AP600 Design Control Document

APPENDIX 15B

REMOVAL OF AIRBORNE ACTIVITY FROM THE CONTAINMENT ATMOSPHERE
FOLLOWING A LOCA

The AP600 design does not depend on active systems to remove airborne particulates or
elemental iodine from the containment atmosphere following a postulated loss-of-coolant
accident (LOCA) with core melt. Naturally occurring passive removal processes provide
significant removal capability such that airborne elemental iodine is reduced to very low levels
within a few hours and the airborne particulates are reduced to extremely low levels within
12 hours.

15B.1 Elemental Iodine Removal
Elemental iodine is removed by deposition onto the structural surfaces inside the containment.

The removal of elemental iodine is modeled using the equation from the Standard Review
Plan (Reference 1):

where:
Ay = first order removal coefficient by surface deposition
K, = mass transfer coefficient (specified in Reference 1 as 4.9 m/hr)
A = surface area available for deposition
V = containment building volume

The available deposition surface is 19,420 m? (209,000 ft*), and the portion of the containment
building volume that participates as the mixing volume is 45,900 m* (1.62 x 10° ft*). From
these inputs, the elemental iodine removal coefficient is 2.07 hr'. This value is rounded off
to 2.0 hr'.

Consistent with the guidance of Reference 1, credit for elemental iodine removal is assumed
to continue until a decontamination factor (DF) of 200 is reached in the containment
atmosphere because the source term for the LOCA (defined in subsection 15.6.5.3) is modeled
as a gradual release of activity into the containment. The determination of the time at which
the DF of 200 is reached needs to be based on the amount of elemental iodine that enters the
containment atmosphere over the duration of core activity release.
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15B.2.1.1

Aerosol Removal

The deposition removal of aerosols from the containment atmosphere is accomplished by a
number of processes including sedimentation, diffusiophoresis, and thermophoresis. All three
of the deposition processes are significant contributors to the overall removal process in-the
AP600. The large contributions from diffusiophoresis and thermophoresis to the total removal
are a direct consequence of the high heat transfer rates from the containment atmosphere to
the containment wall that characterize the passive containment cooling system.

Because of the AP600 passive containment cooling system design, there are high sensible heat
transfer rates (resulting in higher thermophoretic removal of aerosols) when condensational
heat transfer is low (and the aerosol removal by diffusiophoresis is also low). The reverse is
also true. Thus, there is an appreciable deposition removal throughout the accident from
either diffusiophoresis or thermophoresis, in addition to the removal by sedimentation.

Mathematical Models

The models used for the three aerosol removal processes are discussed as follows.
Sedimentation

Gravitational sedimentation is a major mechanism of aerosol removal in a containment. A

standard model (Stokes equation with the Cunningham slip correction factor) for this process
is used. The Stokes equation (Reference 2) is:

2p_ga*Cn
v=—t
* 9o
where:

VU, settling velocity of an aerosol particle
p, = material density of the particle
g = gravitational acceleration
a = particle radius

B = gas viscosity

Cn = Cunningham slip correction factor, a function of the Knudsen number (Kn) which
1s the gas molecular mean free path divided by the particle radius

¢ = shape factor
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The shape factor ¢ accounts for possible void fraction in the aerosol particle. It is defined by:
-173

Pav

Py

p,, = the average density of the particle = p,(1-€) + p.&

where:

p, = density of the void material (0.0 for gas filled, 1.0 for water filled)
€ =  void fraction
P, = material density (solid particle with no voids)
Diffusiophoresis

Diffusiophoresis is the process whereby particles are swept to a surface (for example,
containment wall) by the flow set up by a condensing vapor (Stefan flow). The deposition
rate is independent of the particle size and is proportional to the steam condensation rate on
the surface. The standard equation for this phenomenon is due to Waldmann and Schmitt
(Reference 3):

oo MW
—_ =
\/M_V*Xa/vmpv

where:
vy = diffusiophoretic deposition velocity
Xaov = ratio of mole fraction of air to mole fraction of steam in the containment
atmosphere
M, = molecular weight of steam
M, = molecular weight of air
W = steam condensation rate on the wall
p, = mass density of steam in the containment atmosphere

Because of the design of the passive containment cooling system, steam condensation rates
are high at certain times in the design basis LOCA; thus at these times, diffusiophoretic
deposition rates are significant.

Thermophoresis

Thermophoresis is the process whereby particles drift toward a surface (for example, the
containment wall) under the influence of a temperature gradient in the containment atmosphere
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at the surface. The effect arises because the gas molecules on the hot side of the particles
undergo more collisions with the particle than do those on the cold side. Therefore, there is
a net momentum transfer to the particle in the hot-to-cold direction. There are several models
in the literature for this effect; the one used is the Brock equation in a form due to Talbot et
al. (Reference 4). As indicated below, this model is in agreement with experimental data.
The thermophoretic deposition rate is somewhat dependent on particle size and is proportional
to the temperature gradient at the wall, or equivalently, the sensible heat transfer rate to the
wall. The Talbot equation is:

_2C,Cn(p/p) [0 +C,Kn]ldT [ 1 ] dT

Vi [12(0+C,Kn)][18C, Kn] { T ) dy
where:

V,, = thermophoretic deposition velocity

o = kgJk; which is the ratio of the thermal conductivities of the gas (evaluated at the
gas temperature at each time step) and the aerosol particle (k, is set equal to the
thermal conductivity of water — the results are not sensitive to k, or a.)

Kn = Knudsen number (equal to the gas molecular mean free path divided by the
particle radius)

Cn = Cunningham slip correction factor, a function of the Knudsen number

K, = gas viscosity

p, = gas density

Cs = slip accommodation coefficient (Reference 4 gives the best value as 1.17.)

Cr; = thermal accommodation coefficient (Reference 4 gives the best value as 2.18.)

Cu = momentum accommodation coefficient (Reference 4 gives the best value as 1.14.)

The temperature gradient at the wall, dT/dy, can be evaluated as

where ¢ is the sensible heat flux to the wall, and k, is the thermal conductivity of the gas.
It is obtained as the difference between the total and condensation heat fluxes.
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Other Removal Mechanisms

In addition to the above mechanisms, there are others that were not considered, including
turbulent diffusion and turbulent agglomeration. The neglect of these mechanisms adds
further conservatism to the calculation.

Validation of Removal Mechanisms

The aerosol processes are well established and have been confirmed in many separate effects
experiments, which are discussed in standard references (References 2 through 4). The Stokes
formula for sedimentation velocity has been well confirmed for particles whose diameters are
less than about 50 um. In the present calculations, these make up basically all of the aerosol.

There are some separate effects validations of the diffusiophoretic effect, but the best
confirmation comes from integral experiments such as the LACE tests (Reference 5).
Calculations of these and other integral tests accurately predict the integrated mass of plated
aerosol material only if diffusiophoresis is taken into account. If it is neglected, the predicted
plated mass is about two orders of magnitude too small, compared to the observed plated
mass.

The Talbot equation for the thermophoretic effect has been experimentally confirmed to within
about 20 to 50 percent over a wide range of particle sizes (Reference 4). The temperature
gradient at the wall, which drives this phenomenon, can be approximated by the temperature
difference between the bulk gas and the wall divided by an appropriate length scale obtained
from heat transfer correlations. Alternatively, because sensible heat transfer rates to the wall
are available, it is easier and more accurate to use these rates directly to infer the temperature
gradient.

Parameters and Assumptions for Calculating Aerosol Removal Coefficients

The parameters and assumptions were selected to conservatively model the environment that
would be expected to exist as a result of a LOCA with concurrent core melt.

Containment Geometry

The containment is assumed to be a cylinder with a volume of 45,900 m® (1.62 x 10° ft*).
This volume includes those portions of the containment volume that would be participating
in the aerosol transport and mixing; this excludes dead-ended volumes and flooded
compartments. The horizontal surface area available for aerosol deposition by sedimentation
is 2900 m? (209,000 ft*). This includes projecting areas such as decks in addition to the floor
area and excludes areas in dead-ended volumes and areas that would be flooded post-LOCA.
The surface area for Brownian diffusive plateout of aerosols is 7040 m* (75,750 ft?).
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15B.2.4.6

15B.2.4.7

Source Size Distribution

The aerosol source size distribution is assumed to be lognormal, with a geometric mean radius
of 0.22 um and a geometric standard deviation equal to 1.81. These values are derived from
an evaluation of a large number of aerosol distributions measured in a variety of degraded-fuel
tests and experiments. The sensitivity of aerosol removal coefficient calculations to these
values is small. :

Aerosol Void Fraction

Review of scanning electron microscope photographs of deposited aerosol particles from
actual core melt and fission product vaporization and aerosolization experiments (the Argonne
STEP-4 test and the INEL Power Burst Facility SFD 1-4 test) indicates that the deposited
particles are relatively dense, supporting a void fraction of 0.2.

Fission Product Release Fractions

Core inventories of fission products are from ORIGEN calculations for the AP600 at end of
the fuel cycle. Fractional releases to the containment of the fission products are those
specified in subsection 15.6.5.3.

Inert Aerosol Species

The inert species include SnO,, UO,, Cd, Ag, and Zr. These act as surrogates for all inert
materials forming aerosols. The ratio of the total mass of inert species to fission product
species was assumed to be 1.5:1. This value and the partitioning of the total inert mass
among its constituents are consistent with results from degraded fuel experiments
(Reference 6).

Aerosol Release Timing and Rates

Aerosol release timing is in accordance with the source term defined in subsection 15.6.5.3.
Aerosol release takes place in two main phases: a gap release lasting for 0.5 hour, followed
by an early in-vessel release of 1.3 hours duration. During each phase, the aerosols are
assumed to be released at a constant rate. These rates were obtained for each species by
combining its core inventory, release fraction, and times of release.

Only cesium and iodine are released during the gap release phase. During the in-vessel
release phase, the other fission product and inert species are released as well.

Containment Thermal-hydraulic Data

The thermal-hydraulic parameters used in the aerosol removal calculation are the containment
gas temperature, the containment pressure, the steam condensation rate on the wall, the steam
mole fraction, and the total heat transfer rate, all as functions of time. The AP600-specific
parameters were obtained using MAAP4 (Reference 7) for the 3BE-1 severe accident sequence
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15B.3

(medium LOCA with failure to inject water from the refueling water storage tank into the
reactor vessel). The thermal-hydraulic data are thus consistent with a core melt sequence.

Aerosol Removal Coefficients

The aerosol removal coefficients are provided in Table 15B-1 starting at the onset of core
damage through 24 hours. The removal coefficients for times beyond 24 hours are not of
concern because there would be so little aerosol remaining airborne at that time. The values
range between 0.43 hr' and 0.72 hr' during the time between the onset of core damage
(0.167 hour) and 24 hours.

These removal coefficients conservatively neglect steam condensation on the airborne
particles, turbulent diffusion, and turbulent agglomeration. Additionally, the assumed source
aerosol size is conservatively small being at the low end of the mass mean aerosol size range
of 1.5 to 5.5 um used in NUREG/CR-5966 (Reference 8). Selection of smaller aerosol size
would underestimate sedimentation.

Unlike the case for the elemental iodine removal, there is no limit assumed on the removal
of aerosols from the containment atmosphere.
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Table 15B-1

AEROSOL REMOVAL COEFFICIENTS IN THE AP600 CONTAINMENT
FOLLOWING A DESIGN BASIS LOCA WITH CORE MELT®

Time Interval Removal
(hours) : Coefficient (hr?)
0.167 - 0.3 0.59
0.3 - 04 0.58
0.4 - 0.5 0.55
0.5 - 0.6 0.53
0.6 - 0.7 0.50
0.7 - 0.8 0.51
0.8 - 0.9 0.53
09 - 1.0 0.67
1.0 - 1.2 0.65
1.2 - 1.3 0.67
1.3 - 1.7 0.70
1.7 - 1.8 0.72
1.8 - 19 0.70
1.9 - 2.0 0.72
2.0 - 2.1 0.71
2.1 - 2.2 0.72
2.2 - 2.3 0.71
2.3 - 2.6 0.69
2.6 - 2.8 0.67
2.8 - 34 0.65
3.4 - 3.8 0.64
3.8 - 4.0 0.63
4.0 - 4.5 0.62
4.5 - 5.0 0.60
5.0 - 5.5 0.59
5.5 - 6.0 0.57
6.0 - 6.5 0.56
6.5 - 7.0 0.54
7.0 - 8.0 0.53
8.0 - 9.0 0.51
9.0 - 10.0 0.50
10.0 - 12.0 0.48
12.0 - 14.0 047
14.0 - 20.0 0.45
20.0 - 24.0 043

Note:

1. To provide additional conservatism, the aerosol removal coefficients provided in this table are 0.1 hr! lower than the values
calculated using the models and assumptions of this appendix.
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