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RESUME

Les programmes de calcul servant à prédire le comportement des

aérosols dans les bâtiments de réacteurs refroidis à l'eau après de graves

accidents comportent divers modèles physiques. Des modèles spéciaux sont

mis en place pour décrire les processus d'agglomération dans lesquels de

petites particules d'aérosols se combinent pour former de plus grandes

particules. On se sert d'autres modèles pour calculer la vitesse à laquelle

les aérosols se déposent sur les bâtiments. La condensation de la vapeur

sur les particules d'aérosols est actuellement un secteur de grande activité

en modélisation des aérosols. Dans la présente communication, on examine et

documente les modèles physiques incorporés aux programmes internationaux

actuels disponibles de calcul de tous ces processus. Les modèles incorporés

aux différents programmes varient considérablement et il y a quelque

incertitude quant à savoir quels sont les modèles qui sont supérieurs.
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ABSTRACT

Computer codes used to predict the behaviour of aerosols in water-

cooled reactor containment buildings after severe accidents contain a

variety of physical models. Special models are in place for describing

agglomeration processes where small aerosol particles combine to form

larger ones. Other models are used to calculate the rates at which aerosol

particles are deposited on building structures. Condensation of steam on

aerosol particles is currently a very active area in aerosol modelling. In

this paper, the physical models incorporated in the current available

international codes for all of these processes are reviewed and documented.

There is considerable variation in models used in different codes, and some

uncertainties exist as to which models are superior.
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1. INTRODUCTION

Nuclear aerosol transport codes predict the time-dependent
behaviour of airborne particles released from the nuclear fuel and
structural materials into containment during postulated severe reactor
accidents. In water-cooled reactors, the containment atmosphere will
contain steam and water droplets resulting from the blowdown phase of the
accident. Of central importance to these codes are the physical models
used for prescribing the rate of agglomeration of small particles to form
larger ones, the growth of particles by steam condensation when steam is
present, and the removal of particles from the containment atmosphere by
attachment to containment building structures. In this paper, the physical
models currently used by the more well-known codes are described to enhance
understanding of how the code models work, and to identify some of the
remaining uncertainties in aerosol physics modelling.

Each aerosol particle is subject to forces acting upon it.
Movement of the carrier gas will tend to drag the particle. Turbulent gas
movement increases the effect. Gravity pulls the particle downward.
Charged particles are subject to electromotive forces. Each particle will
tend to accelerate in the direction of the net instantaneous force. For
very small particles, collisions with carrier gas molecules will cause
particle response due to conservation of energy and momentum—Brownian
motion. Current understanding of particle dynamics is well advanced,
pro'ided the particles are spherical or equivalent spherical diameters can
be assumed for irregularly shaped particles. This understanding is
formalized in the definition of certain properties of particles with
respect to a known carrier gas: particle mobility, particle diffusivity,
and the terminal settling velocity.

The rate at which particles agglomerate to form larger particles
is one of the key parameters in nuclear aerosol transport models. In
current computer models for aerosol transport, separate agglomeration rates
are calculated for gravitational, molecular, and turbulent effects, and
these separate rates are then combined to produce an overall agglomeration
rate. There exists some uncertainty in the validity of this approach,
because of the nonlinear nature of the effects: there may be a need to
formulate a way of obtaining the overall agglomeration rate directly, based
upon the net instantaneous forces acting on the particles. Nevertheless,
the assumption of separate agglomeration rates is sufficient when one
effect completely dominates the others. The current models do not take
into account the possibility that collisions between particles could cause
particle breakup, or de-agglomeration. This could be important for wet
aerosols.

Another key parameter in the aerosol models is the overall
particle removal rate, that is, the rate at which particles contact and
stick to surfaces within the containment building. Current practice is to
calculate separate removal rates for gravitational, diffusional,
thermophoretic, turbulent, and diffusiophoretic effects, and add them
together to obtain the overall removal rate. There may be some uncertainty
in this procedure, akin to the uncertainty in combining the separate
agglomeration rates. Boundary layer thicknesses are also an area of some
uncertainty. The codes require specification of boundary layer thicknesses
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for diffusion, thermophoresis, and diffusiophoresis. These could all be
different. They are often simply code input data, with the user specifying
whatever he believes to be reasonable. The basic problem is that the
gradients existing in nature, for example, in gas velocities and
temperature near walls do not exist in the codes because of the usually
made assumption that the aerosol and the carrier gas are well mixed in the
containment volume. These gradients give rise to the boundary layers.

For water-cooled reactors it is necessary to include the special
effects that airborne water droplets and steam will have on the dynamics of
fission product and structural aerosol particles. Most codes, which
include steam condensation and evaporation effects, make use of the
classical Mason equation for calculating droplet (or wet aerosol particle)
growth rates from condensation. As well, they include the particle removal
phenomenon due to steam condensation on containment building structures.
Uncertainty arises when the condensation rates are to be specified. Bulk
condensation rates are properly obtained from a containment atmosphere
thermalhydraulic analysis, with feedback. At this time, only the CONTAIN
code is known to combine such thermalhydraulic and aerosol particle
dynamics analysis. In many cases, the condensation of steam can alter
dramatically both particle growth and removal rates, which emphasizes the
need to reduce any uncertainties.

In cases where airborne concentrations of specific compounds are
required, and where different aerosol materials may be released at
different rates, and even at different times, it becomes necessary to
include multicomponent capability in the nuclear aerosol models.
Otherwise, some uncertainty is likely in the actual amounts of each
radioactive species airborne and available for release outside the
containment building in the long term.

In this paper, the models used in codes, such as CONTAIN, REMOVAL,
and in the code families AEROSIM, RETAIN, HAA, NAUA, and AEROSOLS/B1, are
described and compared. The study was part of a light-water reactor (LWR)
aerosol code comparison exercise organized through the Organization for
Economic Cooperation and Development (OECD) (1,2}. The codes reviewed are
listed in Table 1.1. Other reviews have been done on aerosol behaviour
codes as well [3-9]. This review is based on information available from
the code authors and users [10-25]. However, in many cases documentation
is incomplete, a sad but common story in major computer code development.
As a consequence, the author has not been able to discern all of the
physics contained in these codes in their various versions. The result is
to be noted in the omissions in the following text and tables.

2. THE FUNDAMENTAL AEROSOL EQUATION

All of the codes considered share a major and basic assumption.
The aerosol and carrier gas atmosphere in containment are assumed to be
well mixed. This means that there are no differences from point-to-point
in the containment in carrier gas properties or aerosol particle sizes or
concentrations. All gradient information is lost. (As will *>e seen later,
some of it must be empirically reconstructed to prescribe pa. tide removal
rates). Any new aerosol particles introduced into containment are assumed
to be instantly and uniformly distributed throughout. In some cases the
well-mixed assumption could be considered to be a gross oversimplification
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of the real problem. The major advantage of the well-mixed aerosol
assumption is that it reduces an extremely complex physical problem to a
fairly simple one. For a single aerosol species, a single equation of
integro-differential form is all that needs to be solved. If C(m,t) is
the number of particles of mass m at time t, the rate at which this value
changes with time is given by [3,8]

r- C(m,t) = T / du $(\x,m - u)C(u,t)C(m - u,t)

°
- C(m,t) I dp. cKu,m)C(u,t)

- |^ K(m,t)C(m,t)] - R(m,t)C(m,t) + S(m,t). (2.1)

The first two terms on the right, the integrals, describe the process
whereby small particles agglomerate to form larger ones. In the first
term, all particles that combine to form new particles of mass m are added.
The agglomeration kernel, <f>(u,m - u), prescribes the rate at which particles
of masses u and m - u combine to produce particles of mass m. The
coefficient 1/2 is needed because the integral counts each agglomeration
twice. In the second term, all particles of mass m that combine with all
other particles through agglomeration are subtracted. In the third term,
the growth of particles due to condensation of steam is prescribed. The
condensation rate is £(m,t). In the fourth term, the removal rate R(m,t)
describes the rate at which particles of mass m are removed from the
containment atmosphere by deposition on containment structure surfaces or
by leakage to the environment. In the last term, new particles of mass m
are injected into the containment atmosphere with the source rate S(m,t).

When only condensation (or equivalently, evaporation) is present
(i.e., <}>, R, S all vanish), the fundamental equation takes the form

~ C(m,t) = -f- K(m,t)C(m,t)]. (2.2)
o L cm

This is very similar to the continuity, or mass balance equation, written
in point form, for one-dimensional fluid flow in a uniform duct

f- p(x,t) = -§- [u(x,t)p(x,t)J (2.3)
d t dX

where p is the fluid density and u is the fluid velocity, and the time rate
of mass accumulation, 3p/3t, is given by the negative of the spatial
gradient of the mass flux, -3(pu)/3x. By analogy, in Equation (2.2), one
may say that accumulation of particles of mass m through condensation is
given by the negative of the mass gradient of a condensation flux defined
by the condensation coefficient (,. Alternatively, one may integrate
Equation (2.2) over a small mass range:

d_ ^m+Am c ( n ) f t ) d m = f;(rn,t)C(m,t) - S(m + Am,t)C(m + Am,t). (2.4)
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This equation shows that the time rate of change in the number of particles
between masses m and m + Am is given by the number of particles that enter
the region by growth due to condensation at mass m less the number that
leave the region by growth due to condensation at mass m + Am.

For those codes that have true multicomponent capability, like
CONTAIN and AEROSIM-M, it is necessary to specify an equation like (2.1)
for each component. If qk(m,t) is the mass of component k on particles of
mass m at time t, the multicomponent aerosol population balance equation,
analogous to Equation (2.1) is:

^- qk(m,t) = / du <f>(m - u,u)q (u,t)C(m - u,t)

- qk(m,t) j AM <Km,u)C(u,t)

+ S £,(m,t)C(m,t) - -r- U(m,t)qk(m,t)
IK. 0 III La J

- R(m,t)qk(m,t) + Sk(m,t). (2.5)

Here C(m,t) remains the total number of aerosol particles of mass m. If
there are L species

£ qk(m,t) = m C(m,t). (2.6)
k=l

All terms are equivalent to the preceding ones except for the term
&ik £(m,t) C(m,t). The Kronecker delta function &ik is unity when k = i,
defined as the condensing component, water, and is zero for other
components. This term corresponds to the change in the airborne mass of
this component. In other words, it defines the condensation of steam on
aerosol particles of mass m and is separate from the familiar differential
term, which corresponds to the shifting of mass up (or down) the mass
range, due to condensation (or evaporation) [8].

In AER0S0LS/B1, the concept of two distinct sources and their
mixing is introduced to provide a means of averaging particle densities.

AEROSIM-M is a fully multicomponent code, but does not include the
effects of condensation of steam on the aerosol particles. On the other
hand, AEROSIM-U does include steam condensation on aerosol particles, but
does not have multicomponent capability.

These codes calculate physical aerosol processes, and only these
processes are examined. Chemical effects, such as iodine chemistry, are not
included.

3. BASIC PHYSICAL PROPERTIES

The characteristics of the carrier gas, normally air, or a mixture
of air and steam, within the containment building are needed for
specification of aerosol agglomeration and removal rates. The carrier gas
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temperature (T) and pressure (P) are usually assumed to be input data for
the aerosol codes, except in CONTAIN where they result from a
thermalhydraulic calculation. The gas density (p ) is usually calculated
using the ideal gas law. The gas mean free path length (X) may be
calculated from the temperature, density and molecular weight of the gas.
The gas viscosity (In) may be calculated from the gas temperature. The
carrier gas turbulent energy dissipation rate (eT) is usually given as code
input data. Tables 3.1 through 3.3 summarize code specific formulas for
the determination of these properties.

Aerosol particles also possess properties required for
specification of the agglomeration and removal processes. As wet aerosol
particles are assumed to be spherical (all shape factors equal to one), the
particle radius (r), mass (m) and density (p) are very simply related by
m = (4npr3)/3. The particle Knudsen number (Kn) is the gas mean free path
length divided by the particle radius. The Cunningham slip correlation
(Cu) is then determined by the various codes as a function of the Knudsen
number (Table 3.4). The particle mobility (B) is then obtained as

The dynamic shape factor X is set equal to unity for wet aerosols. The
particle mobility is simply Stoke's Law amended by the Cunningham
correction for small particles.

The particle terminal sectling velocity (VT) is calculated from
the particle density, radius, and gas viscosity using

( 3- 2 )

where g is the gravitational acceleration.

Note the use of the Cunningham slip correlation in Equation (3.2)
to correct for small particles. A correction for large particles due to
Klyachko is available in RETAIN [16]. It involves identifying the drag
coefficient (CD) in (3.2) through the particle Reynolds number (Re) and
replacing CD = 24/Re with the expression CD = 24/Re + 6/Re

2.

The particle diffusivity, or diffusion constant, (D) is obtained
as

D = kTB (3.3)

where k is Boltzmann's constant, and the temperature (T) is in K.

NAUA makes use of an effective density for calculating aerosol
behaviour in steam. All particles are treated as porous spheres with this
effective density; therefore, all shape factors can be set to unity. This
effective density is the same as the actual density, because the wet
aerosol particles may be treated as being spherical.
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4. AEROSOL PARTICLE AGGLOMERATION

The agglomeration kernel <Km,n), introduced in Section 2,
prescribes the rate at which particles of masses m and n will agglomerate
to form nev particles of mass m + n. A recent paper by Simons et al. (26J
suggests that <t> should be calculated as the consequence of the net forces
acting on the aerosol particles. All codes under review here take a
different approach, which is simpler. Separate agglomeration rates are
calculated in the codes for gravitational agglomeration, Brownian (or
diffusive) agglomeration, and turbulent agglomeration (both shear and
inertial), and then these separate agglomeration rates are combined to
produce the total agglomeration rate. The code-specific methods for
combination are summarized in Table 4.1. When any one of these separate
effects completely dominates the others, there is no doubt the procedures
used in the various codes are satisfactory. It is when more than one
mechanism contributes substantially to the total agglomeration rate that
the methods for combining the separate effects come into doubt.

The gravitational agglomeration rate, 4>G(m,n), is proportional to
the difference in particle settling velocities (VTm, V T n ) :

4>G(m,n) = ne(m,n)(rm + r n)V|V T m - VTn|ST . (4.1)

The sticking parameter (ST) and the agglomeration shape factor (y) are both
set to unity for wet aerosols. The radii of the two particles are r, and
r , and the collision efficiency (e(m,n)) is given by

- ^ — 1
- + r"J

£(m>n> = ct\r + r i r
m < rn (4.2)

where the coefficient C e depends upon the collision model used:

0.5 ; Pruppacher-Klett
1.5 ; Fuchs. <*••*'

The basis for each of these models is examined in detail by Dunbar and
Fermandjian [4], and they also review more recent attempts than those of
Pruppacher-Klett and Fuchs to specify the collision efficiency. They
conclude: "Gravitational agglomeration rates are sensitive to the choice
of collision efficiency, so this question is one of the most important
areas of uncertainty in current aerosol physics."

The AER0S0LS/B1 model considers the possibility that particles of
different sizes will have different densities and includes both particle
densities explicitly, although they are implicitly included in calculation
of the terminal settling velocities here.

In AEROSIM [11J, one has several options for selecting the
collision efficiency. In addition to the two models here, one may input
his own value or one may select a numerical fit due to Loyalka or a
truncated form of the Pruppacher-Klett [28] formula, or a variation known
as Klett-Davis. This rather wide set of possibilities suggests a degree of
uncertainty.
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The standard formula in all the codes for the Brownian (or
diffusional) agglomeration rate (<fn(rr,n)) is determined from the particle
diffusivities (Dm, Dn) and the particle radii:

<(>B(m,n) = 4rt(Dm + Dn)(rm + rn) YS T . (4.4

In CONTAIN alone [24], the Brownian agglomeration rate is multiplied by a
non-isotropic-gas correction factor FF, originally formulated by Fuchs:

Ff(m,n) = 1 +

wi th

-1

(4.5)

V = — (- + -jI Ji m n

Turbulent agglomeration is described in two parts. Shear
agglomeration (<f>TE(m,n)) is modelled after the formula of Saffman and
Turner [4J:

r
•TS(m,n) = e(m,n)(rm + r n ) V [ (4.7)

As indicated earlier, the turbulent energy dissipation rale is usually
specified by the code user as input data. Inertial turbulent agglomeration
is modelled using

*TI(m,n) = O.U8e(m,n)|VTn - V TJ Y
2(r m

1/4

(4.8)

It has been noticed that in documentation available for MAEROS [24], the
aerosol behaviour model in CONTAIN, the collision efficiency, e(m,n), is
not included in either Equations (4.7) or (4.8), i.e., it is taken to be
unity. Also, in HAA-4 [15], it may be set to unity by the user for
turbulent shear agglomeration and, in fact, must be constant for use of the
Klyachko correction to the terminal settling velocity for large particles.
As noted earlier, the agglomeration shape factor y and the sticking
parameter are usually specified to be unity for wet aerosols.

The codes under review generally treat agglomeration in a similar
fashion, except for some variation in the methods of combining the
individual rates to produce the overall agglomeration rate. It would be
useful to pursue the work reported by Simons [26] and attempt to define a
method for combining the physical effects to produce an overall, integrated
agglomeration rate.

There is still some question about shape factors, and many various
forms have been studied for use with dry aerosols [3,4]. Wet aerosols
permit the use of shape factors equal to unity, so that there may not be
any problem with application for water-cooled reactors.
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5. AEROSOL PARTICLE REMOVAL

The aerosol particle removal rate, R(m,t), introduced in Section
2, prescribes the rate at which particles are removed from the containment
atmosr'->ere by deposition on structural surfaces or by leakage through the
cont- ent building to the environment. The total removal rate is usually
cons ted as the sum of removal rates calculated from each removal
mech' :m:

R(m,t) = RG(m,t) + RB(m,t) + RT(m,t) + RD(m,t) + RL(m,t) (5.1)

where

RG(m,t) is gravitational deposition,

RB(m,t) is Brownian or diffusional deposition,
RT(m,t) is thermophoretic deposition,
RD(m,t) is diffusiophoretic deposition, and
RL(m,t) is the containment building leak rate.

Although it has been customary to combine the removal effects in this
fashion, it may be more valid to consider the net result of the effects
acting together, as suggested by Simons [26] for agglomeration.

Gravitational deposition on upward facing surfaces is expressed in
terms of the particle settling velocity VTm

RG(m,t) = j^J VTm (5.2)
where the ratio A/V is the total upward-facing surface area divided by the
containment volume V. Note that this neglects bulk turbulence.

Diffusional, or Brownian, deposition on all internal surfaces is
expressed in terms of the particle diffusivity Dm

Here A is the total surface area available for Brownian deposition and 5B
is the diffusive boundary layer thickness. For many calculations, this
thickness is simply specified as

6B = 0.1 mm . (5.4)

In AER0S0LS/B1 [20), diffusive deposition through turbulence and
impaction through turbulence are modelled primarily for the "circuit"
option, where the code is used to model the primary heat transport system.

Thermophoretic deposition arises from the movement of particles in
a warm carrier gas to a cooler wall, the movement induced by the
temperature gradient at the wall. In applying the well-mixed aerosol
assumption, all gradient information was lost. The temperature gradient at
the wall, VT, is usually reconstructed by an empirical calculation
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T - Tw

vT = —j (5.5)

where Tu is the wall temperature, T is the carrier gas bulk temperature,
and &T is a thermophoretic boundary layer thickness, often prescribed to
be

&T = 2.0 mm . (5.6)

The thermophoretic removal rate is then usually calculated using Brock's
equation [4]

RT(m,t) = U l VT ||̂  Cu(m)FB(m) (5.7)

where FB, the Brock factor, is given by

K
FB(m) =

B

1 + 3CraKn(m)

RT + Ct Kn(m)

t- 2{RT + CtKn(m)}
(5.8)

In this equation Kn(m) is the Knudsen number, RT is the ratio of carrier
gas to aerosol material thermal conductivities and KB, CM, and Ct are
constants, summarized for various code applications in Table 5.1. In
Equation (5.7), A is the surface area available for thermophoretic
deposition, Cu is the Cunningham slip relation, X] is the carrier gas
viscosity and X is the dynamic shape factor, here prescribed to be unity
because of the wet aerosol assumption. Note that if there are several
surfaces, each at different temperatures (Tw), the total thermophoretic
removal rate may be obtained by summing the contributions made by
calculating Equation (5.7) for each surface.

Diffusiophoretic deposition is modelled to account for those
aerosol particles that are dragged to a wall by the net gas flow, and
towards the wall when steam is condensing upon it. The rate is independent
of the radius of the aerosol. The usual approach uses the equation

where nu and Yj are the molar mass and fraction of component j (v for
steam), Pa is the containment pressure, Dv is the steam diffusion
coefficient in the mixture of the other components, and VPV is the steam
pressure gradient in the gas, calculated as

s r • Dv(Ca) - c j JW-» •
 (5

In this relation, Pv is the containment steam pressure, P9(TW) is the
saturation pressure at the wall temperature, Cro and Cw are the steam
concentrations in the containment and at the wall, and Jv is the
condensation flux. This is the formula used in AER0S0LS/B1. RETAIN uses a
form based on the original TRAP-MELT model, formulated by Gormley and
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Kennedy [21], and appears to include effects due to resuspension and vapour
pressure lowering, due in turn to formation of aqueous solutions during
steam condensation.

An instructive paper by Dunbar [8] leads to a somewhat simpler
result

RD(m,t) = F . — (5.11)

where Ps is the partial pressure of steam, P is the total pressure, W is
the total mass rate of steam condensation and ms is the total mass of steam
in the containment atmosphere. Assumptions inherent in Equation (5.9) are
the perfect gas law for both steam and the carrier gas (not true for steam
near saturation) and the dependence of temperature and pressure on distance
from the wall. RETAIN-S uses the same formula. Note that the total mass
rate of steam condensation needs to be obtained, usually from a separate
thermalhydraulic calculation. It is to be noted [22] that this approach
neglects the "diffusiophoretic" retardation of the transport of the
particles to the surface resulting from the buildup of non-condensible
gases near the surface.

The leak rate RL(m,t) will usually be prescribed as a boundary
condition. For most cases, it is specified as a certain volume percent
per day.

Removal mechanisms are modelled in much the same fashion by all
the codes, except for thermophoresis, where different coefficients are used
in the calculation of the Brock factor and for diffusiophoresis. Selection
of appropriate boundary layer thicknesses could continue to be a point of
some uncertainty. In the recent code comparison exercise it was specified
that all code runners use the same boundary layer specifications. However,
there remains much room for discussion, and perhaps some consensus, as to
what values, or formula to generate values, should be used in
reconstructing gradients near walls.

6. STEAM CONDENSATION MODELLING

The presence of steam and water droplets in the containment after
a LOCA in a water-cooled reactor changes the physics considerably. Rather
than having to consider only the dynamics of dry, fluffy aerosol particles
of the condensed fission product and structural materials, one has to deal
with the physics of water droplet growth (or shrinkage) due to steam
condensation (or evaporation). The problem is essentially a
thermalhydraulics one, because bulk condensation or evaporation rates will
be determined by steam saturation or supersaturation conditions in the
containment atmosphere, as will steam condensation on the cooler
containment building walls and internal structures. In fact, one could
address the problem almost without regard for the fission product and
structural aerosol materials, as they could be considered to be entrained
in the water droplets and would only marginally change the effective
density of the droplets from the nominal "water-only" value. In any case,
the aerosol particles will be wet.
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A view of the problem as just stated leads naturally to an
approach like that used in CONTAIN. One first considers that the essential
physics is thermalhydraulics and treats primarily the growth, agglomeration
and deposition of water droplets in a dynamic steam-air atmosphere.
Second, these droplets contain various fission product and structural
materials, which are "along for the ride", so a code has to account for,
or keep track of, the amounts of these materials in the water droplets
during the calculation. This would seem to be the proper approach to the
problem: a fully coupled, thermalhydraulics-aerosol, multicomponent,
dynamic model. At the time of this review, only the CONTAIN code had
taken that approach.

The other codes appear to have been written originally to analyze
fast reactor accidents: dry aerosol particles in a dry, air-filled
containmer* building. To handle water-cooled reactor cases, these codes
have been amended to include some of the additional physical effects
associated with the presence of steam in containment. There appears to be
considerable variation amongst these codes as to how these physical effects
have been included. In one case, the Stone and Webster version of NAUA-4,
diffusiophoretic particle removal appears to be included by simply
increasing the containment leakage rate 125]. In most cases, the time-
dependent bulk-steam condensation rate is read as input data, and the codes
split this condensation between the airborne particles and the building
walls. However, this is done differently, even in different versions of
the same code, notably the EPRI and Stone and Webster versions of NAUA-4.
The GREST exercise data report (2) states that, "SWEC partitions the total
condensation rate between the wall and the particles according to the
supplied input data. This is consistent with the way NAUA, in general, was
conceived (input thermalhydraulic data). EPRI attempts to calculate
mechanistically the condensation rates on the wall and the particles,
keeping the total equal to the input. The effect of this difference, so
far, has been that SWEC calculates considerably more condensation on the
particles than does EPRI."

For the purpose of defining an appropriate procedure, the
objective is straightforward: if a steam condensation rate is known,
however it is obtained, the code is to calculate the condensation
coefficient £(m,t) required for aerosol particle growth in Equations (2.1)
or (2.5), and produce the data required for the diffusiophoretic particle
removal rate, Equation (5.9). Evaporation may also be included, as simply
negative condensation.

An equation for the condensation rate coefficient has been derived
by Clement, as reported by Dunbar (8). For a spherical particle of radius
r, the Mason equation for the condensation rate may be written as

= 4>iDpSE(T) L . " ,,/llS - So(r)] . (6.1)

For a spherical drop of water, density pw(T), the equation can be expressed
in terms of rate of change of radius
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dr

37 = A

where A = D

S-So(r)
(6.2)

(6.3)
''w

In these equations, the following definitions apply:

ps(T) = density of steam in the bulk gas,
pSr = density of steam at the droplet surface,
pSE(T) = density of steam in equilibrium with a plane surface of

pure water at temperature T,
T is the temperature of the bulk gas,
Tr is the temperature at the droplet surface,
D is the diffusivity of steam through air,

bulk saturation ratio, and

Psr
So(r) = .„ . saturation ratio at the droplet surface.

PsE^r'

A dimensionless "condensation number" was defined by Clement (ana
reported by Dunbar [8]) to be

where L is the latent heat of evaporation of water, K is the gas thermal
conductivity, and p'SE(T) is the temperature derivative of the equilibrium
vapour density.

As reported by Dunbar [8], the rate at which droplets grow is
impressive: "a supersaturation (relative to the drop itself) of only 1%
causes a 1 um radius drop to grow at an instantaneous rate of 4.65 um per
second." It is apparent that proper thermalhydraulics analysis needs to be
in place. Dunbar produces a strong and convincing argument for integrated
thermalhydraulics-aerosol behaviour analysis. The essence is this:
thermalhydraulics codes, which are not coupled to an aerosol calculation,
assume implicitly that there always are sufficient nucleation sites to
ensure instantaneous equilibration. In that case, condensation always
occurs, preventing the atmosphere from becoming supersaturated, and that
subsaturation can happen only when there is no water left to evaporate; if
water is present in the atmosphere, S = 1. Dunbar states [81:
"Condensation and evaporation are too tightly coupled to the rest of the
thermalhydraulics to be separated out into a separate calculation."

In the AEROSIM-W code, the total condensation rate is supplied as
input, and the code distributes this condensation over the particle size
distribution and then follows the subsequent aerosol behaviour. If the
total condensation rate is YT(t), it may be expressed in terms of the rate
on a single particle as
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YT(t) = V oJ dm $(mft)C(m,t) . (6.5)

Separation of variables is assumed, giving

) = £(O,t)r(m) (6.6)

where the particle radius is considered to be only a function of mass. The
distribution of condensation over the range of particle sizes then becomes

YT(t)r(m)C(m,t)
Y(m,t) = — • (6.7)

J dm r(m)C(m,t)

Note that Y(m,t)dm is the condensation rate on all particles sized between
m and m + dm.

NAUA uses a more complex form of the Mason equation, including the
effects of curvature, with a condensation form factor. In the NAUA code
series, particle volume, rather than particle mass is used as the basic
measure of particle size. In the NAUA strategy, two time steps are used.
An outer step is used for removal and agglomeration processes, and an inner
step for changes due to condensation; in fact, the outer step is just
divided into finer inner steps. At each step NAUA requires the steam input
rate per unit volume, which in practice [8] is the total condensation rate
per unit volume (YT(t)/V). NAUA calculates the saturation ratio from the
input, which also includes the temperature of the atmosphere, and then the
change in particle volume due to condensation. NAUA also keeps track of
the mass of airborne steam.

AEROSOLS/B1, unlike the other codes, is able to handle
condensation on soluble aerosol particles. This code, like NAUA, uses
particle volume, rather than mass, as a measure of size. Input consists of
a factor related to the saturation ratio S (in fact, the term is 1 - S).
When S is less than one, the solute effect may play an important role in
determining the amount of water on aerosol particles. In this aspect,
AEROSOLS/B1 is more advanced than the other codes. AEROSOLS/B1 is often
run iteratively with, the thermalhydraulics code, JERICHO [8], in an
attempt to couple thermalhydraulics and aerosol behaviour.

The CONTAIN algorithm is quite complex [8], because it is both a
thermalhydraulic model and an aerosol model combined in an integrated
fashion. The condensation rate £(m,t) is obtained in a form similar to
(6.1).

The method of operation of the separate aerosol codes is to rely
on input data for the bulk condensation rate, or the saturation ratio, in
the containment atmosphere, and then to distribute this condensation over
the airborne aerosol particles, thus increasing their sizes. As well,
they rely on input data for the condensation rates of steam on internal
containment building structures, from which data the diffusiophoretic
modelling is carried out. This input data is usually obtained as the
output from a thermalhydraulics code. Because water droplet growth rates
from condensation can be large, analysis of how the codes treat wet aerosol
particle behaviour cannot be decoupled from the thermalhydraulics
calculation, which produces the condensation rates.
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In a recent comparison of European aerosol codes, which contain
condensation physics [9], large discrepancies were observed to exist in
prediction of mass concentration and size of suspended particles resulting
from differences of steam condensation modelling. The uncertainties
remain.

7. CLOSURE

This paper has focussed on three physical phenomena: the
agglomeration of particles in an aerosol to form larger particles, the
removal of particles from an aerosol by deposition, and the growth of
particles in an aerosol caused by steam condensation. None of these is
simple. It has been necessary to incorporate physical models for simple
spherical particles and amend them by arbitrary shape factors in some
cases. It has been necessary to include the physical effects as if each
were independent of all the others, which may not be strictly correct. It
has been necessary to define arbitrary boundary layer thicknesses to
account for physical gradients that are neglected in the basic analysis.
It has been necessary to make assumptions about saturation ratios in humid
containment atmospheres. In these instances, at least, there remains work
to be done to remove arbitrariness and to justify assumptions.

In some computational tests performed for a typical LWR LOCA
scenario and reported in a companion paper [27], it was somewhat
disconcerting to discover that the choice of collision efficiency appeared
to make more difference in the total amount of aerosol material released
from containment than did the inclusion of steam condensation and
diffusiophoresis. It could be that some of the very basic parameters carry
with them a measure of uncertainty.

8. SYMBOLS

A Surface area
B Particle mobility
C(m,t) Number of particles of mass m at time t
Cu Cunningham slip correlation
C £ Particle collision efficiency coefficient
CM,Ct Brock factor coefficients
Cn Condensation number
Coo»Cw Steam concentrations, in containment, at wall
D Particle diffusivity
Dv Steam diffusion coefficient in containment gas mixture
Ei Coefficients for Cunningham slip correlation
FB Brock factor
Fr Non-isotropic correction for Brownian agglomeration
g Gravitational acceleration
Jv Wall steam condensation flux
K Gas thermal conductivity
k Boltzmann constant
Kn Knudsen number
Ko Brock factor coefficient
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L Latent heat of evaporation of water
Mw Molecular weight of gas
ms Mass of steam in containment
m,n Particle mass
mv,m.j Molar masses in containment mixture: steam, component j
nk Relative number of moles of constituent gas k
P Pressure
Pi Partial pressure of constituent i
qk(m,t) Mass of component k on particles of mass m at time t
R(m,t) Removal rate of particles of mass m at time t
RG(m,t) Gravitational removal rate
RB(m,t) Brownian diffusion removal rate
RT(m,t) Thermophoretic removal rate
RD(m,t) Diffusiophoretic removal rate
RL(m,t) Particle leakage rate
r Particle radius
R Universal gas constant
Re Reynolds number
S Saturation ratio
So Saturation ratio at droplet surface
S(m,t) Source rate of particles of mass m at time t
ST Particle agglomeration sticking parameter
T Temperature
t Time
T w Temperature of wall surface
V Containment volume
VT Particle terminal settling velocity
YT Total condensation rate of steam on particles
X Dynamic shape factor
5B Diffusive boundary layer thickness
ST Thermophoretic boundary layer thickness
Sik Kronecker delta function
Am Increment in mass
At Increment in time
e(m,n) Collision efficiency between particles of masses m and n
eT Gas turbulent energy dissipation rate
vT Temperature gradient at wall surface
<j>(m,n) Aggolmeration kernel: collision rate, particles of masses m and n
<j>G(m,n) Gravitational agglomeration rate
<{>B(m,n) Diffusional, or Brownian, agglomeration rate
<f>TS(m,n) Turbulent shear agglomeration rate
(f>TI(m,n) Turbulent inertial agglomeration rate
Y Agglomeration shape factor
Yv»Yj Molar fractions in containment gas mixture: steam, component j
n. Gas viscosity
X Gas mean free path
u,\> Particle mass
pg Gas density
ps Density of steam in bulk carrier gas
f^ Density of water droplet
pSE Steam density, equilibrium with plane surface of pure water
pSE(T) Temperature derivative of equilibrium vapour density
£,(m,t) Condensation rate of -!-oam on particles of mass m at time t
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TABLE 1.1

OECD/GREST COMPARISON CODES AND PARTICIPANTS

MOM - MOMENT METHOD CODES: NAMES; SUBMITTING LABORATORIES

HAA-4 Rockwell Rocketdyne Division, Rockwell International,
Canoga Park, CA, U.S.A.

HAARM-S UPM Catedra de Tecnologia Nuclear,
Universidad Politecnica, Madrid, Spain.

RETAIN-2C VTT Valtion Tekr.illinen Tutkimuskeskus,
Helsinki, Finland.

RETAIN-S Studsvik Studsvik Energiteknik AB,
Nykoping, Sweden.

FDM - FINITE DIFFERENCE CODES: NAMES; SUBMITTING LABORATORIES

United Kingdom Atomic Energy Authority,
Safety and Reliability Directorate, Culcheth,

AEROSIM-M

CONTAIN

NAUA-4

UKAEA

U.K.

SNL

EPRI

Sandia National Laboratory, Division 6449,
Albuquerque, NM, U.S.A.

Electric Power Research Institute,
Palo Alto, CA, U.S.A.

NAUA-4 SWEC Stone and Webster Engineering Corporation,
Boston, MA, U.S.A.

HAUA-5 KfK Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe, F.R.G.

REMOVAL JAERI Japan Atomic Energy Research Institute,
Tokai-Mura, Japan.

SWNAUA SWEC Stone and Webster Engineering Corporation,
Boston, MA, U.S.A.

FEM - FINITE ELEMENT CODE: NAME; SUBMITTING LABORATORY

AEROSOLS/B1 CEA Commissariat a l'Energie Atomique
Saclay, France.
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TABLE 3.1

CODE CALCULATED GAS DENSITIES

In cases where the codes calculate carrier gas densities (air or a
mixture of air and steam) directly, the formula are as follows:

CODE NAME FORMULA FOR CARRIER GAS DENSITY p.

CONTAIN 0.000121PMW/T

P - pressure
T - temperature
Mw - molecular weight of gas

REMOVAL
Pipi

Px + P2 ' "i - RT

P± - partial pressure
R - universal gas constant

HAA-A

n. -

MwP
RT Mw =

En..

relative number of moles of constituent gas k

RETAIN-2C
1.0

461510.CKTP"1) - 8.8
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TABLE 3.2

CODE CALCULATED MEAN FREE PATH LENGTHS

In cases where the codes calculate gas mean free paths directly,
the formula are as follows:

CODE NAME FORMULA FOR MEAN FREE PATH LENGTH X

CONTAIN (>1/P9)(0.000189 Mv/T)¥»

T - temperature
X\ - gas viscosity
p - gas density
Mw - molecular weight of gas

AEROSOLS/Bl

P - pressure

HAARM .000000118—

NAUA

RETAIN-2C O.O124I —
18.0

83140000 .or)

REMOVAL
PH ( "M

PM V2RT

Mw, Hw2

HAA-4
kT E n,

4 2 1' 2 nPr 2
2 _

£ nL

where rm k is the molecular radius of component k. Values of rm
are built into HAA-4.
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TABLE 3.3

CODE CALCULATED GAS VISCOSITY

In cases where the codes calculate gas viscosity directly, the
formula are as follows, with temperature T in degrees K:

CODE FORMULA FOR GAS VISCOSITY

CONTAIN
0.0066164(0.003661T)3/2

T + 114

HAARM-S 0 . 0 0 8 9 0 6 3 / T \ 3 ' 2

(T + 110H333.32/

NAUA 0.00000556

AEROSOLS/Bl
O.OOOO137 l96

1.14 / T \
(71.4J

-0.15 52 e
-0.01007843T

RETAIN-2C 0.000001851 T1/?

1 + 680T"1

REMOVAL

N

z
where X]it Mwlf Xt are the viscosity, molecular weight, and mole
fraction of component i

HAA-4 £ •t.j

where fii, Mwx are viscosity and molecular weight of component i
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TABLE 3.4

CODE SPECIFIC CUNNINGHAM SLIP CORRELATIONS

To correct for slippage in the particle terminal settling
velocity, a correction factor Cu(m) is usually prescribed:

Cu(m) = 1.0 + Kn(m) | Ex + E2 exp[-E3/Kn(m)]}

The three coefficients vary slightly, depending upon the code:

CODE Ex E2 E3

CONTAIN 1.37 0.40 1.1
REMOVAL 1.26 0.46 1.1
OTHERS 1.246 0.42 0.87
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TABLE 4.1

COMBINING AGGLOMERATION RATES

CODE NAME

AEROSOLS/B1

REMOVAL

HAA-4

OTHERS

FORMULA FOR TOTAL AGGLOMERATION RATE <J>

<f>B + *G + ^ T S + * T I

A + f A 2 , rf, 2 + * 2 1 1 / 2

^B + " T S + 1 WQ + T T I J

TB + TG + I fT S + f T I J

rB

Gravitational agglomeration rate,
Brownian agglomeration rate,
Turbulent shear agglomeration rate, and
Turbulent inertial agglomeration rate.
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TABLE 5.1

CODE SPECIFIC BROCK FACTOR CONSTANTS

CODE

CONTAIN

AEROSIM-M

AEROSOLS/Bl

HAARM-S

HAA4

REMOVAL

RETAIN

NAUA

KB

1.00

1.00

1.27

1.00

1.00

1.00

1.00

1.00

1.37

1.00

1.37

1.37

1.37

1.25

1.00

1.00

INPUT DATA

2.48

2.00

2.50

2.00

2.10

2.50

2.48
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