2.616 2.361 to 2.506
95 2.624 to 3.419 2.820 to 3.092

Mean .= 1.558
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Ttble A-42. Uncertainty distribution for the decont:minition of invessel release during bubble rise
from a 'T' quencher 500 cm deep

i

Values of log 10 DF(rise) t

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.205 to 0.316 0.214 to 0.277 >

10 0.318 to 0.405 0.352 to 0.383
15 0.388 to 0.509 0.416 to 0.453 !

20 0.444 to 0.571 0.507 to 0.554
'

25 0.547 to 0.691 0.566 to 0.648

30 0.622 to 0.736 0.674 to 0.711
g 35 0.701 to 0.903 0.728 to 0.794
u 40 0.750 to 1.025 0.843 to 0.%8

45 0.925 to 1.169 0.979 to 1.081
50 1.040 to 1.288 1.095 to 1.233

55 1.185 to 1.4% 1.262 to 1.368
60 1.301 to 1.687 1.412 to 1.585
65 1.512 to 1.838 1.628 to 1.752
70 1.710 to 2.061 1.790 to 1.888 ;

75 1.875 to 2.476 2.008 to 2.291
,

!80 2.269 to 3.121 2.440 to 2.662
85 2.654 to 3.642 3.111 to 3.419
90 3.462 to 4.491 3.677 to 4.1697 ,

C 95 4.522 to 5.621 4.842 to 5.270 !

W i

$ Mean = 1.678 >
N 3 Iw a
b k !

10 >

.
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_ Table A-43. Uncertainty distribution for the total decontamination of invessel release material after passing [o- ,

8 through a 'T' quencher 500 cm deep >? t

9
$ Values of log 10 DF(total) L

characteristic of the indicated percentile ;

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.854 to 1.118 0.937 to 1.055
10 1.119 to 1.420 1.220 to 1.310

'

15 1.362 to 1.628 1.443 to 1.558
320 1.554 to 1.809 1.626 to 1.725

25 1.6% to 1.956 1.793 to 1.901

30 1.864 to 2.097 1.942 to 2.004 f'g 35 1.997 to 2.279 2.046 to 2.148 L* 40 2.125 to 2.458 2.223 to 2.338
45 2.305 to 2.690 2.385 to 2.570
50 2.516 to 2.862 2.643 to 2.739

55 2.700 to 3.099 2.784 to 2.958
60 2.894 to 3.289 2.999 to 3.197

'

65 3.143 to 3.490 3.229 to 3.400
70 3.300 to 3.810 3.456 to 3.601
75 3.570 to 4.417 3.748 to 4.121

,

80 4.084 to 5.277 4.224 to 4.743
85 4.722 to 5.811 5.272 to 5.420

,

90 5.597 to 7.200 6.227 to 6.888
95 7.225 to 8.552 7.425 to 7.894 i

Mean = 3.235

- _ _ _ - - _ _ _ _ - . _ _ _
- - . . . -_-. -_--____--- _
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Tr.ble A-44. Uncertainty distribution for the unan particle size of invessel release riter passing through ;
e 'T* quencher 500 cm deep

'

Values of d,(pm)
characteristic of the indicated percentile

at a confidence level, C, of
t

Percentile C = 90% C = 50%

5 0.114 to 0.138 0.122 to 0.130 i

10 0.138 to 0.154 0.144 to 0.150
t

15 0.150 to 0.169 0.155 to 0.159
20 0.159 to 0.185 0.169 to 0.179 5

25 0.176 to 0.207 0.182 to 0.193

30 0.188 to 0.221 0.198 to 0.212
,

g 35 0.210 to 0.231 0.216 to 0.226
4 40 0.222 to 0.243 0.228 to 0.238

45 0.231 to 0.256 0.242 to 0.248
50 0.244 to 0.276 0.251 to 0.265

55 0.257 to 0.291 0.267 to 0.283
60 0.279 to 0.314 0.287 to 0.302
65 0.293 to 0.339 0.307 to 0.325
70 0.321 to 0.375 0.330 to 0.358
75 0.353 to 0.409 0.366 to 0.394 i

80 0.393 to 0.452 0.408 to 0.433
85 0.433 to 0.494 0.452 to 0.478 t

90 0.482 to 0.569 0.500 to 0.5397
c 95 0.571 to 1.293 0.621 to 0.700:c
$ Mean = 0.270 pm > ,

b s?
S 8.

m-0 >
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@ Table A-45. Uncertainty distribution for the geometric standard deviation of invessel release after passing [e
|

i i:3 through a 'T' quencher 500 cm deep .>
| |c
! & '

E Values of a
^

characteristic of the indicated percentile .

at a confidence level, C, of
,

Percentile C = 90% C = 50% <

5 L0001 to 1.003 1.001 to 1.001 .

10 1.003 to 1.012 1.006 to 1.007
'

15 1.008 to 1.036 1.012 to 1.022 .

20 1.022 to 1.064 1.036 to 1.052 |
25 1.050 to 1.089 1.063 to 1.074

^

30 1.069 to 1.141 1.081 to 1.112
'

g 35 1.100 to 1.189 1.125 to 1.164 i

* 40 1.150 to 1.243 1.172 to 1.207
45 1.190 to 1.293 1.212 to 1.265 -

50 1.250 to 1.353 1.277 to 1.328

55 1.295 to 1.416 1.341 to 1.372 i
60 1.357 to 1.457 1.386 to 1.434 !

65 1.420 to 1.485 1.452 to 1.465 :

70 1.462 to 1.525 1.474 to 1.501
<

75 1.489 to 1.577 1.520 to 1.544

80 1.539 to 1.634 1.571 to 1.621 !
85 1.621 to 1.691 1.632 to 1.665
90 1.676 to 1.760 1.697 to 1.738 !

95 1.762 to 1.854 1.771 to 1.823 !
:

Mean = 1.302 ;

i

!

'

_ _ _ _ _ . _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ - . . .. .- - __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Table A-46. Uncertainty distribution for decontamination cf invessel release during bubb!c rise from a 'T' ;

quencher 700 cm deep!

|

Values of log 10 DF(rise)| .

characteristic of the indicated percentile
,

at a confidence level, C, of

Percentile C = 90% C = 50% '

,

5 0.326 to 0.468 0.425 to 0.445 |

10 0.468 to 0.573 0.505 to 0.514 |

15 0.530 to 0.671 0.580 to 0.637
,
'

20 0.631 to 0.762 0.671 to 0.702
_ _ _25 0.694 to 0.923 0.738 to 0.866

30 0.831 to 1.057 0.892 to 1.016
a 35 0.%8 to 1.169 1.048 to 1.087
8 40 1.060 to 1.312 1.090 to 1.241

45 1.187 to 1.457 1.265 to 1.351
50 1.331 to 1.695 1.387 to 1.601

55 1.473 to 2.070 1.634 to 1.852
60 1.775 to 2.286 1.937 to 2.247
65 2.156 to 2.548 2.257 to 2.369 |

'
70 2.311 to 2.835 2.438 to 2.708
75 2.573 to 3.399 2.807 to 3.148 j;
80 3.132 to 3.722 3.317 to 3.558 :

85 3.558 to 4.521 3.715 to 4.072 |
90 4.076 to 5.466 4.905 to 5.1577 ,

C 95 5.4% to 7.458 5.866 to 6.960
$o Mean = 2.185 > ,

3 o .

W
& ?c -
w >

,

I
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Table A-47. Uncertainty distribution for decontamination of invessel release by bubble formation and h |

B decontamination at a 'T' quencher 700 cm deep
:c > ;

$ Values of log 10 DF(FE)
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.498 to 0.698 0.582 to 0.646 |
10 0.706 to 0.866 0.780 to 0.803
15 0.819 to 0.972 0.870 to 0.928 -

20 0.926 to 1.057 0.971 to 1.014 ;
25 1.007 to 1.108 1.049 to 1.092

;
30 1.064 to 1.158 1.103 to 1.130 i

,e 35 1.115 to 1.3% 1.151 to 1.235o 40 1.180 to 1.372 1.281 to 1.327 !

45 1.316 to 1.475 1.346 to 1.427 t

50 1.389 to 1.546 1.456 to 1.483
,

55 1.480 to 1.618 1.498 to 1.576 [
60 1.552 to 1.707 1.588 to 1.639

;
65 1.622 to 1.792 1.659 to 1.752
70 1.732 to 1.885 1.779 to 1.852
75 1.825 to 1.991 1.872 to 1.937
80 1.898 to 2.096 1.970 to 2.061
85 2.061 to 2.357 2.088 to 2.227
90 2.277 to 2.522 2.366 to 2.399
95 2.524 to 2.764 2.573 to~2.627

Mean = 1.531

_-- -- - -



__ _ _. -. . - .. _ _ _ _ _ - _ - __ - ____ _ _ _ __ -__ _ _ _ ___ _ ___ - _ _ __ _ ___ _ _ _ -_ _ ___ _ _ _ _ _ _ _ _ - - _ _ _ _ _

Tchle A-48. Uncertainty distribution for totd decontamination of invessel release dier passing through i

e 'T' quencher 700 cm deep

!

Values of log 10 DF(total)
characteristic of the indicated percentile i

at a confidence level, C, of

Percentile C = 90% C = 50% ;

5 1.298 to 1.444 1.351 to 1.3% !
10 1.447 to 1.695 1.474 to 1.571
15 1.665 to 1.851 1.717 to 1.808
20 1.799 to 2.047 1.850 to 1.916
25 1.901 to 2.236 2.043 to 2.176 ;

30 2.134 to 2.444 2.235 to 2.388
35 2.345 to 2.599 2.425 to 2.504

3 40 2.460 to 2.803 2.524 to 2.713
,

45 2.632 to 3.155 2.778 to 2.917-

50 2.886 to 3.353 2.952 to 3.198

55 3.163 to 3.616 3.261 to 3.494
60 3.382 to 3.972 3.576 to 3.715 ,

65 3.642 to 4.317 3.867 to 4.095
70 4.035 to 4.687 4.224 to 4.353 |
75 4.334 to 5.182 4.611 to 4.931 '

,

:

80 4.905 to 5.535 5.155 to 5.259 !

85 5.248 to 6.666 5.535 to 6.129 |
90 6.366 to 7.348 6.777 to 7.239
95 7.360 to 9.838 7.919 to 9.084 ;7

h Mean = 3.716 !m ,

h d i

9 3 !
e 2 :

a >
.

1
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$ Table A-49. Uncertainty distribution for the mean particle size of invessel release after passing through h8 a 'T' quencher 700 cm deep y
:e
b 5g Values of d

characteristic of the inSc(gm)ated percentile '

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.111 to 0.127 0.117 to 0.122
10 0.127 to 0.143 0.128 to 0.141
15 0.141 to 0.158 0.146 to 0.151
20 0.150 to 0.167 0.158 to 0.161 :

25 0.161 to 0.179 0.166 to 0.175

30 0.171 to 0.200 0.179 to 0.187
3 35 0.183 to 0.214 0.191 to 0.209
9 40 0.201 to 0.230 0.213 to 0.222

45 0.216 to 0.248 0.225 to 0.240
50 0.233 to 0.260 0.245 to 0.251

55 0.249 to 0.288 0.257 to 0.265
60 0.264 to 0.304 0.267 to 0.295 i

65 0.292 to 0.326 0.302 to 0.311
70 0.305 to 0.351 0.319 to 0.334
75 0.332 to 0.388 0.342 to 0.369

80 0.368 to 0.431 0.387 to 0.405
85 0.404 to 0.473 0.431 to 0.462
90 0.464 to 0.617 0.476 to 0.537
95 0.618 to 0.879 0.665 to 0.859 '

Mean = 0.258 m

!

-
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Table A-50. Uncertainty distribution for the stand 2d deviation of invessel release dier passing
through a 'T' quencher 700 cm deep

Values of er
characteristic of the indicated percentile

at a cop!!dence level, C, of

Percentile C = 90% C = 50%

5 1.0001 to 1.001 1.0002 to 1.0005
10 1.002 to 1.012 1.002 to 1.005
15 1.010 to 1.029 1.015 to 1.020
20 1.212 to 1.045 1.029 to 1.036
25 1.035 to 1.060 1.043 to 1.053

30 1.052 to 1.094 1.057 to 1.076
3 35 1.067 to 1.122 1.087 to 1.113
w 10 1.101 to 1.149 1.118 to 1.138

45 1.125 to 1.231 1.139 to 1.167
50 1.154 to 1.269 1.204 to 1.245

55 1.235 to 1.359 1.247 to 1.335
60 1.275 to 1.400 1.344 to 1.377
65 1.368 to 1.427 1.388 to 1.417
70 1.410 to 1.477 1.425 to 1.442
75 1.440 to 1.495 1.475 to 1.486

80 1.484 to 1.542 1.489 to 1.533
85 1.533 to 1.5% 1.542 to 1.576
90 1.540 to 1.661 1.597 to 1.644y,

C 95 1.662 to 1.738 1.681 to 1.694W
$ Mean = 1.254 >
h Ex 8
b &
12 >

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -.
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@ Table A-51. Uncertainty distribution for decontamination of invessel release material during bubble h
B formation and equilibration at an 'X' quencher 100 cm deep y
:c
h
$ Values of log 10 DF(FE)

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.660 to 0.853 0.723 to 0.821
10 0.852 to 0.949 0.872 to 0.898
15 0.904 to 1.159 0.983 to 1.108
20 1.105 to 1.258 1.154 to 1.226
25 1.217 to 1.390 1.240 to 1.324 *

| 30 1.297 to 1.474 1.366 to 1.432
3 35 1.393 to 1.562 1.445 to 1.498
* 40 1.480 to 1.661 1.538 to 1.589

45 1.567 to 1.761 1.609 to 1.683
50 1.600 to 1.846 1.694 to 1.794

55 1.762 to 1.941 1.822 to 1.866
60 1.847 to 2.050 1.879 to 1.975 i

65 1.950 to 2.171 2.201 to 2.103
70 2.067 to 2.337 2.132 to 2.228

,

75 2.195 to 2.492 2.279 to 2.395

80 2.359 to 2.766 2.460 to 2.615 -

85 2.594 to 3.035 2.763 to 2.854
90 2.859 to 3.467 3.040 to 3.276
95 3.460 to 4.692 3.603 to 4.076 '

Mean = 1.%1 t

.

_ _ . _ . _ _ _ _ _ _ _ . _ . _ . _ _ _ _ _ _ _ . _
- r -+ r ~ _ . _.___ _ _ _ . . _ _ ._ .._ _.._-
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Tr.ble A-52. Uncerte.inty distribution for decontamination of invessel release material during bubble rise
from an *X* quencher 100 cm deep

,

Values of log 10 DF(rise) ,

characteristic of the indicated percentile j
at a confidence level, C, of

;

Percentile C = 90% C = 50%

5 0.0299 to 0.0556 0.0343 to 0.0493 [

10 0.0566 to 0.0813 0.0574 to 0.0705
15 0.0716 to 0.109 0.0821 to 0.0946 ;

20 0.0927 to 0.135 0.107 to 0.122 ;

25 0.120 to 0.154 0.127 to 0.147 !

30 0.142 to 0.182 0.151 to 0.168 |
* 35 0.163 to 0.209 0.174 to 0.195 t

!E 40 0.189 to 0.240 0.198 to 0.227
;
'

45 0.212 to 0.277 0.233 to 0.256
"

50 0.245 to 0.325 0.269 to 0.303

55 0.277 to 0.358 0.308 to 0.335
60 0.327 to 0.424 0.343 to 0.381 f

65 0.358 to 0.467 0.400 to 0.440 i

70 0.429 to 0.523 0.449 to 0.477
7

75 0.472 to 0.700 0.501 to 0.590 ;

80 0.582 to 0.834 0.654 to 0.756
85 0.752 to 1.086 0.825 to 1.017
90 1.027 to 1.261 1.114 to 1.2067 ,

C 95 1.254 to 1.812 1.455 to 1.760 t

$
o Mean = 0.468 >
8 j !

? g i
S sr f

0 > !
!
;

l

I i
_ -, -. _

_ _ - - - - - -
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Table A-54. Uncertainty distribution for the mean particle size of invessel release material after passing t

through an "X' quencher 100 cm deep

!
Values of d (pm)

characteristic of the in8Kated percentile
at a confidence level, C, of :

Percentile C = 90% C = 50% ;

5 0.128 to 0.156 0.138 to 0.147 ,

10 0.156 to 0.171 0.158 to 0.166

15 0.167 to 0.192 0.172 to 0.184

20 0.183 to 0.216 0.192 to 0.201 ;

25 0.197' to 0.226 0.209 to 0.217 '[

30 0.214 to 0.241 0.223 to 0.232

A 35 0.229 to 0.258 0.234 to 0.248 !

U 40 0.242 to 0.269 0.249 to 0.261 I
'

45 0.258 to 0.290 0.265 to 0.276

50 0.270 to 0.316 0.279 to 0.305

55 0.291 to 0.337 0.307 to 0.323

60 0.318 to 0.361 0.329 to 0.348 i

65 0.339 to 0.390 0.352 to 0.369 ;

70 0.365 to 0.418 0.376 to 0.400 |

75 0.392 to 0.438 0.407 to 0.430 j
'

80 0.437 to 0.493 0.437 to 0.467

85 0.464 to 0.552 0.490 to 0.531

90 0.534 to 0.633 0.553 to 0.589
'

2
C 95 0.628 to 0.828 0.694 to 0.769

$ Mean = 0.302 pm >o "
s

i

e-m *. ;

- > ,

*
.

I

i
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Table A-55. Uncertainty distribution for the geometric standard deviation of invessel release material after passing f.B through an 'X' quencher 100 cm deep

:c >
$
$ Values of er

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
5 1.002 to 1.007 1.003 to 1.006
10 1.007 to 1.055 1.023 to 1.043
15 ~1.044 to 1.091 1.057 to 1.072
20 1.071 to 1.141 1.090 to 1.125
25 1.115 to 1.201 1.133 to 1.163
30 1.151 to 1.255 1.189 to 1.230g 35 1.209 to 1.304 1.237 to 1.269* 40 1.262 to 1.358 1.281 to 1.32545 1.310 to 1.390 1.331 to 1.37650 1.359 to 1.422 1.380 to 1.412
55 1.390 to 1.463 1.415 to 1.43760 1.423 to 1.526 1.447 to 1.50365 1.470 to 1.550 1.515 to 1.53770 1.527 to 1.611 1.543 to 1.57275 1.558 to 1.653 1.599 to 1.626
80 1.621 to 1.697 1.652 to 1.67485 1.670 to 1.782 1.6% to 1.73490 1.745 to 1.849 1.784 to 1.80695 1.849 to 1.940 1.885 to 1.923

!

Mean = 1.376

i
i

__. . _ _ _ _ - _ - - - - - _ . _
_ .- -
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Ttble A-56. Uncertainty distribution for decontamination during bubble formation and equilibration ofinvessel
'

rrclease through cn *X* quencher 200 cm deep

Values oflog10 DF(FE)
characteristic of the indicated percentile

at a confidence level, C, of
<

Percentile C = 90% C = 50% ;

5 0.630 to 0.822 0.700 to 0.747
10 0.823 to 0.944 0.863 to 0.897 ;

15 0.912 to 1.127 1.009 to 1.095 |

20 1.094 to 1.242 1.127 to 1.164
25 1.160 to 1.365 1.237 to 1.324

30 1.306 to 1.424 1.343 to 1.399
35 1.387 to 1.487 1.417 to 1.441

A 40 1.430 to 1.575 1.463 to 1.543
E 45 1.502 to 1.667 1.558 to 1.610 t

50 1.587 to 1.759 1.638 to 1.710

55 1.674 to 1.843 1.734 to 1.7%
60 1.772 to 1.966 1.816 to 1.900

'

65 1.867 to 2.096 1.941 to 2.032

70 1.974 to 2.215 2.073 to 2.155

75 2.137 to 2.382 2.188 to 2.308
'

80 2.279 to 2.687 2.349 to 2.548
'

85 2.547 to 3.058 2.681 to 2.886

90 2.958 to 3.592 3.085 to 3.277

95 3.630 to 5.406 4.019 to 4.766
7

$ Mean = 1.169
>O

es a
8:=

$D @
>a

___ _. ___



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ .

Z
E >

k$ Table A-57. Uncertainty distribution for decontamination ofinvessel release during rise from an 'X' quencher
B 200 cm deep f.
? >
D
u,

Values of log 10 DF(rise)w

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
5 0.0539 to 0.105 0.0832 to 0.0958
10 0.106 to 0.158 0.130 to 0.139
15 0.142 to 0.1% 0.162 to 0.18420 0.184 to 0.234 0.195 to 0.22025 0.217 to 0.288 0.233 to 0.253

,

30 0.246 to 0.351 0.275 to 0.314
'

3 35 0.302 to 0.422 0.331 to 0.393o 40 0.372 to 0.467 0.408 to 0.442 !-45 0.432 to 0.522 0.454 to 0.50350 0.481 to 0.582 0.518 to 0.546 '

55 0.526 to 0.700 0.556 to 0.61360 0.589 to 0.788 0.664 to 0.726
;

65 0.709 to 0.943 0.746 to 0.866 "

70 0.825 to 1.071 0.906 to 1.011 I75 0.995 to 1.314 1.041 to 1.152
80 1.149 to 1.476 1.281 to 1.373 i85 1.371 to 1.838 1.475 to 1.71590 1.748 to 2.255 1.916 to 2.11395 2.265 to 3.523 2.615 to 3.018

Mean = 0.880 ;

!

|

_ . _ _ _ _ _ _ _ _ _ _ _
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Table A-58. Uncertainty distribution for the total invessel release decontamination titer passing through
an 'X* quencher 200 cm deep

Values of log 10 DF(total)
characteristic of the indicated perrentile |

Iat a confidence level, C, of

Percentile C = 90% C = 50%
.

5 0.835 to 1.122 0.881 to 1.094 i

10 1.126 to 1.324 1.188 to 1.258

15 1.282 to 1.472 1.370 to 1.426 ;
I

20 1.425 to 1.646 1.471 to 1.583

25 1.566 to 1.790 1.638 to 1.730

30 1.708 to 1.894 1.777 to 1.844 i

* 35 1.813 to 2.037 1.860 to 1.958
0 40 1.928 to 2.179 1.998 to 2.097

45 2.060 to 2.285 2.118 to 2.241 ;

50 2.217 to 2.487 2.254 to 2.348 [

55 2.300 to 2.643 2.416 to 2.548

60 2.514 to 2.834 2.577 to 2.751

65 2.674 to 2.956 2.805 to 2.887

70 2.854 to 3.270 2.928 to 3.1(4 .

75 3.055 to 3.687 3.194 to 3.465 (
80 3.414 to 4.115 3.627 to 3.888

85 3.885 to 4.993 4.074 to 4.770 ,

90 4.903 to 6.058 5.041 to 5.359 *

7
C 95 6.078 to 7.777 6.802 to 7.161
W

f$ Mean = 2.832 >
'e

s
'

S
e *
- > >

$
!

!
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$ A
o B. '.8 Table A-59. Uncertainty distribution for the mean particle size after passing through an 'X* quencher

g- ,

y 200 cm deep
y ;

i

Values of d,(pm)
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%
.

5 0.111 to 0.140 - 0.122 to 0.134 ;10 0.141 to 0.167 0.151 to 0.162
15 0.163 to 0.183 0.168 to 0.176

,

20 0.176 to 0.197 0.183 to 0.189
|25 0.186 to 0.212 0.195 to 0.204

A 300 0.202 to 0.228 0.207 to 0.223
35 0.219 to 0.245 0.226 to 0.234
40 0.230 to 0.260 0.239 to 0.252
45 0.245 to 0.281 0.255 to 0.268
50 0.262 to 0.309 0.272 to 0.297

,

55 0.285 to 0.326 0.304 to 0.319
60 0.311 to 0.347 0.321 to 0.336
65 0.327 to 0.373 0.342 to 0.358

;

|70 0.355 to 0.401 0.370 to 0.381 !75 0.377 to 0.442 0.3% to 0.414
,!80 0.410 to 0.511 0.439 to 0.475

85 0.474 to 0.589 0.510 to 0.55690 0.564 to 0.691 0.601 to 0.651 !95 0.692 to 0.898 0.726 to 0.797

Mean = 0.293 gm
t

I

_ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ - _ . . .-
- - . - . .. -- - _ - _ _ _ - _ _ _ _ _ - _ _ _ .
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Ttbie A-60. Uncertr_inty distribution for the geometric standard deviation of invessel release r3ter passing ;

through an *X* qaular 200 cm deep |

Values of a
characteristic of the indicated percentile ;

at a confidence level, C, of !

Percentile C = 90% C = 50% :
<

5 1.0005 to 1.002 1.001 to 1.002 i

10 1.002 to 1.019 1.005 to 1.010 |

15 1.011 to 1.053 1.022 to 1.041 |

20 1.040 to 1.101 1.053 to 1.075
.

25 1.067 to 1.135 1.099 to 1.120 [
,

30 1.109 to 1.180 1.133 to 1.166

35 1.151 to 1.228 1.173 to 1.200 [

* 40 1.184 to 1.298 1.212 to 1.257
0 45 1.242 to 1.344 1.278 to 1.322

'

50 1.301 to 1.388 1.329 to 1.362

55 1.347 to 1.436 1.373 to 1.406

60 1.392 to 1.476 1.419 to 1.446

65 1.441 to 1.508 1.461 to 1.487 .'

!

70 1.485 to 1.552 1.494 to 1.538

75 1.532 to 1.608 1.546 to 1.575 |

80 1.571 to 1.644 1.591 to 1.624 I
[

85 1.624 to 1.697 1.642 to 1.673'

90 1.688 to 1.776 1.698 to 1.745

95 1.778 to 1.872 1.797 to 1.835
2 .

'

C Mean = 1.330 {g >O

L .

_6
,-

" > |

i

f

!
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$ Table A-61. Uncertainty distribution for the decontamination of invessel release by bubble formation and $.
F3 equilibration at an *X' quencher 300 cm deep $W
b
$ Values oflog10 DF(FE)

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
5 0.591 to 0.7% 0.655 to 0.748
10 0.785 to 0.897 0.829 to 0.862
15 0.861 to 1.018 0.8% to 0.971
20 0.928 to 1.134 0.994 to 1.089
25 1.061 to 1.233 1.110 to 1.173
30 1.142 to 1.339 1.184 to 1.263

3 35 1.232 to 1.458 1.271 to 1.395* 40 1.321 to 1.542 1.402 to 1.487
45 1.453 to 1.588 1.500 to 1.555
50 1.530 to 1.674 1.558 to 1.602
55 1.580 to 1.774 1.618 to 1.698
60 1.662 to 1.848 1.716 to 1.792
65 1.766 to 1.992 1.803 to 1.91170 1.832 to 2.159 1.924 to 2.04675 1.991 to 2.421 2.129 to 2.257
80 2.169 to 2.660 2.302 to 2.504
85 2.464 to 2.918 2.577 to 2.75390 2.750 to 3.337 2.912 to 3.192

,

95 3.311 to 4.108 3.422 to 3.966

Mean = 1.805

- - _ - - _ _ - _ - _ - - _ _ _ - - - _
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Table A-62. Uncertr.inty distribution for decontrminition of invessel release material during bubble rise
from an 'X' quencher 300 cm deep

Values of log 10 DF(rise)
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.0669 to 0.168 0.0878 to 0.149

10 0.158 to 0.233 0.173 to 0.211

15 0.208 to 0.319 0.232 to 0.278
'

20 0.269 to 0.381 0.310 to 0.344

25 0.332 to 0.457 0.351 to 0.416 |

30 0.392 to 0.543 0.432 to 0.512

35 0.457 to 0.646 0.523 to 0.559

40 0.541 to 0.731 0.604 to 0.666 !

3
u 45 0.636 to 0.810 0.670 to 0.751 1

!

50 0.703 to 0.881 0.760 to 0.837

55 0.790 to 0.999 0.862 to 0.932

60 0.875 to 1.177 0.941 to 1.062

65 0.988 to 1.311 1.102 to 1.207 ,

70 1.160 to 1.544 1.224 to 1.378

I 75 1.310 to 1.813 1.474 to 1.623
|

|
'

| 80 1.568 to 2.274 1.714 to 1.915

85 1.875 to 2.994 2.179 to 2.660

90 2.656 to 3.996 2.860 to 3.466
2
C 95 3.754 to 4.804 4.060 to 4.444
sc

$ Mean = 1.255 >

&e
O > [

, i

l
!

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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$ Table A-63. Uncertainty distribution for total decontamination of invessel release after passing through h8 an *X' quencher 300 cm deep
:c y
&
5 Values of W DF(total)

characteristic of the m,10dicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
5 0.845 to 1.185 0.919 to 1.015
10 1.139 to 1.434 1.212 to 1.377
15 1.353 to 1.530 1.433 to 1.497 !20 1.470 to 1.754 1.519 to 1.603
25 1.563 to 1.902 1.644 to 1.801

,

30 1.766 to 2.005 1.827 to 1.%3a 355 1.900 to 2.136 1.977 to 2.032
40 2.001 to 2.308 2.049 to 2.218 .f45 2.099 to 2.511 2.234 to 2.357
50 2.275 to 2.634 2.365 to 2.556 [
55 2.440 to 2.841 2.569 to 2.717
60 2.626 to 3.003 2.759 to 2.940 ;

.

65 2.832 to 3.308 2.960 to 3.043 !70 3.000 to 3.911 3.122 to 3.411 '

75 3.306 to 4.347 3.422 to 4.043 i
80 3.979 to 5.144 4.183 to 4.782
85 4.575 to 5.991 5.060 to 5.666 !90 5.661 to 6.522 5.973 to 6.256

|95 6.419 to 8.005 6.567 to 7.043 '

Mean = 3.060 t

:

t-

_ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _
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Table A-64. Uncertainty distribution for tile mean particle size of invessel release after Passage
through a 'X' quercher 300 cm deep

Values of d,(pm)
characteristic of the indicated percentile

at a confidence levtl, C, of

Percentile C = 90% C = 50%

5 0.108 to 0.137 0.113 to 0.125

10 0.134 to 0.158 0.142 to 0.154

15 0.152 to 0.167 0.158 to 0.161

20 0.160 to 0.181 0.162 to 0.172

25 0.171 to 0.191 0.178 to 0.184

30 0.182 to 0.211 0.186 to 0.201

35 0.191 to 0.223 0.203 to 0.214

40 0.2.10 to 0.238 0.214 to 0.226g
4 45 0.222 to 0.264 0.228 to 0.241

50 0.235 to 0.285 0.255 to 0.268

55 0.257 to 0.305 0.269 to 0.289

60 0.284 to 0.328 0.293 to 0.312

65 0.304 to 0.359 0.314 to 0.338

70 0.325 to 0.377 0.341 to 0.366

75 0.358 to 0.410 0.370 to 0.390

80 0.381 to 0.452 0.394 to 0.437

85 0.425 to 0.527 0.451 to 0.488

90 0.487 to 0.594 0.526 to 0.565

95 0.579 to 0.902 0.616 to 0.734
7

h Mean = 0.269 pm

8 >
a

Ps B:o
A &
C >
w
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h Table A-65. Uncertainty distribution for the geometric standard deviation of invessel release after passing $.
3

B through an 'X' quencher 300 cm deep *
:o >
b
$ Values of a

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
5 1.0009 to 1.007 1.0005 to 1.005
10 1.007 to 1.013 1.009 to 1.012
15 1.011 to 1.029 1.013 to 1.019
20 1.017 to 1.068 1.022 to 1.049
25 1.036 to 1.122 1.060 to 1.099
30 1.073 to 1.187 1.106 to 1.140g 35 1.121 to 1.229 1.153 to 1.208ca 40 1.180 to 1.279 1.210 to 1.244
45 1.224 to 1.352 1.252 to 1.308
50 1.273 to 1.394 1.312 to 1.376
55 1.331 to 1.441 1.377 to 1.403
60 1.388 to 1.498 1.407 to 1.463
65 1.434 to 1.529 1.467 to 1.508
70 1.497 to 1.572 1.515 to 1.543
75 1.529 to 1.630 1.551 to 1.589
80 1.578 to 1.672 1.604 to 1.645
85 1.637 to 1.732 1.653 to 1.704
90 1.703 to 1.786 1.732 to 1.748
95 1.773 to 1.962 1.810 to 1.904

Mean = 1.327
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Table A-66. Uncertainty distribution for decontamination of invessel release by bubble formation and
equilibration at an *X* quencher 500 cm deep

Values of log 10 DF(FE)
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.559 to 0.840 0.725 to 0.794
10 0.794 to 0.920 0.844 to 0.894
15 0.874 to 1.059 0.909 to 1.004
20 0.928 to 1.148 1.025 to 1.107
25 1.043 to 1.258 1.114 to 1.166

30 1.123 to 1.400 1.167 to 1.307

3 35 1.198 to 1.512 1.298 to 1.416
v) 40 1.350 to 1.547 1.413 to 1.519

45 1.461 to 1.647 1.517 to 1.558
50 1.523 to 1.706 1.552 to 1.649

55 1.574 to 1.758 1.647 to 1.730
60 1.656 to 1.939 1.719 to 1.790
65 1.732 to 2.096 1.784 to 1.954
70 1.842 to 2.186 1.954 to 2.121
75 1.976 to 2.384 2.121 to 2.220

80 2.145 to 2.638 2.245 to 2.405
85 2.359 to 2.791 2.462 to 2.692
90 2.653 to 3.248 2.746 to 2.922g

C 95 2.930 to 3.803 3.247 to 3.662
:c
$ Mean = 1.741 >
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E Table A-67. Uncertainty distribution for decontamint. tion of invessel release during bubble rise from an d
~8g *X' quencher 500 cm deep
(.O

$ Values oflog10 DF(rise)$ characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
5 0.0743 to 0.320 0.149 to 0.278
10 0.275 to 0.519 0.328 to 0.437
15 0.419 to 0.598 0.465 to 0.547
20 0.529 to 0.679 0.552 to 0.638
25 0.587 to 0.842 0.644 to 0.732
30 0.670 to 0.960 0.733 to 0 878
35 0.783 to 1.061 0.875 to 0.986g 40 0.897 to 1.211 0.981 to 1.076C 45 1.025 to 1.355 1.073 to 1.258
50 1.081 to 1.625 1.243 to 1.404
55 1.292 to 1.865 1.397 to 1.779'

60 1.418 to 2.126 1.706 to 1.902
65 1.794 to 2.448 1.894 to 2.231
70 1.931 to 2.845 2.210 to 2.526
75 2.253 to 4.014 2.533 to 3.073
80 2.744 to 5.498 3.184 to 4.234
85 3.665 to 5.922 4.438 to 5.634
90 5.530 to 6.794 5.818 to 6.167
95 6.200 to 7.416 6.784 to 7.238

Mean = 2.197
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Table A-68. Uncertainty distribution for total decontamination of invessel release after passing through
an *X* quencher 500 cm deep

Values of log 10 DF(total)
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.849 to 1.386 1.008 to 1.300
10 1.297 to 1.655 1.390 to 1.465
15 1.441 to 1.943 1.622 to 1.849
20 1.692 to 2.077 1.864 to 2.004
25 1.924 to 2.213 2.024 to 2.150

30 2.049 to 2.522 2.157 to 2.327
g 35 2.190 to 2.820 2.323 to 2.592

40 2.358 to 3.013 2.581 to 2.853-

45 2.621 to 3.214 2.838 to 3.034
50 2.875 to 3.416 3.020 to 3.269

55 3.057 to 3.776 3.260 to 3.430
60 3.290 to 3.906 3.421 to 3.799
65 3.502 to 4.289 3.783 to 3.985
70 3.855 to 5.379 3.972 to 4.388
75 4.151 to 6.613 4.398 to 5.858

80 5.036 to 7.381 5.982 to 7.178
85 6.173 to 8.488 7.213 to 7.988
90 7.524 to 8.817 8.410 to 8.6867

{ 95 8.692 to 9.642 8.812 to 9.054

$ Mean = 3.938 >
8 3
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@ Table A-69. Uncertainty distribution for the mean particle size of invessel release material after passing $.
B through an 'X' quencher 500 cm deep $m
N
$ Values of d (pm)g

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
5 0.106 to 0.136 0.112 to 0.126
10 0.126 to 0.152 0.137 to 0.141
15 0.140 to 0.165 0.146 to 0.161
20 0.153 to 0.174 0.162 to 0.168
25 0.164 to 0.191 0.169 to 0.178

30 0.172 to 0.199 0.179 to 0.194
a 35 0.183 to 0.224 0.194 to 0.205U 40 0.1% to 0.252 0.204 to 0.230

45 0.210 to 0.265 0.229 to 0.258
50 0.230 to 0.292 0.255 to 0.265

55 0.259 to 0.324 0.265 to 0.305
60 0.272 to 0.347 0.302 to 0.327
65 0.307 to 0.369 0.327 to 0.357
70 0.329 to 0.407 0.355 to 0.372
75 0.363 to 0.450 0.372 to 0.425

80 0.388 to 0.498 0.427 to 0.467
85 0.440 to 0.564 0.481 to 0.511
90 0.501 to 0.625 0.532 to 0.569
95 0.572 to 0.867 0.622 to 0.789

Mean = 0.272 pm
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Table A-70. Uncertainty distribution for the geometric standard deviation of invessel release material after
passing through an 'X* quencher 500 cm deep

Values of a
characteristic of the indicated percentile

at a confidence leve , C, of

Percentile C = 90% C = 50%

5 1.0001 to 1.0013 1.00M to 1.0009
10 1.0007 to 1.004 1.001 to 1.003
15 1.002 to 1.015 1.004 to 1.005
20 1.0M to 1.027 1.006 to 1.022
25 1.011 to 1.057 1.022 to 1.M0

30 1.024 to 1.085 1.M1 to 1.%2
g 35 1.M6 to 1.132 1.062 to 1.095
w 40 1.064 to 1.186 1.091 to 1.134

45 1.097 to 1.232 1.132 to 1.191
50 1.140 to 1.313 1.191 to 1.244

55 1.192 to 1.358 1.240 to 1.320
60 1.248 to 1.417 1.316 to 1.378
65 1.326 to 1.476 1.375 to 1.430
70 1.385 to 1.529 1.430 to 1.494
75 1.444 to 1.578 1.494 to 1.535

80 1.502 to 1.612 1.538 to 1.590
85 1.566 to 1.655 1.591 to 1.623
90 1.613 to 1.701 1.639 to 1.668g

C 95 1.670 to 1.952 1.701 to 1.855x
$ Mean = 1.260 >
N %
x 9
b $
t0 >
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@ Table A-71. Uncertainty distribution for decontamination ofinvessel release by bubble formation and
h8 equilibration at an *X' quencher 700 cm deepx >

b
b Values of log 10 DF(FE)

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
5 0.517 to 0.731 0.553 to 0.653
10 0.656 to 0.902 0.738 to 0.844
15 0.823 to 1.111 0.896 to 1.023
20 0.916 to 1.221 1.066 to 1.134'

25 1.089 to 1.298 1.144 to 1.255
30 1.208 to 1.371 1.256 to 1.329

3 35 1.267 to 1.434 1.329 to 1.393* 40 1.350 to 1.513 1.390 to 1.441
45 1.396 to 1.659 1.438 to 1.549
50 1.454 to 1.750 1.540 to 1.668
55 1.556 to 1.847 1.662 to 1.754
60 1.684 to 1.986 1.756 to 1.864
65 1.776 to 2.116 1.862 to 2.020
70 1.899 to 2.206 2.018 to 2.146
75 2.078 to 2.499 2.146 to 2.229
80 2.168 to 2.751 2.273 to 2.539
85 2.467 to 3.008 2.599 to 2.835
90 2.788 to 3.282 2.937 to 3.031
95 3.035 to 4.214 3.282 to 3.375

Mean = 1.786

|
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Table A-72. Uncertainty distribution for decontamination of invessel release during bubble rise from
an 'X' quencher 700 cm deep

Values of log 10 DF(rise)
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%

5 0.238 to 0.411 0.291 to 0.383
10 0.384 to 0.584 0.421 to 0.541
15 0.484 to 0.771 0.574 to 0.623
20 0.588 to 0.878 0.651 to 0.827
25 0.760 to 1.015 0.829 to 0.934

30 0.846 to 1.179 0.950 to 1.095
g 35 1.004 to 1.411 1.091 to 1.217
* 40 1.114 to 1.536 1.204 to 1.427

45 1.282 to 1.722 1.424 to 1.576
50 1.460 to 1.893 1.558 to 1.732

55 1.591 to 2.047 1.728 to 1.924
60 1.739 to 2.314 1.906 to 2.130
65 1.969 to 2.752 2.080 to 2.340
70 2.223 to 3.169 2.340 to 2.790
75 2.461 to 3.302 2.793 to 3.254

80 2.977 to 4.011 3.262 to 3.464
85 3.295 to 5.298 3.546 to 4.499

y 90 4.115 to 5.918 4.836 to 5.468
C 95 5.509 :o 7.485 5.934 to 6.737;c

$ Mean = 2.209 >

e e0 >
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@ Table A-73. Uncertainty distribution for total decontamination of invessel release after passing through hB an 'X' quencher 700 cm deep
n >
h
$ Values of log DF(total)

characteristic of the .10mdicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
5 1.247 to 1.545 1.383 to 1.441
10 1.442 to 1.847 1.558 to 1.746
15 1.700 to 2.077 1.780 to 1.931
20 1.897 to 2.216 1.976 to 2.122
25 2.063 to 2.728 2.128 to 2.331

30 2.152 to 2.942 2.338 to 2.767
3 35 2.597 to 3.251 2.757 to 3.061
& 40 2.856 to 3.352 3.054 to 3.238

45 3.103 to 3.556 3.268 to 3.367
50 3.306 to 3.667 3.357 to 3.587

55 3.394 to 3.947 3.572 to 3.729
60 3.602 to 4.159 3.688 to 4.036
65 3.759 to 4.620 4.028 to 4.481
70 4.049 to 4.870 4.445 to 4.680
75 4.516 to 5.395 4.690 to 4.892

80 4.825 to 6.417 4.906 to 5.676
85 5.243 to 7.337 5.847 to 6.562
90 6.454 to 9.175 6.851 to 8.026
95 8.094 to 10.000 9.181 to 9.808

Mean = 3.995
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Table A-74. Uncertainty distribution for the mean particle size of invessel release after passing through
an 'X* quencher 700 cm deep

Values of d (pm)o
characteristic of the indicated percentile

at a confidence level, C, of

Percentile C = 90% C = 50%
5 0.106 to 0.121 0.114 to 0.117
10 0.117 to 0.137 0.122 to 0.131
15 0.128 to 0.159 0.135 to 0.155
20 0.140 to 0.172 0.158 to 0.169
25 0.159 to 0.187 0.170 to 0.176
30 0.171 to 0.204 0.176 to 0.190

3 35 0.184 to 0.222 0.189 to 0.204
4 40 0.1% to 0.241 0.204 to 0.230

45 0.209 to 0.256 0.230 to 0.244
50 0.232 to 0.280 0.243 to 0.261
55 0.246 to 0.304 0.261 to C.287
60 0.262 to 0.322 0.283 to 0.308
65 0.291 to 0.356 0.307 to 0.339
70 0.311 to 0.369 0.338 to 0.360
75 0.346 to 0.394 0.360 to 0.376
80 0.367 to 0.495 0.377 to 0.422
85 0.386 to 0.515 0.431 to 0.504

g 90 0.499 to 0.616 0.510 to 0.526
C 95 0.536 to 0.882 0.617 to 0.790W
$ Mean = 0.260 m
Fi >
* %
E E.
10 sr
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Table A-75. Uncertainty distribution for the standard deviation of invessel release after passing through

8 an 'X* quencher 700 cm deep >Y
g
$ Values of a

characteristic of the indicated percentile
at a confidence level, C, of

Percentile C = 90% C = 50%
|

5 1.00001 to 1.0013 1.00004 to 1.00004
10 1.00(M to 1.006 1.0014 to 1.003
15 1.002 to 1.018 1.005 to 1.011
20 1.006 to 1.027 1.012 to 1.020
25 1.018 to 1.043 1.020 to 1.030

30 1.022 to 1.068 1.030 to 1.049
,3 35 1.035 to 1.100 1.048 to 1.075
m 40 1.054 to 1.126 1.074 to 1.111

45 1.078 to 1.169 1.109 to 1.127
.50 1.115 to 1.240 1.127 to 1.175

55 1.128 to 1.289 1.172 to 1.264
60 1.185 to 1.374 1.258 to 1.298
65 1.271 to 1.403 1.293 to 1.383
70 1.331 to 1.420 1.383 to 1.409
75 1.388 to 1.456 1.410 to 1.424

80 1.414 to 1.522 1.425 to 1.472
85 1.456 to 1.572 1.485 to 1.543
90 1.523 to 1.641 1.557 to 1.614
95 1.618 to 1.671 1.641 to 1.662

Mean = 1.21

|
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