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ABSTRACT

A postulated, scvere degraded core accident may result in failure of
the reactor vessel and the release of radicactive aerosol particles to the
containment building. Deposition of particles within the primary system and
on the walls, floors and water pools of the containment will contribute to the
decontamination of the containment atmosphere. This report first critically
examines available laboratory data on the adhesion and removal of particles
from solid surfaces by tangential flows. Next the fundamental models are
applied to the general accident behavior to assess the extent of resuspension
of deposited aerosol particles in the event of containment failure. Thirdly,
the potential for resuspension by dispersing a layer of accumulated material
is examined analytically and experimentally. Lastly, these results are
extended to the reactor primary system and containment designs analyzed in the
IDCOR program. The basic conclusion for these analyse: is that no significant
amount of material would be resuspended following either reactor vessel
failure or containment failure.
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NOMENCLATURE

Area of surface sampled in particle resuspension experiments

Flow area through hot leg and cold leg piping

Area of containment failure hole

Particle

Particle
(g cm™)

Particle
Diameter
Friction
Particle
Particle
“Choked"
Particle
Particle

Particle

concentration in containment atmosphere (g cm°3)

concentration released to the containment atmosphere

diameter

of parallel-plate channel

factor for turbulent flow (~ 0.005)

adhesion force

mass-transfer coefficient (cm s'])

flow rate through containment failure hole (g s'])

deposition mass flux (g em~? s'])

resuspension mass flux (g em? s'l)

mass collected in particle resuspension experiments

Containment or reactor vessel gas pressure

Electrostatic charge

Radiai distance from failure hole

Effective radius of failure hole

Ideal gas constant for containment gas

Containment surface area for particle deposition

Time

Containment gas temperature

Gas velocity in boundary layer or in particle bed

Gas velocity in

Mainstream gas velocity and local containment gas velocity



us Stokes velocity for levitating individual particles
Uy Sonic gas velocity at failure hole
Volume of containment building
X Closest distance from particle to surface
y Transverse coordinate measured from channel wall into the boundary
layer
z Vertical coordinate measured from containment floor

Greek Symbols

8 %gng?n-Van der Waals constant of proportionality (ergs), see Eq.
Y Ratio of specific heats of containment gas
3 Dielectric constant or particle bed porosity
< Permeability of particle bed
A Resuspension rate parameter (s'])
u Absolute viscosity of gas
o Density of gas
Pa Density of atmosphere outside containment
°p Density of particle material
oy Gas density at choking (sonic) location
g Surface tension of adsorbed film
v Kinematic viscosity of gas
X Surface concentration of deposited aerosol particles (g cm'z)
n Isothermal critical pressure ratio
Subscript
0 Refers to conditions in containment or in the vessel at the instant

of failure
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1.0 INTRODUCTION

A consideration of the potential for resuspension of deposited,
radioactive aerosol particles as a result of both reactor vessel failure and
containment failure is presented in this report. In particular, the nature of
the interaction of adhering, dry particulate on vertical and horizontal
structural surfaces produced by the depressurization through the failure
location is examined. In particular, resuspension as a result of entrainment
due to tangential flows and dispersion due to normal flows are considered and
applied to general reactor accident conditions.

Aerosol particles, radicactive or not, will attach firmly to any
surface they contact. This is one of the major characteristics that distin-
guishes them from gas molecules. In fact, all particle collection mechanisms
which form the basis for the design of industrial and residential air cleaning
apparatus rely on adhesion of particles. The adhesive forces between parti-
cles less than 10 um in thin layers and the substrate exceeds other common
forces, such as gravity and forces produced by air currents, by orders of
magnitude.

It is important to note that at present there is not a satisfactory
proccdure for reiiably predicting these forces from the physical and chemical
properties of the particles and substrate materials. However, present empiri-
cal knowledge does enable us to understand the nature of the forces involved,
as well as the variables influencing their strength. In addition, we can
calculate both the order of magnitude of these forces and the rate of particle
removal and conclude that the potential for significant resuspension due to
tangential flows (or "re-entrainment") of radioactive particles in a failed
containment building is very small,

The forces associated with dispersion of accumulated layers can be
characterized in terms of a ba:cic model. This model can be compared with
laboratory data and also extrapolated to the reactor system to determine the
potential for significant resuspension due to depressurization.
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In gen2ral, the report addresses containment conditions since these
are directly related to the atmospheric release fraction. However, the amount
of material resuspended following reactor vessel failure is also a process to
be critically examined. This is accomplished by first reviewing pertinent
experimental results and fundamental nwoaels for resuspension by tangential
flows. Next, the potenti:l for resuspension dispersing accumulated layers is
addressed through laborataory experiments and basic models. After the various
mechanisms are presented and discussed, the results are extended to the
primary system and containment conditions of interest.
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2.0 ADHESION FORCES

Several workers have noted the marked adhesion between solid sur-
faces when liquid is present between the surfaces. Bowden and Tabor [1] have
shown that the adhesion of a sphere to a plane surface with a small amount of
interposed 1iquid between the two surfaces agrees with the theoretical value

F = 2nod

~o
—

where F is the adhesion force perpendicular to the plane surface, ¢ is the
surface tension of the interposed 1iquid and d is the diameter of the sphere.
Under normal or “"dry" conditions a contact liquid film may not be present on
the plane surface or substrate. Nevertheless, most materials have adsorbed
liquid (water) molecules on their surface, and there is an attractive force
between particle and substrate because of the surface tension of the liguid
drawn into the capillary space at the point of contact. Under these dry
conditions, however, measured forces of adhesion of particles to plane sur-
faces in air are considerably lower than adhesion forces predicted by Eq.
(2.1). The force of adhesion approaches the Eq. (2.1) value at relative
humidities greater than 90%. At 80% relative humidity, for example, the force
is reduced by a factor of two [1].

Another important adhesion force is the London-Van der Waals force,
which arises because of the random movement of electrons in any material
creates instantaneous areas of charge concentration. These charge concentra-
tions induce complementary charge concentrations in neighboring material,
which result in attractive forces. Hamaker [2] and Bradley [3] derived the
following expression for the London-Van der Waals attractive force between a

sphere of diameter d and a flat plsate separated by a distance x:
d
°

where 8 is a constant of proportionality that must be determined by experi-
ment. Note that the London-Van der Waals force decreases rapidly with separa-
tion distance; its influence extends only over separation distances of several
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molecular diameters. Careful experiments performed by Oeryagin [4] and
Prosser and Kitchener [5] indicate that g ~ 10']2 erg. Clearly, in order to
apply Eq. (2.2) to the adhesion of real particles it is necessary to make
assumptions about the distance of approach of the surfaces, x. Since the
distance x depends on the scale of the surface roughness, it is difficult to
make accurate quantitative predictions of the London-Van der Waals force.

Kunkel [6] studied the electrification of particies from 1.0 to 72
um size in particulate clouds of quartz, sulfer and rice starch. All aerosols
dispersed by an air stream were found to be electrostatically charged, and
contained both negatively and positively charged particles simultaneously.
Qualitative laboratory studies by Berg and Brunetz [7] and Deryagin and Zimon
(8] indicate that the adhesive bond between a particle and a substrate is
increased when the net number of unit charges per particle increases. Presum-
ably, if the charge is localized on the surface of the particle, it will
induce a charge on the substrate surface which is equal and opposed to that it
carries. If the particle carries a charge q and is separated a distance x
from opposite charges by a dielectric medium ¢, the induced electrical force
on the particle will be

2
F= ig- (2.3)
X

The equilibrium charge carried by particles larger than 0.1 um is approximate-

ly proportional to d]/z. so that the electrostatic adhesion force, like the
surface tension and London-Van der Waals faorcer proportional to the first
power of Jiameter. Unfortunately, Eq. (7 ' 2~ nly be loosely related to
experimental measurements. While labora - atir @ [7-10] support the

large role played by electrostatics in the adhesion of  articles, Eq. (2.3)
indicates that to cause the observed behavior the charges associated with
particles would have to he very large and out of line with the average charges
on particulates in aerosc] clouds [6].

[t can be concluded from the discussion in the foregoing that the
calculation of adhesion forces of particles is approximate, at best. In air,
where adhesion forces due to electrostatic charge and adsorbed moisture
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content may be operating simultaneously, it is difficult to distinguish one
adhesion mechanism from another or to determine which force may dominate. The
difficulty in isolating adhesion forces is attested to, for example, by
spurious effects due to static charga present in experiments for evaluating
the Van der Waals constant 8 in Eq. (2.2) [11,12]. While the adhesive force
relations covered here are of limited practical value, they do show that the
strength of the bond between a particle and a substrate is proportional to the
particle diameter. Indeed, this is the form of the empirical expressions for
adhesive force.

Experimental measurements of adhesive forces are made by determining
the force required to separate a particle from a surface. These may be direct
measurements using a fiber microbalance or centrifugal force, or they may be
indirect measurements using vibration or air flows to remove the particles.

Kordecki and Orr [13] made an extensive experimental study of the
particle removal force in different particle-substrate systems. Glass, sand,
charcoal and rubber particles of 50 um diameter were used. The substrate
materials included metals, brick, enamel (painted material), glass and wood.
The force required to remove 98% of the particles from the substrates varied
from 0.3 to 10 dynes, depending on the material pair and the prevailing
relative humidity. Static charge must have been present during these measure-
ments since the forces of adhesion were higher at 10% or 50% relative humidity
than at 90% relative humidity. It is well known that insulating materials at
low humidities retain their charge.

Corn [14] used a microbalance to study the influence of particle
size on adhesion force. He found the force of adhesion between quartz or
Pyrex particles and a Pyrex substrate in air at 90% relative humidity to be
given by F = 0.015 d, where F is in dynes and d is the particle diameter in
microns. Boehm et al. [15] showed that 13-15 um starch particles were removed
with forces from 0.1-1.4 dyne. Apparently there is a dependence of adhesion
on particle size, but there is also a large scatter of adhesive force about
any one particle size. A useful expression for the adhesive force that
represents a lower bound to the measurements is given by



2-4

F = 0.0006 d (2.4)
where the force is in dynes and the particle diameter is in microns.

Equation (2.4) is based on direct measurement at 300°K. This is
below the temperature range of interest in fission product transport within
containment. Temperature could i: “luence the adhesive force by altering the
surface tension of the adsorbed st ‘ace film or by removing (“drying") the
adsorbed film. Interestingly enougn, relatively recent laboratory measure-
ments by Bhattacharya and Mittal [16] show that the heating of adhering
particles to temperatures well above the boiling temperature of the adsorbed
film material actually results in increased particle adherence. Even in the
absence of the capillary force the "dry" adhesive forces, London-Van der Waals
and electrostatic, should be unaffected by high temperatures, and order of
magnitude estimates using Egs. (2.2) and (2.3) indicate that the majority of
particles should still be heid with forces of the order of that predicted by
Eq. (2.4). In actual fact, the force of adhesion is observed to increase with
temperature due to the "softening” of the contact zone between the particle
and the surface. Polke [17] reported on the adhesion of gold particles to
various surfaces over a range of temperatures from 300 to 673°K. The adhesion
force was found to increase with increasing temperature, and a value of 50
dynes was measured at 673°K, which is three orders of magnitude greater than
the force calculated from Eq. (2.4). The adhesive force between glass parti-
cles and painted surfaces shows a dramatic increase with increasing surface
temperature [18]. The greater adhesion to painted surfaces at high tempera-
ture is simply explained as a result of surface tack. This is an important
finding as the majority of the structural surfaces in the containment building
are painted.

Figure 2.1 shows some experimental data on the adhesion of particles
in various particle-substrate systems. The measurements were made using
either a microbalance or a centrifuge. The results show that there is a large
variation in the adhesion of the same size particle in different particle-sub-
strate systems. It is clear from the figure that the adhesive forces exceed
the force due to gravity by orders of magnitude. Also, the measured forces
exceed the prediction of Eq. (2.4) by more than an order of magnitude.
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Fig. 2.1 Measured force of adhesion as a function of particle
diameter. The force exerted by gravity on particles
of specific gravity 2.0 is shown for comparison.
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The discussion in the foregoing is a summary of the work or the
adhesion of individual particles to solid substrates. It should be noted that
particles that exist in layers are also subject to cohesive forces (between
particles) which could be as important as the adhesive forces between the
particles and the surface.
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3.0 PARTICLE RESUSPENSION IN GAS FLOW

The problem of particle removal by fluid flow has received a moder-
ate amount of attention during the past 40 years and the experimental data
which exists is largely concerned with the entrainment and transportation of
relatively large particles in air and river bed flows. A convenient summary
of work in this area is presented by Raudviki [19]. Another class of problem
associated with the cleaning of soiled surfaces is concerned with the removal
of very small particles from a surface, and several laboratory studies of this
subject area are reviewed by Zimon [18]. Again, the main differenze between
these two types of problem is in the particle sizes involved. In the former
the particle difameters are ofien greater than 50 um and in the latter “"clean-
ing experiments" particles of order 1.0 um are more common, One important
point that does emerge from both sets of observations is that rather large gas
velocities must be employed to suddenly dislodge a significant number of
particles from solid surfaces.

The steady viscous flow past a small sphere adhering to a solid,
plane surface (wall) will not be symmetric, relatively stagnant conditions
will exist on the surface near the wall and "suction pressures" will be
generated on that portion of the surface of the sphere furthest from the wall.
This difference in pressure will result in a "1ift" force on the sphere normal
to the wall which opposes the adhesive force. Viscous forces in addition will
give rise to a drag force. The 1ift force has largely been ignored by experi-
mentalists [20-23] who have postulated that the particle removal force in
fluid flow is approximately equal to the viscous drag. Analyses by Goldman,
Cox and Brenner [24] and O0'Nefll [25] support this assumption. They dealt
with the extreme condition of creeping flow, and to this order of approxima-
tion, found the 1ifting force to be negligible compared with the drag force.
Air drag forces calculated for particle removal from a theoretical model of
the velocity field adjacent to the wall agree within an order of magnitude
with forces of removal measured in a centrifuge [20,21,23]. In turbulent flow
at removal efficiencies exceeding 25%, that is 25% of particles initially
adhering are suddenly removed, air drag calculations and measured gas re-en-
trainment velocities agree within a factor of 2.5 [23] (see below). From
trase results, one can infer that particle removal by fluid flow occurs by a
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shear mechanism under conditions in which the static coefficient of friction
between particle and surface is about unity.

The air drag calculational procedure will be employed here to
estimate the mainstream air velocity U_ parallel to a surface that is required
to dislodge a spherical particle from the surface. We shall consider the
steady tuirbulent flow of air through a parallel plate channel of diameter (gap
thickness) D. This flow geometry was employed by Corn and Stein [23] in their
study of particle adhesion in an air flow. [t is assumed that the air drag
acting on a particle adhering to one of the walls of the channel can be
calculated as though the particle were alone on the wall and submerged in the
laminar sublayer. This simple air drag method should not be regarded as a
conservative approach as observed gas velocities causing particle removal
sometimes fall below the predicted dislodgement velocities.

Close to the walls the expression for the gas velocity u as a
function of distance from the walls y is [26]

fyU‘Z_

U s —— (3.1)

where v is the kinematic viscosity of the flowing gas and f is the friction
factor for turbulent flow. The friction factor is evaluated with the Blasius
formula applied to the parallel-plate channel:

¢ o 00791
200\
v
Eliminating f between Eqs. (3.1) and (3.2) yields the velocity distribution
near the walls:

(3.2)

7/4

U_D0
u = 0.0332 YTi (-:-V— (3.3)

0
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Strictly speaking, in a nonuniform velocity field, the drag force
must be obtained by integration over the particle projected area. Alterna-
tively, a reasonable approximation can be obtained by calculating the drag
force F with the fluid velocity evaluated at the center of the particle (i.e.
at y = d/2). The flow around the spherical particle is such that the drag
force is well represented by the "intermediate law" [26]:

2
Fandogod - —7"’88 (3.4)
o

where o is the density of the gas. Eliminating the local velocity u between
Egs. (3.3) and (3.4) and setting y = d/2 yields

1.4
F=0.0234 pv = (3.5)
D v

Finally, assuming that the spherical particle is dislodged when the drag force
given by Eq. (3.5) equals the adhesive force given by Eq. (2.4), the particle
will leave the surface when

0.4082 8/7
v d D -
U, 2 9.62 b} '(;—v'z- . (E) (3.6)

In the above expression, all guantities are in cgs units. Note that this
result is rather insensitive to the channel diameter D.

We note from Eq. (3.6) that smaller particles appear to adhere more
tenaciously in a gas stream, even though the adhesion force between particle
and surface is less than that holding larger particles to the surface [see Eq.
(2.4)]. The reason for this, of course, is that in an air stream the removal
force is dependent on roughly the particle-projected area dz. while the
adhesion force is proportional to d. Letting p = 1073 q/cm3 and v = 0,16
cmzls. corresponding to air at 300°K and atmospheric pressure, we calculate
from Eq. (3.6) that a free stream air velocity U_ = 184 m/s is required to
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remove a 10 um particle residing on the wall of a 1-on diameter channel. Thus
it would appear that individual particles or even agglomerated particles of
overall diameter less than 10 um are not likely to be removed by hydrodynamic
forces in gas flow. In some applications outside of nuclear reactor sarety
there is an interest in the behavior of a thick layer of particles exposed to
a high velocity gas stream. Such particles may be more easily dislodged in
large (0.1-10 mm) chunks. The particles adhere tightly to one another, but
the large agglomerate they form may extend far outside the laminar boundary
sublayer and can be blown (dragged) from the surface. Such thick particle
layers, however, are not anticipated to form on the vertical structural
surfaces which would be subjected to substantial gaseous flows following
containment failure. Thicker layers accumulated on the containment building
floor would not be exposed to high velocities. Also, large chunks would fall
out of the atmnsphere quickly due to their large size.

Given the order of magnitude of the initial radicactive aerosol mass
concentration, about 10'5 g/cma, and the ratio of the containment building
volume to the outer wall surface area available for particle deposition in a
typical large dry containment, we estimate a uniform deposition layer of only
40 um in thickness. This thin layer is calculated even after assuming an
apparent density of the agglomerated layer lower by a factor of ten from that
of the bulk aerosol material density of approximately 4.0 g/cm3. At air
velocities of interest in containment analysis, U, ~ 10 m/s, the laminar
sublayer thickness is about 160 um. Thus the aerosol deposition layer is
deeply buried in the laminar sublayer and, as demonstrated above, the drag
forces are insignificant compared with the adhesion forces. Considering the
extensive surface area of internal walls, pipes, structures and equipment as
well as the retention of aerosol material within the primary system, this
conclusion can be extended to all containment designs.

It is of interest to compare Eq. (3.6) with experimental results on
particle removal. Corn and Stein [23] examined particles adhering to a glass
or metal substrate before and after exposure to a high velocity parallel-plate
channel flow of air. The substrate fitted flush with one of the walls of the
channel. Figure 3.1 summarizes the results of such a comparison. We note
that at particle removal efficiencies exceeding 90%, re-entrainment velocities
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calculated with Eq. (3.6) and measured air velocities are in reasonable
agreement. Even at lower removal efficiencies, agreement between theory and
experiment is acceptable, with the re-entrainment velocity predictions exceed-
ing by at most a factor of 2.5, the velocities required for incipient
entrainment.

The experimental results of Fig. 3.1 are based on a one minute expo-
sure to the channel flow*. As the time of exposure of particles to the air
flow is increased, a higher degree of particle removal is observed. Figure
3.2 illustrates the measured time dependency of particle removal by a sus-
tained high velocity air stream. Interestingly enough, this result is in :
direct contrast with Corn and Steins' [23] companion study of adhesion forces
using centrifugation. The time of centrifugation was observed not to influ-
ence particle removal efficiencies. Moreover the experimentally determined
adhesion forces on the rotor of the centrifuge are in good agreement with the
adhesion force equation, viz. Eq. (2.4). Since Eq. (3.6) is based on this
empirical adhesion force equation, one can concluce that the air velocity
causing a sudden (< 1 min.) high degree of particle dislodgement can be
successfully predicted by utilizing air drag theory and experimentally deter-
mined adhesion forces. It appears unlikely that one will be able to predict
the time dependence of particle removal at lower air velocities. However, for
the flow conditions following containment failure, long term removal will not
be a significant mechanism since the blowdown characteristics will either be
higher velocities and short depressurization time or a long time and very low
velocities.

There is other experimental evidence which shows that some particle
removal from solid surfaces occurs when the mean flow velocity adjacent to the
surface is relatively low. Corn and Silverman [22] carried out experiments on
particle removal from a simulated filtration surface (fiber material).
Particle removal forces based on air drag calculations and observed resuspen-
sion gas velocities were ten times lower than removal forces based on adhesion
measured in a companion study. In a similar study, Becker [27] found that

*In terms of containment faflure analysis, no significance should be attached
to the one-minute exposure time in the experiments of Corn and Stein. We
will see later that resusoension throughout the containment is likely to be
insignificant regardless of the time of exposure of particles to gas flow.
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quartz dusts were removed from filter surfaces at air velocities as low as 0.7
m/s and observed increased particle removal with increased time of exposure to
moderate-velocity air streams. Lapple et al. [28] observed the removal of
particles at "filtration velocities" from 1 to 3 m/s. As will be discussed,
even these velocities are large compared to those anticipated following
containment failure.
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4.0 MECHANISM OF PARTICLE RESUSPENSION IN TURBULENT FLOW

It is difficult to visualize how some of the small particles in the
experiments of Corn and Stein [23] were transported away from the surface at
air velocities less than those predicted by boundary layer theory. The
deposited particles of glass and fly ash ranged in size from 5 to 40 um. Such
particles are completely engulfed in the laminar sublayer (50 um thick at U_ =
30 m/s) and should be out of range of main stream eddies of turbulence which
could possibly dislodge them. Even at gas velocities as high as 117 m/sec,
the 5 um particles are submerged in the laminar sublayer, yet they are dis-
lodged with sufficient time of exposure to the gas stream (see Fig. 3.2).
This fact and the observations that increased time of exposure did not in-
crease particle removal in a centrifugal force fiald led Corn and Stein to the
hypothesis that turbulence must penetrate the laminar sublayer.

The idea that the viscous sublayer is not steady and laminar has
been discussed by many authors. Direct observations of particles near a solid
surface in turbulent flow by Fage and Townsend [29] and by Masoroni and Fish
[30] revealed random and unsteady motion attributable to turbulence in the
laminar sublayer, Flow visualization studies of the wall region on a flat-
plate boundary layer by Kline et al. [31] showed that the sublayer is con-
tinually erupting. Corino and Brodkey [32] used 0.6 um particles to study
turbulent motfon in the viscous sublayer in pipe flow. Their evidence showed
that some particles move away from the wall in sympathy with the turbulent
eruptions or bursts. The particles rarely acquire enough momentum to escape
from the "laminar sublayer" within the duration of the burst. The ejection of
a particle into the main flow seems to occur by means of another turbulent
burst. This mechanism involves a competitive process in that some particles
which have been detached by one burst are still in the sublayer and could be
redeposited before they are carried into the outer turbulent region by a
second burst. Cleaver and Yates [33] attempted to predict the rate 7f removal
of particles by combining available formulae for particle 1ift with literature
data on the size and frequency of the turbulent bursts. Unfortunately, the
model is not predictive in that it contains an unknown parameter which depends
on the type of adhesion force that holds the particles to the surface.
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The simultaneous removal of particles by turbulence and redeposition
results in a non-zero volumetric concentration of detached particles within
the laminar sublayer adjacent to the wall. These detached particles may be
thought of as being in "equilibrium" with the particles stuck to the surface,
much like gas molecules in equilibrium with an evaporating surface. If the
number of detached particles can be specified, a theoretical model can be
developed to describe effectively the turbulent resuspension of particles
through the boundary layer. The model would be nearly identical to published
aerosol deposition (negative resuspension) models and would be based on gas
eddy diffusivities and the notion of a particle stopping distance (see e.g.
[34,35]). Unfortunately, a way of quantifying the volumetric concentration of
detached particles within the sublayer has not yet presented itself and,
therefore, estimates of the rate of particle resuspension must rely on experi-
ment.

The experimental work on particle re.uspension discussed in the
foregoing is of limited use in containment analysis in that the range of air
velocities investigated is well above the 0.1-10 m/sec velocity range antici-
pated following containment failure. Moreover, most of this experimental work
was concerned with the measurement of conditions for incipient particle
removal rather than the particle removal rate itself. In the next section we
review the experimental work which was directed at measuring the rate of
particle resuspension.




5.0 THE RESUSPENSION RATE PARAMETER

Almost all of the experimental work on resuspension in turbulent gas
flow has been directed toward gaining an understanding of particle movements
in the atmosphere near the earth's surface. Much of this work was devoted to
the problem of wind erosion of topsofls. Bagnold's [35] pioneering experi-
mental work in the Sahara Desert provided a relationship between wind speed
and the total horizontal flux of sand particles. He found the flux of re-
entrained sand to be proportional to the wind speed cubed. Chepil and
Woodruff [36,37] developed a complex wind erosion equation to predict the
annual rate of soil loss from a specific agricultural field. Gillette and
co-workers [38] have continued experimental research into wind erodibility of
various soil textures, confirming many of Bagnold's and Chepil's results.

During the past 20 years, experimental work has been performed to
assess resuspension of potentially hazardous materials using inert tracers
and, in some cases, radioactive materials. Some of this work can be directly
related to the problem of resuspension within a containment building in that
solid particles and substrates of different materials were used. The most
useful experimental results are those that have been reported in terms of a
resuspension rate parameter. By knowing the initial surface mass concentra-
tion of solid particles over the substrate surface, x, the area of the surface
sampled, A, the tracer particle mass collected, M, and the duration of the air
flow (wind) over this surface, t, a resuspension rate parameter, A, can be
defined and obtained from experiment via:

A-;-""-t- (5.1)

A more convenient form of this expression for purposes of analysis is

m; = Ax (5.2)

where ﬁ; is simply the particle resuspension mass flux [ﬁ; = M/(At)]. The
mass concentration of adhering solid particles, x, is in units of g cm'z. and
the resuspension rate parameter A has the dimension of timo".
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Schmell [39] and Schmell and Lloyd [40] have reported resuspension
rate parameters as a function of wind speed. Schmell and Lloyd's data were
obtained by seeding a desert soil surface with micron-size calcium molybdate
and show A proportional to the mean wind speed raised to a power from about
one to five, for wind speeds greater than roughly 4 m/s. Their data showed
average values of A to range between 2 x 101" and 8 x 1078 sec”!.

Perhaps the most well-controlled experimental study of particle
resuspension to date is that of Reynolds and Slinn [41]. Particle resuspen-
sion was measured in a horizontal flow channel in which known air velocity
profiles were generated over a seeded area flush with the channel floor. Zinc
sulfide, which is a water insoluble material, was selected as the deposited
aerosol particle. The mass mean diameter of the particles was ~ 3 um (log
normally distributed) and a deposition mass of approximately ten grams of
particle per square meter of seeded substrate (x ~ 10'3 ] cm'z) was used in
all tests. It is interesting to note that the magnitudes of the particle
density, and sizes employed by Reynolds and Slinn are similar to those con-
sidered in the containment building environment for some accident sequences.
The air speed was varied from 2 to 8 m s" and the time of exposure of the
adhering particles to the air speed varied from ten minutes to one hour.

The experimental results of Reynolds and Slinn [41] show average
resuspension rates, A, to be 1.3 x 10'8. 2.3 x 10'8. and 5.6 x 10°8 sec”! for
mown grass, fine soil, and gravel substrates, respectively. The measured
particle resuspension rate parameter as a function of air speed is shown in
Fig. 5.1. A dependence of A's on the air velocity, U_s» of the form A ~ Ui was
found for the substrates with the least surface moisture content. Lower power
dependencies and lower resuspension rates were associated with moist surface
conditions. Reynolds and Slinn recommend the following empirical expression
for the resuspension rate parameter as a function of air speed for the driest

of all gravel substrate samples:

A= 7.39 x 10710 308 (5.3)
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where U_ is in m/s'] ‘nd A is in soc']. Equation (5.3) represents the largest

resuspension rates measured by Reynclds and Slinn; it is in good agreement
with resuspension rate measurements of zinc sulfide particles from an asphalt
surface [39].

It should be mentioned that to this writer's knowledge no measure-
ments have been made of the resuspension of particles in a vertical air flow.
Gravitational settling (or redeposition) can have an important effect in
horizontal flows. Consequently, the resuspension rate given by Eq. (5.3) may
be less than that for vertical flows under otherwise identical conditions.
However. correlations obtained from experiments with horizontal flows can be
used to estimate resuspension (or deposition) rates for vertical flows if the
gravitational settling velocity is small compared with the turbulent transport
velocity within the boundary layer. It can be shown that, for particles with
diameters from 3.0 to 10.0 um and density of approximately 4.0 g cm'a, Eq.
(5.3) is applicable for high-velocity vertical flows with U_ 310.0m s".
Since containment gas velocities as high as 10.0 m s" are of interest in the
analysis of postulated degraded core accidents, Eq. (5.3) will be exploited in
a subsequent section to determine the potential for entraining deposited,
radicactive aerosol particles off of both horizontal and vertical surfaces
within the containment building.

Before leaving this section, a word of caution should be inserted
here. Equation (5.3), though valuable for aerosol transport analysis, should
not be considered valid for all substrate materials. This empirical relation
is based on resuspension from rough natural surfaces and should be accurate
for surfaces of similar roughness, such as concrete. A high percentage of the
aerosol particles within the containment, however, will deposit on steel
surfaces. [t has been observed [41,42] that resuspension rates increase as
the roughness of the surface decreases (see Fig, 5.2). In fact, the few
measurements made by Sehmel [42] on resuspension rates of dry 10 um uranine
particles from a smooth aluminum surface indicate A's that are three orders of
magnitude higher than those for gravel and asphalt*. Nevertheless, as will be

*It 1s not clear as to why this 1s the case. One can only speculate that very
rough surfaces having projections (cracks, chips, etc.) with heights much
greater than the thickness of the particle deposit shield the particles from
the cross flow of air and thereby tend to retain the particles.
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demonstrated in a later section, A's much higher than those measured for
smooth surfaces are required to create significant resuspension following
containment failure,
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6.0 CONTAINMENT BLOWDOWN

o ——

The specific physical! geometry for which the time scale of the
blowdown is calculated is dependent upon the specific failure mode of the
containment building. Several different failure modes can be considered such
as a failure location at the top or dome of the structure and a failure site
lower in the containment around penetrations. Models are developed for both
failure sites and are applied to the specific containment designs in IDCOR
Task 23.1 [44-47]. Failure near the top of the containment will be considered
first with penetration type failures considered secondly.

6.1 Failures in the Upper Region of the Containment

The containment building atmosphere is assumed to flow in a one-
dimensional manner in the upward z-direction to the elevated failure location.
Because the containment gas cannot pass through the floors of the building
compartments, the gas velocity must be zero at this boundary and within a
compartment. Consequently, the maximum velocity will be at the top of the
failed compartment. For the analyses of large rupture sites, the velocities
addressed will be the one-dimensional values near the failure site. This is a
conservatism in the modeling approach increase with increasing elevation,
Since the pressure drop from the floor of the containment to the dome is very
small compared to that at the failure location, the containment gas density ¢
is independent of height 2. Thus, by integrating the one-dimensional, gas
continuity equation we find that the main stream velocity U, is directly
proportional to z according to*

.. Qlnp |
u_ * - ..a..i’.t z (6.1)

The maximum mass flow rate which can pass through the failure hole
is given by the well-known single phase compressible flow result for maximum
or "choked" flow

¥fquation (6.1) also represents the local vertical velocity within adherent
layers of particles on the horizontal surfaces within the containment build-
ing. The potential for this velocity to disrupt settled particle layers will
be demonstrated by experiments and analyzed later in this report.
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where m is the mass flow rate in grams per second, AH is the area of the hole,
P is the instantaneous containment pressure and y is the ratio of specific
heats. The mass balance for the entire containment building is

v%%-.ua (6.3)

where V is the volume of the building. Combination of Eqs. (6.2) and (6.3)
then gives

o772
g% : . ;ﬁ Y Po <—_TT 3 >Y- (6.‘)

when the containment blowdown process is of reasonably short duration, as in
the case of large failure holes, the containment depressurization is approxi-
mately adiabatic. Therefore, for an ideal containment gas,

P .Y (6.5)
% ()

where the subscript o refers to containment atmosphere conditions at the
instant of failure. We may now use Eq. (6.5) to eliminate P from Eq. (6.4)
and by integration obtain an expression for the elapsed blowdown time as a
function of the density of the gas remaining in the containment:

+] -1/2

Y-I
t = 4|y rT (=2
IH Y Rlo Yy *+ 1

<_?-_T) . (;2)]7— o (6.6)

where R is the ideal gas constant and To is the temperature of the containment
gas at the instant of failure.
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For the case of small failure holes, there is sufficient heat
transfer from structure to gas within the containment to make the depressuri-
zation approximately isothermal. In this limiting case Eq. (6.5) with y = 1
is substituted in Eq. (6.4) and the result is integrated to obtain

t-{; v RT, (;—f-,-) +In 2 (6.7)

As we shall see below, for density ratios oolp of practical interest, say oola
< 10, both the adiabatic and isothermai limiting cases result in aimost
identical predicted blowdown times.

Let us assume that a rather large containment failure hole of area
AH = 10 m" forms when the containment atmosphere's temperature and pressure
reach To = 600°K and Po = 10.0 atm. This is the largest failure area identi-
fied in the Task 23.1 report for Zion [44]. A containment design of volume V
= 5 x 10‘ m3 and height z = 60 m is assumed and the containment gas is as-
signed the properties of air (y = 1.4; R = 2.87 x lO6 cm2 s'2 ’K']). The
magnitude of the containment discharge time through the failure location can
be calculated from Eq. (6.6) or (6.7). Strictly speaking, these relations are
not valid after the ratio of the containment pressure to the ambient pressure,

P/Pa, falis below the critical pressure ratio

Pa 2 -%T
e (m) (6.9)

A reduction in P below this critical value results in a subsonic mass dis-
charge rate that is dependent on the ambient density (or pressure). For high
initial containment pressures Po relative to ambient, the duration of the
"subsonic discharge period" is short compared with the "choked-flow discharge
period" and it can be neglected. From Eq. (6.6) we estimate that it takes
only 22 seconds for the containment air density to be reduced %o the critical

2
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value given by Eq. (6.8)*. The corresponding isothermal discharge time is 19
seconds. At this point in time the containment air density is about 68
percent less than its initial density (o/oo = 0.325), the containment pressure
is about 80 percent less than its initial pressure (P/Po = 0.207), whereas
from £qs. (6.1) and (6.4) we find that the local gas velocity U_ is oniy
reduced by 20 percent for adiabatic containment depressurization and zero
percent for isothermal depressurization during the time choked flow prevails
at the failure location. MNote from Eq. (6.4) that dlnp/dt ~ T]/z. so that for
isothermal flow U_ is time invariant. Thus during blowdown, U_ remains fairly
constant in time while the flow through the failure location is choked and
then rapidly drops to zero during the subsequent period of subsonic flow at
the failure location, which for our sample problem has been calculated to last
for only about 4 seconds.

6.2 Local Failures Around Penetrations

As containment pressurization increases to the state of general
yield, the areas of highest strain, such as the regions around the penetra-
tions, could experience local tears in the liner or the penetration itself.
These would continue to grow until the failure area equals that required to
terminate the penetration. Flow through this hole would be choked as were the
cases considered in Section 6.1. Figure 6.1 illustrates the mass flow (m)
through the failure site as given by

(6.9)

where o4 is the gas density at the choking (sonic) location, Ut is the sonic
velocity and AH is the failure area. For this representation it is sufficient
to assume the sonic velocity is 500 m/sec and also that the gas density within
the containment (oo) is twice that at the choking location. If the flow
acceleration to the failure site is assumed to occur hemispherically, cone
tinuity dictates

*Tt shouTd be noted that these evaluations ignore the pressurization source
which is negligible for large breakzsizcs but would be important if the
rupture area is of the order 0.01 m®,
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where " is the effective radius of the failure. The gas velocity in the
immediate vicinity of the failure as a function of the radius from the rupture
(r) is given by

. N2
u(r) = }(,—“) Uy (6.11)

A rupture size of about 0.05 effective radius or less is sufficient to prevent
pressurization. Therefore, the velocities at a radius of 1 m are reduced to
1.25 m/sec, which is one or two orders of magnitude below those required for a
significant entrainment rate of deposited material. For a distance 2 m from
the rupture, which is more typical of the penetration elevation above the
containment floor, the velocity is reduced to about 30 cm/sec. The entrain-
ment rate given by Eq. (5.3) is approximately 2 x 10°19 sec”! which results in

negligible resuspension.
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7.0 PARTICLE RESUSPENSION FOLLOWING REACTOR
s TAINMENT FAILUR

7.1 Containment Failure

7.1 Failure in the Upper Region of the Containment

The one-dimensional model for flow to a rupture high in the building
is used along with an assumption of a uniform volumetric particle concentra-
tion at any z plane except within the thin turbulent boundary layers adjacent
to the structural surface, which are contaminated with depcsited aerosol
particles. The local surface area per unit volume of containment building
atmosphere is assumed constant, that is independent of z, and therefore equal
to the total surface area S divided by the total containment volume V.

At any location z, re-entrained aerosol particles are introduced
into the upward flowing containment atmosphere at the mass flux given by fg.
(5.2). Some of the aerosol particles carried by the gas flow will re-deposit
on the bounding surfaces in accord with the usual particle mass-transfer
relation [33,34):

ﬁ.; = K¢ (7.1)

where ﬁ; is the mass rate of deposition per unit area of surface and X is the
mass-transfer coefficient in units of velocity. In order to calculate K we
have chosen the correlation recommended by Friedlander and Johnstone [33], Liu
and Agarwal [49], and McCoy and Hanratty [50]:

2 2
et () [(1) 0.2
©

- v

where f 1s the friction factor for turbulent flow over a flat plate and op 18
the density of the particle materfal. (This expression ignores deposition due
to sedimentation, which could dominate for horizontal surfaces.) Equation

(7.2) 1s the best average fit of the available data for particle diameters, d,
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and free stream velocities, U_, such that the dimensionless group in brackets
lies within the range 0.2-22.¢.

Performing a differential particle mass balance over an element of
containment height 3z, we find that the particle mass concentration within the
containment gas satisfies the partial differential equation

U
42 =(2) .2 az) - x - K(2) - c] (7.3)

The mass balance equation for the particle's concentration on the surface, x,
is

A= k(z) ¢ - A2) - x (7.4)

Note that both K and A are power law functions of height z, since K ~ UE. AN
Ui and U_ ~ z from Eqs. (7.2), (5.3) and (6.1). Equations (7.3) and (7.4) are
linear in ¢ and x and can, in principle, be solved by linear techniques, such
as the method of LaPlace transforms. However, it is not intended here to
present a detailed mathematical treatment of these equations, but, instead, to
to assess the significance of particle resuspension following containment

failure.

For this assumed failure site with the most rapid depressurization,
the maximum one-dimensional gas velocity within the containment atmosphere
occurs at the top of the huilding near the failure location (but far enough
below the failure hole so that the gas velocity is one-dimensional). This is
far removed from horizontal surfaces where comparatively thick layers could
accumulate. Let us make the conservative assumption that all the surfaces
(except the containment floor which would not experience tangential flows)
within the containment building are submerged in a free stream flow with a
tangential velocity equal to the maximum value. In addition, it is conserva-
tively assumed that all surfaces are uniformly covered by particle layers of
the same surface concentration y. Clearly, both of these assumptions will
result in overestimates of the particle resuspension rate. The height
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varfations of U_, A and K are now ignorable and the z-independent soluticn of
Eqs. (7.3) and (7.4) 1s readily determined to be

(g S/V + €A = (Axy S/V = K¢, S/V) - & (A * KS/V)t
e A+ KS/V (7.5)

where o and Xy are the volumetric and surface particle concentrations at the
instant of containment failure.

To further simplify matters, let us suppose that all of the aerosol
material released to the containment building 1s depcsited during the time
period following reactor vessel failure but before containment failure. Thus
we have the initial condition Co ® Oat t = 0 for the blowdown event, and Eq.
(7.5) reduces to the simple form

¢ aly . (0t kS
G AR (7.6)

where cp is the release concentration of the aerosol, or the total mass of the
aerosol material divided by the volume of the containment (cR * %o S/V). The
ratio of the particle concentration in the gas to the release concentration,

¢/cp, 1s a measure of the potential for resuspension.

Returning to the sample problem in Section 6.1, we predict a maximum
gas velocity U_ = 1.7 m s'l by setting z = 60 m in Eq. (6.1). Assuming a
particle mean diameter d = 3 um and particle density op = 4.0 g cm°3, we
calculate from Eq. (7.2) a deposition mass transfer coefficient K = 2.4 x 10
cm s". Equation (5.3) for the resuspension rate parameter leads to the
estimate A = 4.3 x 10" s”). The surface area S within the containment
building is about 105 m2 s0 that the ratio S/V = 10'2 cm". From these
estimates we infer from Eq. (7.6) that the mass fraction of the aerosol
concentration released to the containment building and resuspended as a result
of containment failure and the subsequent 22-sec blowdown process is only /ey
= \0'7. As pointed out earlier, Eq. (5.3) is based on resuspension measure-
ments from rough, natural surfaces and that the vaiue of A may have to be

-6
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increased by roughly three orders of magnitude to A = 10'4 s'] in order to

better represent resuspension from the metal surfaces within the containment
building. In this case the mass fraction of aerosol resuspended would in-

crease to c/cR = IO". Clearly, the amounts of radicactive aerosol material
resuspended from either rough surfaces or metal surfaces during the relative
short time frame of a containment failure and depressurization event is very
small even for large rupture sizes.

This conclusion is for a specific example involving a large contain-
ment failure hole. The question naturally arises as to whether resuspension
could be significant with small containment failure holes, since the blowdown
time, t, increases with decreasing failure hole area AH‘ The airborne parti-
cle concentration ¢ is proportional to At and t is proportional to I/AH.
However, the resuspension rate parameter, A, is proportional to the local
containment gas flow raised to a power. For dry surface conditions A ~ Uy
and, since U_ ~ AH. A A Ag. It follows that the particle gas concentration is
linked to the size of the failure by ¢ ~ AS. Thus a decrease in the size of
the failure nole acts to lessen the resuspension potential.

w

It is interesting to examine the limiting case of £q. (7.6) of an
infinitely long containment blowdown. In this extreme t - = and Eq. (7.6)
becomes

C A
¢ TEF K (7.7)

corresponding to a balance between deposition and resuspension. This equation
reveals that, because of the redeposition process, the containment gas parti-
cle concentration can never return to its initial release value, Co» by
resuspension. Using our previous estimates A = 4.3 x 10°° s']. K=2.4x106
em s']. and S/V = 1072 cm". we get c/cp + 7.1 x 1073 as ¢t » =, suggesting
that substantial resuspension will never occur in the example case selected.
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- Local Failures Around Penetrations

As discussed in Section 6.2, stretching of the containment due to
long term overpressure could result in local failures at penetrations that are
located 2 to 3 m above the containment floor. Such failures could also result
if the failure were due to an overtemperature condition. These ruptures would
only open a sufficient amount to terminate the pressurization, but the flow
could exist for over a long interval.

Equation (6.11) shows the velocity toward the rupture decreases as
distance squared. Assuming penetrations to be 2 m above the containment
floor, the tangential velocity across the top of the debris layer settled on
the floor in the near vicinity of the rupture would be about 0.16 m/sec. For
this velocity, the mass transfer coefficient K is 4.3 x 10'10 cm/sec and the
resuspension rate parameter A is 2.6 x 10712 sec']. Using Eq. (3.5), the
entrainment rate can be expressed as a function of the distance to the rupture
site. Since the resuspension parameter varies as the velocity cube, it will
depend upon this distance to the sixth power. The actual mass resuspended can
be calculated by integrating over the entire floor area. In the absence of
complete integration, we can conservatively assume the value calculated above
applies to the entire floor area. If it is also assumed that the inert
aerosols are ten times greater than the cesium iodide, and cesium hydroxide,
which are approximately 200 kg. Therefore, the inert aerosols would be 2000
kg, which would result in an aerosol loading density of about 2 kg/mz. (A
floor area of 1000 m2 was assumed.) Resuspension of this mass would reguire
approximately 10 years, which from a practical standpoint means no significant
resuspension would occur at containment failure. It should also be remembered
that this simplified analysis greatly overestimates the resuspension rate

since the strong variation within distance from the rupture was ignored.

In conclusion, the analyses for entrainment as a result of tangen-
tial flows, both for localized penetration failures low in the containment and
larger failures in the upper regions, show that deposited aerosol material
would not be resuspended at the time of containment failure. This leaves
disruption of debris beds due to depressurization as the only potential means



of resuspension. Experiments addressing this mechanism are discussed in the
next section.

7.2 Reactor Vessel Failure

While the experimental data base is more closely related to accident
conditions within containments in terms of pressures anC temperatures, the
basic models uescribed in the previous sections can be extrapolated to primary
system conditions to estimate the resuspension potential immediately following
reactor vessel failure. For accident sequences in which the primary system is
at an elevated pressure prior to RPV failure, the subsegquent blowdown could
potentially resuspension previously deposited aerosol material in various
regions of the primary system. The major difference in this assessment and
that for the containment is the pressure at the time of RPV failure, which
principally influences the gas density. Primary system pressure and system
geometry will be discussed for the specific conditions of interest in PWR and
BWR geometries.

. PWR Specific Considerations

IDCOR PWR reference plants include Zion, a Westinghouse NSSS with a
large dry containment, and Sequoyah, a Westinghouse NSSS with an ice condenser
containment design. The dominant accident sequences include station blackout
for both systems and a small break loss-of-coolant accident (LOCA) for
Sequoyah. In these accident scenarios, the primary system will be at an
elevated pressure when the vessel fails. With the localized failure at
in-core penetration [51] the vessel breach diameter created by the corium
discharge would be about 0.3 m, or an area (AH) of approximately 0.07 mz.
Assuming the gaseous blowdown to progress in an isothermal manner, the primary
system pressure (90) is expressed by

dpP n
p:g-'—\;i-ﬁdt (7.8)
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where n is the isothermal critical pressure ratio (0.6), V is the primary
system volume, R is the gas constant (assume steam) and T is the absolute
temperature for the primary system. This can be integrated to give

n AH \/RT
-—t
;_., v (7.9)
0
where Po is the primary system pressure at the initiation of blowdown. For a
primary system volume of 300 m3. the pressure weuld decay to 5% of the initial

value, or 0.78 MPa, in 40 secs and to 0.19 MPa within 60 secs. Thus, the
blowdown would only last about one minute.

The flow area (AF) through the hot leg and coli ieg pip‘ng is about

2 Continuity dictates that

5m-.
®o AFU' n e, AH \/RT (7.10)

where U is the gas velocity in the coolant legs. Thus, the velocity through
these lines would be atout 4.4 m/sec. This is particularly important for the
PWR since the horizontal section of the hot legs could have fission products
deposited before vessel failure. For example, in Ref. [44], 80 kg of inert
aerosols, 40 kg of cesium iodide and cesium hydroxide, and 7 kg of tellurium
are calculated to be deposited in the hot legs for a station blackout prior to
vessel failure. The resuspension potential must be evaluated for these high
pressure, high density conditions.

Equation (3.6) characterized the potential for overcoming the
adhesive forces for dry particles. This shows the velocity required for
removing particles various approximately as the inverse of the square root of
the gas density. Therefore, at pressures of 15.5 MPa, the entrainment veloci-
ty would be reduced about 12 times from that required at 0.1 MPa. Considering
particle sizes of 10 um and less, which are those calculated to be deposited
in the hot legs, reentrainment velocities would be about 10 m/sec, i.e. well
in excess of those available. Also, as the pressure decreases in the blow-
down, the required velocity would increase whereas the actual velocity would



remain approximately the same. Thus, the potential for complete entrainment
would be insufficient at the start of blowdown and would continually decrease

thereafter,

The rate of entrainment can be considered by extrapolating Eq.
(5.3), which is derived from experimental data at one atmosphere, to reactor
system conditions. Assuming the gas dynamic pressure (p Uz) controls the rate
of resuspension over long time intervals, the resuspension rate parameter,
which varies as the velocity cubed, can be extrapolated based upon a density
to the three halfs power*. This would give

A=1.4x10°8 208 (7.11)

at 15.5 MPa, or a value of A = 1.9 x 10°. With a settling area of about 20 m

and a settled mass concentration of 6.4 kg/mz, the long term resuspension rate
would be 2.4 x 10'3 kg/sec or less than 150 g of aerosol during the entire
blowdown (60 secs). (This overstates the resuspension since the potential for
resuspension decreases as the pressure decreases.) Therefore, there is little
potential for resuspension in the hot legs of the reactor coolant system
(RCS).

Conditions within the upper plenum must also be considered. How-
ever, this is somewhat different in that the temperature would be sufficiently
high that the cesium iodide and cesium hydro~ide would be liquid, likely gquite
thin (less than 1 mm) due to the limited mass, and very adherent, The cesium
hydroxide, which could dissolve the cesium iodide could chemically attack the
stainless steel structures cause the materials to stick to the surface. Also,
the flow area is about 10 m2 which would reduce the gas velocity to about 1.5
m/sec or less. The velocity required to directly entrain liquid films at this
pressure would be about 2.5 m/sec and would increase as the pressure de-

*"Entrainment forces® are usually proportional to the product of the gas
velocity and the square-root of the gas density, Considering the nearly
cubic relationship between A and U , it seems appropriate to extrapolate
according to a three-halves power Taw.



creases*. Therefore, with the combination of a tightly adhering liquid state,
possible chemical reactions with the surface, insufficient gas velocities for
direct entrainment, thin iiquid films and the potential for being held up on
various horizontal structures, the potential for resuspension due to tangen-
tial flows in the up, 2r plenum of PWR systems would also be small.

In summary extrapolation of the available data base to PWR system
conditions at the time of RPY failure leads to the conclusion that previously
deposited aerosols would not undergo significant resuspension during the
blowdown. This is the case for bcth station blackout and the small break
LOCA; the only fundamental difference being the primary system pressure at the
RPV failure.

BWR Specific Considerations

IDCOR BWR reference plants include Peach Bottom, a General E
NSSS with a Mark I containment, and Grand Gulf, a General Electric NSSS with a
Mark III containment. The dominant accident sequences include a loss of
suppression pool cooling, an anticipated transient without sc.am (ATWS),
station blackout and LOCAs. In general the BWR system is easier to evaluate

for primary system resuspension than the PWR.

First, most of the sequences identified for t! JWR lve actua-

tion of the automatic depressurization system (ADS). iently, the

primary system is depressurized at the time of reactor sel ilure an

~
-

there is no potential for resuspension.

*This velocity can be estimated through the expression

where g is the acceleration of gravity, o is the liquid-vapor surtace tension
and p, and p_ are the densities of the liquid and gas phases respectively,
The pdramete? K is the Kutateladze number and has been experimentally deter-

mined to

tc be 3.7 for direct entrainment of liquid films.
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Secondly, the upper plenum configuration contains separators and
dryers designed to remove small liquid particles from the gas stream. Those
which are removed would be collected on the bottom of the separators and
driers and if they are liquid or are lubricated by liquid drain into the
shroud region where water generally remains. In either location they would
not be exposed to tangential flows during vessel blowdown. Those particles
which are not removed by the separators and driers would be discharjed to the
suppression pool and would be permanently retained.

Thirdly, the shroud region contains large quantities of water below
the jet jump throats which can capture and retain the aerosol particles.
Also, the flow from the shroud region is limited by the jet pump throat area.
These velocities are 1imited and would not provide significant resuspension.

Fourthly, there are no horizontal areas which experience large
tangential flow velocities. Also, the only significant horizontal area for
deposition is the base of the separators where there is only a small tangen-
tial flow component.

Lastly, for accident sequence definitions where the primary system
is not depressurized at the time of vessel failure, the analysis derived for
the PWR is also applicable to the BWR. However, the initial pressure is 7 MPa
or less, which reduces the potential for resuspension which was already
concluded to be insignificant for the PWR systems.

In summary extensions of the available data base for resuspension to
the primary system conditions during gaseous blowdown after RPV failure shows
this potential to be small. Consequently, it is recommended that the inte-
grated analyses consider aerosol deposited within the primary system prior to
vessel failure to remain deposited during the primary system blowdown.



8-1

8.0 DISPERSION OF SETTLED AEROSOL PARTICLES

8.1 Introduction

Accident analyses (Refs. [44] through [47]) show that sedimentation
is a major mechanism for removing aeroscls from the primary system and con-
tainment atmospheres during various stages of the accident sequence. Before
considering the behavior of dry beds of fine particles, the physical state of
influential aerosols stould be considered. The following sections first
discuss simple experiments on the physical state of cesium fodide and cesium
hydroxide as influenced by moisture in the containment building and secondly
present experiments and analyses on the dispersion of settled particles by
depressurization.

8.2 Physical State of Cesium Iodide and Cesium Hydroxide

IDCOR Task 11.1 [5%Z] evaluated the dominant chemical species for
various fission products. For cesium and iodine, whizh have a major influence
on the public health risk, the dominant species for iodine was cesium iodide
with the remaining cesium in the form of cesium hydroxide. Since both of
these are highly soluble in water and since many accident sequences have
considerable water in the containment at the time these materials are released
from the fuel, the physical state in the presence of limited water must be
determined.

For pressure suppression containment designs with large quantities
of ice or water, cesium fodide and cesium hydroxide dissolved in the water
would remain there and would not be subject to dispersion forces. The mate-
rial of principal interest here is that which may have been exposed to limited
quantities of water (steam in the atmosphere or water on the containment
fluor) which subsequently evaporates due to decay heat.

In separate experiments, a few grams of stable cesium fodide and
cesium hydroxide were dissolved in 50 mi of water to simulate deposition on a
water covered surface. A sample of each solution was put on a glass slide and
exposed to a heat lamp under atmospheric conditions for sufficient time to



either dry the solution or develop a steady state conuition. The cesium
iodide solution dried out leaving the previously dissolved material as a
tightly adhered white deposit on the glass surface that could only be removed
by scrapping. In contrast, the cesium hydroxide solution never dried out. In
steady state, it became a thick, pasty substance which was tightly adhered to
the glass surface. Thus, a small amount of moisture in the atmosphere will
ensure that cesium hydroxide will remain wet.

Thec. results demonstrate that the history of fission products in
the containment can have a significant influence on their physical state at
the time of containment failure. In particulate, it determines whether
deposited aerosols remain as individual particles or develop into a more
coherent deposit.

8.3 Resuspension Potential of Dry Deposits

These experiments provide a demonstration of the depressurization
rates required to levitate well defined particulate and can be compared with
the fundamental model for fluidization of a particulate layer. This model can
then be extrapolated to depressurization rates considered for hypothetical
core damage accident scenarios for specific reactor systems.

Dispersal due to fluidization is treated by Fuchs [53] and it is
reported that fine particle sizes can be fluidized by a gas stream. For these
evaluations, the fluidization velocity results from the depressurization of
the primary system or containment. Thus, the basic conditions in the experi-
ments should address meaningful velocities. In particular, these experiments
investigate a range of depressurization rates which bound those considered for
the primary system and containment. The influence of such depressurization
histories on spherical glass particulate is quantified for particulate sizes
of approximately 10 microns particle diameter. Specifically, the depressuri-
zation rate required for significant mass loss from the particulate layer is
determined and compared with the prediction of a basic particulate levitation
model.
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8.3.1 Basic Considerations for Particulate Levitation

As in Section 6, consider the containment to be a large volume with
a hole at the top, the depressurization can be simply approximated by assuming
that the blowdown process is isothermal. With the constant volume condition
for the containment, the depressurization rate can be specified by [see Eq.
(6.3)]

(8.1)

He

ala
ad B4
"
'

where Rm is the gas constant for the mixture in the containment (assumed to be
a value of 300), Tg i5 the temperature of the gaseous media, V is the contain-
ment volume and 69 is the mass flow rate through the break. The mass dis-
charge through the break rate can be represented as an isothermal choking
condition

rﬁg = p AHV RT (8.2)

and substituting this into the expression for the depressurization rate, an
expression for the initial rate is given by

(8.3)

gﬁ.n—AH— lRTP
v 0

dt

where Po is the containment pressure at failure and n is the isothermal
critical pressure ratio (0.6). Assuming a break area of 10 mz. (the largest
credible size determined by the containment rupture analysis in Ref. [47]) a
gas temperature of 500°K and the containment volume of 70,000 m3, the initial
uepressurization rate would be 3.3 x 104 Pa/s. Since this would be the
initial depressurization rate, it is the largest that the various parts of the
containment would experience during the blowdown. This rate can then be
superimposed on the particulate layer to determine the condition for particle

levitation,
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Consider a particulate bed 1ike that shown in Fig. 8.1 with height h
and porosity €. After an initial transient, the velocity of the gas as a
function of height within the bed is given by Eq. (6.1), multiplied, of
course, by the bed porosity e. In particular, the gas velocity at the top of
the bed is given by

un) = g~ 8 (8.4)

0

The relaxation time to this quasi-steady-state result can be readily shown to
be comparable to the time it takes an acoustic wave to span ("diffuse") the
bed height, namely

h2 £
t = ‘—E— (8.5)

0

where « is the bed permeability and u is the viscosity of the containment gas.
For fission product particle beds composed of 10 u particles and porosity ¢ =
0.4, the bed permeability is estimated to be 10™ cn’. Assuming P, = 10 atm
and a bed height of 1.0 cm, the relaxation time for attainment to quasi-steady
conditions is 7 x lO'3 sec, which is completely negligible on the time scale
of the containment blowdown.

Equation (8.4) can now be related to the Stokes velocity (US) for
levitating individual particles

g(ep - 0)d?
N S (8.6)

where d is the particle diameter, and op is the particle density. Again using
the above example, the velocity at the top of the bed is 1.3 x 10'5 m/s and
the Stokes velocity for levitating individual particles is approximately 6
mm/sec, i.e. two orders of magnitude higher than the maximum throughput
velocity. In this comparison, it must be remembered that the effective drag
forces for a tightly packed bed can be substantially greater than the indi-
vidual levitation velocity represented by the Stokes equation. In fact, this
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Fig. 8.1 Porous bed.



effective drag could be augmented almost 100 times. Therefore, the initial
velocity for a very large break, such as 10 m2 (far greater than that antici-
pated for containment failures), could potentially be sufficient to begin
disrupting this particle layer (assumed to be 3 mm deep). However, as the bed
loosens, this effective drag coefficient drops rapidly such that a porosity of
about 90%, the multiplication factor on the effective drag coefficient is only
about two., As a result, the velocities would be far below the 2 required to
support individual particles and the layer would collapse. Combining the
above expressions, the relationship between the particle size levitated and
the rupture size is given by

ot i1/2
i s [}8 pehn AH RT

g(DP - O)V

(8.9)

-

This expression can be compared to basic experiments in which the rupture size
and particle layer depth can be varied independently.

8.3.2 Experimental Apparatus

These experiments were carried out in a cylindrical plexiglass test
chamber closed on both ends by aluminum flanges. The chamber, which is shown
in Fig. 8.2 had a diameter of 16.5 cm (6.5 in.) and a height of 61 cm (24 in.)
providing a volume of approximately 0.013 m (0.46 ft3).

Simulated ruptures were at the top of this transparent chamber with
the vent port being as large as 2.5 cm (1 in.) in diameter. The depressuriza-
tion transient was measured through pressure taps in the upper flange and
recorded on a Honeywell FM tape recorder. Particulate layers were created in
either a shallow evaporating dish or a graduate placed at the bottom of the
test chamber using either 10 micron nominal diameter glass beads. These
layers varied from several millimeters to several centimeters deep to provide
significant potential for particulate levitation to test the fundamental
principles. The glass beads were dried and kept in sealed plastic bags to
prevent moisture accumulation and coaggulation of the particles. In addition,
lycopodium powder (v 24 um dia.) was mixed in with the 10 um glass beads to
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help prevent coaggulation. A typical mixture contained one-third 1ycopodium
powder by volume, Also, the mixture was kept in sealed nlastic bags to
prevent moisture accumulation. Material levitation and removal was observed
through two different observations, the first being video tape records of the
experiments and the secord a weight loss measurement for the particulate layer
as a result of the depressurization. This latter measurement was performed by
weighing the sample before and after the experiment,

The entire apparatus is schematically represented in Fig. 8.3,
Blowdown of the test vessel was through an air operated ball valve with the
flow being Timited by choked flow nozzle located just upstream of the valve.
Exhaust gases were passed through a water pool and then through a fiber glass
filter to remove any glass particulate.

Typical test conditions were blowdown from approximately 0.44 MPa
(50 psig) at room temperature with particle layers varying from 2 mm to 11 cm.

Nozzle diameters were varied from 2.5 cm (1 in.) down to 0.9 cm (0.36 in.).

8.3:3 Experimental Results

Measured vessel depressuriration rates are compared with the iso-
thermal predictions in Figs. 8.4 and 8.5. As illustrated, the simplified
calculation adequately characterizes the data to determine the bed depressuri-
zation and thus the levitation potential.

The conditions tested in the experiments and the observations for
each test are listed in Table 8.1. As shown, the material removal is a func-
tion of bed depth and nozzle diameter. Table 8.2 summarizes the experimental
data in terms of the required bed depth to obtain debris dispersion for a
given nozzle diameter. As shown, for the faster blowdowns where shallower
beds could be used, the model predicts the required depth within a factor of
two, i.e. sufficiently accurate to assess the potential for dispersion follow-
ing containment failure. For deep beds, the material was lost from the test
apparatus due to a single "cough" of the deep bed. As a result, material was
pushed out of the graduate but immediately fell to the bottom of the test
vessel. Hence, increased drag coefficient through a packed bed was sufficient
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Table 8.1
RESUSPENSION TEST RESULTS

Run Initial Nozzle Bed* Material®
Number Pressure Diameter Depth Loss Observation
- MPa (cm), in. cm gm
| 0.44 2.54, 1 System Checkout
Slight

2 0.44 2.5, 1 1 None Disturbancs

3 0.44 2.5, 1 11 65.2

4 0.44 2:5: 1 1 64.2

5 0.44 2.5, 1 1 47

6 0.44 2.5, 1 11 38

7 0.44 2.5, 1 2 0.6

8 0.44 2.8, 1 2 0.7

9 0.44 2.5, 1 1 0.7

Slight

10 0.44 0.91, 0.36 1 None Disturbence
11 0.44 0.91, 0.36 1 None

12 0.44 0.91, 0.36 1 None

13 0.44 0.91, 0.36 2 None

14 0.44 0.91, 0.36 n 9

15 0.44 0.91, 0.36 System Checkout
16 0.44 0.91, 0.36 0.5 None Very Slight
17 0.44 MPa 0.4, 0.180 ! None

Some

18 0.44 MPa 0.4, 0.180 1.6 None Disturbsnce
19 0.44 MPa 0.4, 0.180 1 21
20 0.62 MPa 0.4, 0.180 0.2 None

*Average mass loading of the bed - 17,2 g/cm.

"Minimum detectable by weight measurement is 0.1 g.
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Table 8.2

Bed Depth Required
to Resuspend Material

Nozzle
Dianeter Experimental Predicted
cm cm
cm
2.5 1-2 2.7
0.91 N 21
0.46 11* 82

*Glass beads lost from the
of the particle bed.

graduate were due to a single "cough”
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to cause the bed to open, but the glass beads were not suspended in the
atmosphere. Consequently, the material was not resuspended by the
depressurization.

In summary, experiments were carried out to demonstrate the rela-
tionship between depressurization and the potential for resuspension (disper-
sion) of settled material. The physical state of the deposited material is
strongly influenced by its history on the sedimentation surface (wet or dry).
A model was developed to predict the onset of resuspension for dry particulate
layers. The model is in general agreement with the experimental results, in
terms of characterizing the required layer thickness to initiate dispersion by
depressuriration. For thick beds, depressurization can cause the bed to
“cough" or move as a slug. These very deep beds or layers, are not of inter-
est for reactor systems and such movement does result in resuspension.
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9.0 APPLICATION TO THE REACTOR ACCIDENTS

9.1 Primary System Evaluation

Fission products released from the fuel matrix, along with vapors of
inert materials, as a result of extensive overheating would form a dense
aerosol cloud as they flow out of the core region. Many of these particles,
which could be solids and liquids, would agglomerate and deposit on surface
structures in the upper plenum (PWRs) and separator (BWRs) region as well as
other structures within the primary system. Depending upon the aerosol
density, the specific configuration, their physical state, and the local power
generation, particulate layers could be a few centimeters deep. Consequently,
the potential for resuspension at the time of vessel failure should be
assessed.

For PWR systems, the primary system volume is about 300 m3 and the

predicted breach sizes for failures beginning at the vessel penetrations is
approximately 0.07 mz. Assuming a debris depth of 5 cm and saturated steam at
15 MPa, Eq. (8.9) requires particle sizes smaller than 2 um for dispersion.
In such dense aerosol clouds, the particle sizes are generally much larger
than this value. For example, the average particle sizes in Ref. [54] ap-
proach 10 um for the aerosol concentrations of interest. Consequently, there
would be little potential for dispersion of settled beds at the time of
reactor vessel failure. Material accumulated on horizontal pipes (hot legs in
particular) would likely be in such thin layers that the rapid blowdown
through the breach would be too fast for the imposed velocity (~ 5 m/sec) to
entrain significant material. However, some resuspension would be possible

and should be evaluated.

Boiling water reactors have a volume of about 600 m3 with a2 pre-
dicted breach size of approximately 0.13 mz. Again assuming a debris depth of
5 cm and saturated steam at 7 MPa, Eq. (8.9) calculates a particle size of 2
um or smaller. These particles are considerably less than would be antici-
pated for the dense aerosol cloud produced as fission products are released
from the fuel. Consequently, dispersion of settled debris would not be

significant. Also, BWRs have a more effective trapping geometry in the



9-2

separators than is the case for the PWR upper plenum and l1ittle horizontal
surface for deposition and reentrainment, such as the PWR hot Tegs. In
addition, BWRs are depressurized for the majority of the accident sequences
considered. For these reasons, resuspension at the time of vessel failure
wou'ld not be significant for BWR systems.

9.2 Containment Evaluation

Like the primary systems, the design of the specific containment and
the accident sequence can have a substantial influence on the physical state
of deposited material and thus on the potential for resuspension. For in-
stance, pressure suppression (Mark I, Mark II, Mark III and ice condenser)
designs can trap cesium iodide or cesium hydroxide in the suppression pool or
in melted ice. This material would not be available for resuspension. Also,
by virtue of the specific design, the Zion containment would have water on the
containment floor for every accident sequence. Thus, aerosol material settled
onto the floor would contact water, and in the case of cesium iodide and
cesium hydroxide, enter into solution. As discussed in Section 8, this
essentially eliminates and resuspension potential for these materials.

In addition to these design specific features, the particle size
which would be resuspended from a dry bed of settled aerosols can be calcu-
lated using Eq. (8.9). The containment volumes for the IDCOR reference plants
vary from 74,000 m> for Zion to about 12,500 m> for Peach Bottom. Containment
failure locations and sizes where analyzed for Zion and reported in the Task
23.1 report [44]. This evaluation concluded that the regions for small
penetrations (piping) were the most likely region for failure because of the
numerous penetrations, the multiple failure modes and the complex interaction
between the stretched containment wall and the anchored piping arrangement.
These failures would result in areas from 0.01 m2 to about 0.1 m2 with the
smallest being sufficient to terminate the pressurization. Other larger
penetrations would be less likely to fail (require greater strain) and would
create areas from 0.01 mZ to 1 mz. Lastly rupture of the containment shell
was considered which could have a rupture area up to about 10 mz. Using this
largest area would provide an upper bound on the particle size that could be
dispersed due to the depressurization.
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For a large dry containment with the largest rupture area and a 1 cm
deep bed of settled aerosol particles, Eq. (8.9) predicts an upper bound for
dispersion of about 0.3 um. This is much smaller than the sizes dominating
the settling process. Consequently, even if the considerations of physical
state are ignored, the potential for resuspension of a settled bed is
insignificant.

The two most dominant accident sequences for Mark I systems fail the
containment before the core is uncovered, thus dispersion at the time of
containment failure is not an issue for these sequences. Nevertheless, Eq.
(8.9) can be applied to the smaller volume system for the other accident
sequences. Assuming the same large failure area (10 mz) and the particle
accumulation depth, the calculated size for resuspension by dispersion is 0.8
um, This is also Tess than the sizes which dominate the sedimentation pro-
cess, hence resuspension would not be a significant process in the Mark I
either.

In summary, some resuspension could potentially occur during primary
system blowdown for a PWR design but would not be significant for BWR designs.
Evaluation of the spectrum of containment volumes represented by the IDCOR
reference plants assuming a large containment failure size shows resuspension
through dispersion of settled would not be a significant process.
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10.0 CONCLUSIONS

In this report, the potential for resuspension of settled aerosols
by tangential flows and dispersion of particle beds has been considered.
These have assessed in 1ight of available experimental results for tangential
flows and basic experiments were carried out for depressurization casec.
Severai major conciusions can be made from this study.

Thin layers of particulate held by electrostatic forces are so
tightly bounded that even very high velocities would not strip
them of the surface.

Thicker particulate layers, like those that would be found on
horizontal surfaces could be resuspended but only over long
time intervals. Considering the hlowdown character, either
high velocities for short times or low velocities over long
times, it can be concluded that resuspension throughout the
containment volume would be insignifizant even fur large
rupture sizes.

Evaluation of potential debris accumulation in close proximity
to localized penetration railures shows that the velocities
over the top of the debris would be too small to resuspend the
particles.

Experiments on the physical state of cesium iodide and cesium
hydroxide show that contact with water would essentially
eliminate their potential for dispersion even if the water
should eventually dryout.

Experiments on dabris dispersion show this phenomenon can be

represented by simple physical models. These experiments also
show that rapid depressurizations would be required to resus-
pend a debris accumu'ation and to maintain the suspended state.
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Extrapolation of the basic models to both BWR and PWR primary
system designs show that some resuspension in the horizontal
piping surfaces could possibly occur for a PWR but would not be
anticipated for the BWR systems.

Evaluation of the resuspension potential for the various
containment designs considered in the IDCOR reference plant
analyses shows that even if large rupture areas and dry parti-
cle beds are assumed, resuspensiun due to dispersion would be
insignificant.
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