Extension and validation of aerosol wash-down model on inclined wall
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ABSTRACT

During severe accidents, fission products as aerosols are released into the containment and consequently
deposited on walls. The condensate flow on walls could wash the deposited aerosols downwards to the
sump. The aerosol wash-down process on walls is significant to evaluate radiative source term distribu-
tion in nuclear containment. In this paper, the aerosol wash-down model AULA is extended to be valid for
inclined walls and cohesive aerosols. Moreover, the condensate coverage is coupled to calculate the aero-
sol mass washed down by the condensate flow. A correlation of condensate coverage is proposed and val-
idated against experimental data. In order to improve the dimensionless critical shear stress model, a
correction factor, which considers wall inclination and aerosol cohesion, is deduced by the force analysis.
The extended aerosol wash-down model is validated against the THAI-AW3-LAB experiment. The results
comparison show generally good agreements. Furthermore, the model characteristics under severe acci-
dent conditions and the analyses on parameters, such as aerosol density, diameter, and inclination are

presented and discussed.

1. Introduction

During severe accidents, fission products are generated due to
core degradation in reactor pressure vessel and molten core-
concrete interactions outside reactor vessel, and released into the
containment with large amount of steam and non-condensable
gases. Together with the steam condensation, aerosols are trans-
ferred into the wall (Weber et al., 2015). The condensate flow
washes down the aerosols, and transports them into lower com-
partments or sumps. This aerosol wash-down process governs
the distribution of the fission products. Fission products in the
water produce steam due to the decay heat as well as decay heat
released on dry structures causes a dry heating. Furthermore,
source term distribution is important to assess radiation damages
of local components like electronic devices, seals, etc.

The aerosol wash-down process interacts with thermal-
hydraulics and aerosol particle transportation process in the con-
tainment (Weber et al., 2015). Under different severe accident sce-
narios, there are different trends of containment thermal-
hydraulics, aerosol properties, aerosol injection, etc. The contain-
ment thermal-hydraulics, e.g. the gas and wall temperature, and
condensate flow rate strongly influence the condensate coverage,
namely the water-covered area fraction on surface. The aerosol
injection is affected by core damage process and molten core-
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concrete interaction, which is the source term of aerosol deposition
and wash-down process on surfaces.

In the COntainment COde SYStem COCOSYS, the thermal-
hydraulics and the aerosol wash-down process are modelled
(Klein-HeRling et al., 2015). For instance, the aerosol wash-down
model for insoluble aerosols AULA (German: “Abwaschen unlosli-
cher Aerosole”) simulates the erosion of insoluble aerosols by flow-
ing condensate. The erosion takes place if the flow shear velocity at
the wall exceeds the critical threshold (Shields’ criterion in sedi-
ment transport theory (Guo, 2002)). However, the condensate cov-
erage is an important parameter that indicates how much wetted
area the aerosol wash-down takes place. The condensate coverage
is considered empirically as rivulets with a user given value in
COCOSYS. Our previous investigation shows the condensate cover-
age depends on the volume flow rate per width, contact angles,
surface inclination, and fluid properties (Wang and Cheng, 2019).

2. Aerosol wash-down model

The aerosol wash-down processes for soluble and insoluble
aerosols are quite different. Soluble aerosols, like Csl, are quickly
dissolved and transported with the flow. The dilution process is
simplified to assume an instantaneous and complete dissolution
of wetted particles. The wash-down efficiency is dominated by
the condensate coverage. The model in COCOSYS for soluble aero-
sols was successfully validated on experiments THAI-AW and
THAI-AW2 (Hoehne and Weber, 2010). THAI-AW experiment
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Nomenclature

A wall area, m?

Ay Hamaker constantAy =~ 10 %° Joule

Cic correction factor of inclination and cohesion

Cae deposited aerosols load on surface, kg/m?

Cae0 initial deposited aerosols load on surface, kg/m?

Cs prefactor of empirical rivulet thickness correlation

d, particle diameter, m

Fc cohesive force, N

Fp drag force of the overlying flow, N

F; lift force of the overlying flow, N

Fy buoyant weight of particle, N

g gravity acceleration,9.8m/s?

Ka Kapitza number

K(n) compaction function of particle

kp 1 constant factors of drag force (as well as kp,)

ke erosion rate, 1/s

keo erosion constant, 1/s

ki constant factors of lift force

kw constant factors of buoyant weight force

Mae remaining deposited aerosol mass on water-covered
area, kg

n porosity of particles

R dimensionless auxiliary parameter

Re Reynolds number

Re* particle Reynolds number

S density ratio of particle to water

t time, s

u rivulet (condensate) velocity, m/s

u* rivulet (condensate) shear velocity, m/s
u; critical shear velocity of particle, m/s
1% volume flow rate per width, m?/(m-s)

Greek symbols

o inclination angle, °

Ol¢ characteristic internal friction angle (critical inclination
angle), °

) rivulet (condensate) thickness, m

€ rivulet (condensate) coverage

0s4/0sr static advancing and receding contact angle, °

e equilibrium contact angle, °

u water viscosity, Pa-s

He Coulomb friction coefficient

v kinematic viscosity, m?/s

T dimensionless number, 71-75
water density, kg/m>

g7e surface tension between water and air, N/m

Tc critical shear stress, Pa

T dimensionless critical shear stress

c

%
1:C‘O

dimensionless critical shear stress of horizontal bed

investigated the wash-down behavior of soluble Csl aerosol depos-
ited over surfaces (Gupta and Langer, 2009). THAI-AW2 experi-
ment was performed subsequently to investigate the wash-down
behavior of both soluble Csl aerosol and insoluble SnO, aerosol
from vertical walls and quasi-horizontal surfaces by steam conden-
sate (Gupta et al., 2012).

However, the wash-down of insoluble aerosols, like Ag and
AgOy aerosols, are more complex because the wash-down process
depends on the particle properties (size and density), particle
porosity, surface inclination (wall and floor), thermal-hydraulic
conditions (flow patterns, condensate coverage, and fluid proper-
ties), etc.

The aerosol wash-down model AULA (Weber, 2011; Weber
et al., 2015) is based on an approach used in geology to describe
the transport of sediments in water flow. The Shields criterion
(Shields, 1936) is adopted in AULA, which states that particles
erode if the flow shear velocity exceeds the critical shear velocity
determined by particles. The AULA model suggests the surface load
(surface density) (called ‘concentration’ in Weber et al., 2015) of
deposited aerosols on walls cq, kg/m?, decreases as an exponential
function:

dcee
de

where ke, 1/s, is the erosion rate, i.e. the characteristic time of the
erosion process, which has to be measured for each specific condi-
tion. The aerosol mass erosion rate k. for cohesive particles is intro-
duced by (Ariathurai, 1977):

u? g2 . .
K, — {lceD( o ),u > U 2)

0,u* <u;

= —k - Cqe (1)

where k. is an erosion constant that has to be estimated. This con-
stant depends on the aerosol particle and flow properties (Weber
et al., 2015; Amend et al., 2018). According to the Shields criterion,

the erosion of particles takes place if the flow shear velocity u* is
beyond the critical shear velocity u; of particle; otherwise, there
is no erosion.

The critical shear velocity of particle is:

Ui =\/1e/p =/Te(s — 1)gdp 3)

where 7. is the critical shear stress and p is the water density. The
definition of critical Shields parameter, namely the dimensionless
critical shear stress, is:
Te
= (4)
¢ (s=1)pgd,

where d, is the particle diameter and g is the gravity acceleration.
The density ratio s of particle to water is defined as:

s =p,/p (5)

In AULA, an empirical correlation of the horizontal and non-
cohesive particle bed (Guo, 2002) is applied. This empirical corre-
lation is fully validated for a large range of particle size and flow
velocity. The empirical critical Shields parameter, namely dimen-
sionless critical shear stress of horizontal particle bed, is:

c,0

2
T, = 0.1(R") ¥+ 0.054 {1 el 0-1<R‘>3)} (6)

where the dimensionless auxiliary parameter R* is:

g~ V016 —1)gd, 7)
A%

where v is the kinematic viscosity of water.

The deduction of the shear velocity u* depends on the type of
flow. Due to the slight roughness of the decontamination paint sur-
face (a typical structure surface in containment), smooth turbulent
flows can be expected (Weber et al., 2015). The shear velocity of



hydraulically smooth flow is calculated by using a parabolic flow
velocity profile (Hillebrand, 2008).

0.41

U mEy 1525

(8)
where u and ¢ are the condensate (e.g. rivulet, film) velocity and
thickness respectively. The Karman constant is 0.41. The integration
constant is in the range of [5.0, 5.5]. Here the average integration
constant of 5.25 is adopted. The u* can be solved by the iteration
of the implicit Eq. (8). It should be pointed out that, for the rough
surface in containment, the roughness of the structure has to be
introduced to calculate the shear velocity (Hillebrand, 2008).

The integral form of the surface load of deposited aerosols cq
can be obtained by Eq. (1). The remaining deposited aerosol mass
on water-covered area is:

Mee =A- € Caeg - €' KV 9)

where A is the area of the whole wall, and ¢ is the condensate cov-
erage. Cgeo, kg/m?, is the initial surface load of deposited aerosols.
Since the condensate coverage ¢ in AULA is a user given value, in
this paper, a condensate coverage correlation will be proposed,
and then coupled into the aerosol wash-down mass calculation.

Moreover, inclined walls usually exist in nuclear containment,
and the experiments (e.g. THAI-AW3-LAB) reveal that the cohesive
force cannot be neglected for the nuclear aerosols deposited on
inclined surfaces (Laufenberg et al., 2014a,b). In AULA, the dimen-
sionless critical shear stress of aerosols, known as the critical
Shields parameter, was adopted as an empirical correlation but
without the consideration of wall inclination and aerosol cohesion.
Therefore, in this paper, a correction factor for the dimensionless
critical shear stress 7;, of horizontal non-cohesive bed with the
consideration of inclination angle and particle cohesion is
introduced:

Te = Cic- T, (10)

where C;. is the combined correction factor for inclination and
cohesion.

Overall, the objective of this paper is to develop a condensate
coverage empirical correlation and propose a correction factor of
the combination of wall inclination and aerosol cohesion effects.
The extended aerosol wash-down model will be validated
against the THAI-AW3-LAB experimental data, and the model
characteristics will be analyzed under prototypic severe accident
conditions.

3. Model improvement
3.1. Condensate coverage

3.1.1. Dimensionless parameters

For the dimensional analysis, the Buckingham 7w theorem is
applied to reduce the physical problem to the simplest (most eco-
nomical) form (Bridgman, 1931; Buckingham, 1914). The first and
most important step in the dimensional analysis is to identify a
complete set of independent quantities. For the current case, one
known is that the condensate coverage ¢ on inclined wall depends
on the independent quantities, such as volume flow rate per width
V, equilibrium contact angle 6, (which is the static equilibrium
contact angle. The ‘static’ means the contact area between liquid
and solid doesn’t change during the measurement. The equilibrium
contact angle can be calculated from the static advancing and static
receding contact angle), inclination angle «, gravitation g, fluid
density p, fluid dynamic viscosity p, and surface tension oj¢
(Wang and Cheng, 2019), namely,

I3 :f(V, 0,0, 8, P, U, O'LG> (11)

This expression can be rewritten as a dimensionless form Eq.
(12). The number of dimensionless parameters is equal to the total
number of variables minus the number of physical dimensions
involved. For the interested physical quantities of condensate cov-
erage, three basic dimensions involved, which are length [m], time
[s], and mass [kg], are usually taken into count. All physical quan-
tities have dimensions, which can be expressed as products of
powers of these three base dimensions. We now can define the
dimensionless form with the 5 (i.e. 8-3 = 5, 5 7 terms) remaining
dimensionless numbers:

f(m1, 702, 3, T4, 5) = 0 (12)

Since the coverage ¢, the equilibrium contact angle 6., and the
inclination angle o are already dimensionless numbers, the
remaining 5 quantities (V, g, p, 1 and o) can yield the other
two dimensionless number. These 5 quantities are combined and
arranged, in sequence, to find the last two m terms in simplest
dimensionless form:

pV
mo=r 13
= (13)
p %
Ty =016 (g_,u“) (14)

7, times a factor 4 is the Reynolds number Re = iﬂﬂ, and 7, is
. 1/3 e
exactly the Kapitza number Ka = o¢ (ﬁ) . The equilibrium con-
tact angle 0, and inclination angle o physically influence the sur-
face tension force and gravitation in the forms as (1 cos6.) and
sino, respectively. Therefore, the coverage ¢ can be expressed ulti-
matedly as a relationship among all the & terms:

& =f(Re,Ka,1 — cos0,, sino) (15)

3.1.2. Empirical condensate coverage correlation

According to our previous study (Wang and Cheng, 2019), the

condensate coverage definition can be expressed as follows:
v
Tus

It is no doubt that the flow patterns of condensate have three
phases, i.e., the moving droplets, rivulets and fully covered film
(Wang and Cheng, 2019). For the fully covered film, the coverage
¢ =1 and the film velocity and thickness can be obtained from film
theory (e.g. Nusselt, 1916). In case of moving droplets, the velocity
distribution depends on droplet size, so that only a part of droplets
is effective for aerosol wash-down. The rivulet velocity is much
higher than the velocity of moving droplets. Therefore, here we
suppose the rivulet flow pattern dominates the coverage when
the wall is not fully covered by film.

The minimum total energy (MTE) method is wildly examined
for determining the rivulet thickness of an isothermal rivulet flow-
ing down a sloped wall. In previous research (Hartley and
Murgatroyd, 1964; Hobler,1964; Doniec, 1988, 1991; EI-Genk
and Saber, 2001; Huang and Cheng, 2015), analytical velocity and
structure expressions of a stable rivulet are developed. Summaries
from the literature review reveal the empirical rivulet thickness
correlation derived by the authors is:

(16)

0.2
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(17)



Table 1
Prefactor c; of empirical rivulet thickness expression.
Reference Hartley and Murgatroyd, Doniec, 1988, Hobler,1964
1964 1991
Prefactor 1.34 1.45 1.86
1.72 1.125

where c; is the prefactor of the empirical rivulet thickness expres-
sion, which varies in the range of (1.125-1.86), as shown in Table 1.
The rivulet velocity distribution from the wall to the rivulet

interface with gas is assumed as a parabolic profile (EI-Genk and
Saber, 2001), so the average rivulet velocity is:
pgsina
= B 18
i (18)

The previous research (Huang and Cheng, 2015) reveals that the
main part of rivulet is a rectangular film sheet with a constant
thickness. The rivulet average thickness and velocity change
slightly when the rivulet width varies with the condensate flow
rate. Comparing with the main part of rivulet, the proportion of
the arc parts of rivulet edges are very small. Substituting the rivulet
thickness and the average rivulet velocity into the coverage
expression, one can be derived as follows:

_v_ v _ v
&= ud pgsmx) -

3u 2 02\ *
pesinz [ 1 cos0102 [ 291G
S| o1 coste) 3 @in? (19)

1\ 06
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We substitute all the dimensionless numbers (as shown in Eq.
(15)) into above Eq. (19):

075

6
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Due to c;€(1.125,1.86), the prefactor %3¢ (0.12,0.52)

accordingly.
In order to determine the prefactor 2%, the results of our previ-

ous work (Wang and Cheng, 2019) are applled as shown in Fig. 1.
Two cases with different surfaces are simulated: a wet surface and
a dry one. The wet surface case means the structure surface is pre-
wetted. The rivulet forms on the pre-wetted surface when the
water is injected on the uppermost edge of test plate. On the
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8 — Wet surface, Slope =0.0167
E 0.4
S
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0.0
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Fig. 1. Calculation results from reference (more details in Wang and Cheng, 2019,
Section 3.1, Fig. 7). The boundary conditions: the equilibrium contact angles

= 45.1A° for dry surface and 14A° for wet surface; the inclination angle o = 90°
for a vertical wall; the temperature and pressure are ambient.

contrary, the dry surface case means the rivulet generates on the
dry surface of the test plate. These two surface conditions have dif-
ferent equilibrium contact angles. The equilibrium contact angle
on pre-wetted surface is smaller than on dry surface.

The results reveal that the predicted relationship between the
coverage and Reynolds number is almost linear, because the aver-
age rivulet thickness and velocity don’t increase much when vol-
ume flow rate increases. It is consistent with the empirical
correlation that the coverage is proportional toRe roughly ¢ « Re,
if the rivulet average thickness and velocity are fixed hypotheti-
cally. According to the slopes of the curves in Fig. 1, now we can
evaluate the prefactor 22 ~ 0.26, and accordingly the rivulet thick-

ness prefactor c; = 1.424.
Therefore, after determined the factor c;, the empirical conden-
sate coverage correlation can be expressed eventually as:

£=0.26-Re'Ka °%(1 — cos6,) °5(sino)®? (21)

The valid parameter ranges of the condensate coverage correla-
tion are as follows: the Kapitza number Ka € (2500, 22500), which
depends on the condensate temperature and pressure inside the
containment. The  static  equilibrium contact angle
0. € (0A°,90A"), excluding the cases of 0A° and 90A°. The inclina-
tion angle o € (0A°,90A°], excluding the horizontal surface but
including the vertical. The Reynolds number is from O to the max-
imum value (when the coverage equals one).

3.1.3. Comparison with experimental data

Four experiments including 89 experimental data points from
the open literatures are applied to validate the current condensate
coverage model (Ausner, 2007; Yu et al., 2012; Laufenberg et al.,
2014a,b; Dupont, 2017). The information of these experimental
data for validation is summarized in Table 2. Actually not all con-
tact angles are given by each individual experiment, but the sur-
face materials are known. In Ausner experiment, the static
advacing contact angle measured varies between 60° and 70° with
a measurement error 6-9°. The average contact angle of 65° is
adopted here. In THAI-AW3-LAB experiment, the equilibrium con-
tact angle of water on GEHOPON paint is about 60-65°.

Fig. 2 shows the comparison between the coverage predicted by
correlation Eq. (21) with the prefactor 0.26 and the experimental
data. The comparison results indicate generally a good agreement
with around +25% deviation. This deviation might be caused by
the surface contact angle effect, e.g. the steel plate used in the
experiment of (Ausner, 2007) is a non-treated surface. The rough-
ness of the surface is so uneven that the contact angle varies in a
large range.

3.2. Correction factor of inclination and cohesion

3.2.1. Force analysis

In this section we will figure out the correction factor of the
dimensionless critical shear stress 7; with the consideration of
inclination angle and particle cohesion, which can be obtained
from the force analysis of particles.

Let us consider a particle located at the water-particle interface
as presented in Fig. 3. The water-particle interface is assumed to be
sloped with an inclination angle «, which is the angle between the
surface and the horizontal direction. Its stability is characterized by
the balance between the following forces: (1) the buoyant weight
of the particle Fy, which is perpendicular to the ground without
inclination, (2) the drag force of the overlying flow Fp, which is
caused by the flow shear stress, and parallel to the inclined surface
or the flow direction, (3) the effective cohesive force F¢, which is
perpendicular to the wall surface, (4) the lift force of the overlying
flow F;, and (5) the friction force Fr of the particle in the first layer.



Table 2
Experimental data for rivulet coverage validation.

Experiment Re 0Os.4/0s R Inclination Temperature Data points
WEBREC 10 500 71.8A°/18.4A° 90° Ambient 21
20 110 18A°/10A° 90° Ambient 15
Ausner, 2007 30 240 65A°/ 60° Ambient 43
THAI-AW3-LAB 261 285 0. =60 65A° 2°,10°,20° Ambient 6
LINX 18 62 65A° /45A° 90° 67-113 °C 4
07 v - %2 *2
YO e THARAW3-Lab P r Fp = kp.1 pu’Re (1 +kp2Re ) (26)
«  UNX +25%" >
* WEBREC_dry e 1
c ] — _ 2p,*3
2 987 u  WEBREC_wet & a “ : 3 F. =k pu’Re (27)
7 A “,-" . .
< 4 Ausner,2007 At A into the force balance Eq. (24), yields:
S 06 - A _25%
S P - kp1pu?Re™? (1 + kD‘zRe*z) + .k pu?Re™ 28)
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< A ek = ckwg(s — 1)pd} (coser — sz fc)
9 P
9] o o¥
E e 1 where ky, kp1,kp2,k; all are the constant factors of forces’ expres-
. . > ‘
a 02 sions and the particle Reynolds number Re” = ”‘ﬂ For a spherical
particle ky = Z. kp; andkp, are the drag force factor related to par-
6
0.0 ¥ | I | | ticle shape and the factor characterizing the burying of the particle
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Fig. 2. Coverage comparison between correlation and experiments.
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Fig. 3. Forces acting on a particle located at the water-particle interface.

The buoyant weight component Fycosa, Fc, and F; are perpen-
dicular to the surface, so that the friction force parallel to surface
is:

Fr = pt (Fwcoso + Fc — Fy) (22)

where 4, is the Coulomb friction coefficient. The erosion criterion
comes from the particle movement initiation, which usually fulfill
the all external force balance at the flow direction:

Fp :ﬂC(FWcOSOC+Fc—FL) — Fysina (23)
Arrange and combine the like terms:
sine  F
Fp + p.Fi = uFw (coszx -—+ —C> (24)
He Fw

Substituting the following forces’ expressions (Ternat et al.,
2008):

Fw = kwg(s — 1)pd; (25)

with respect to the mean height of sediment bed respectively. k; is
the factor coupling the lift force coefficient.
Rearrange the above force balance Eq. (28):

u’Re? Uckw < sino; FC>
g(s— 1)d; kp 1 (l + kD,zRe*z) + U kRe*

(29)

Substituting the critical shear stress t. = pu’? and the particle Rey-
nolds number Re* = “gﬂ into the definition of critical Shields
parameter:

2p 2
= T s 1) G0
p v g(s-1)d,
Hence, comparing with the rearranged force balance Eq. (29), the
critical Shields parameter:

= 'uCkV;’ (coscx S, E) (31)
kD.l (1 -+ k[)sze* ) -+ 'uCkLRe* 1

.
TC

For the horizontal surface and non-cohesive particles, namely
(cosoc SLﬂJrFF—VCV) =1, the dimensionless critical shear stress for
horizontal non-cohesive particle bed is:

Too= Hekw (32)
kb1 (1 + I<D,2Re*2> + p ki Re*

which is exactly the same expression in reference (Ternat et al., 2008,
Eq. (20)). However, the empirical expression (Guo, 2002) of t; , is
adopted in AULA as well as quoted in (Weber et al., 2015). In order
to avoid determining the related constants, we don't directly use
the derived 77, Eq. (32). On the contrary, we prefer to apply the
empirical correlation of 77, Eq. (6), since the empirical expression
of 77, is validated widely against experimental data (Guo, 2002).

Therefore, we propose a factor to correct the dimensionless crit-
ical shear stress, which can be rewritten in a short form as shown
in Eq. (10), where the correction factor of inclination and cohesion
is:

(33)

Co = <cos<x _sina FC)

c



3.2.2. Inclination effect

In the case of non-cohesive particles (or the particle size is very
large, the cohesive force can be neglected comparing with buoyant
weight), the modification of dimensionless critical shear stress
with the consideration of inclination but without cohesion is:

T, =T, (cosa - smoc) (34)
(o

which is consistent with the result in literature (Dey and
Papanicolaou, 2008). Since the cohesive force is ignored, which
means that all particles balance by the gravitational force, the fric-
tion, the lift force, and the drag force. When it comes to a critical
case: the inclination angle is larger than the threshold angle o,
the particle will slide downwards automatically even without the
driving of drag force. The Coulomb friction coefficient of natural
sediments is recommended as p, = 0.58 0.84. The mean value
1. =0.7 and we know the friction coefficient u. = tanao,, hence
we estimate the critical inclination angle of natural sediments
o =35

The result of inclination correction factor (cosoc %) is shown
in Fig. 4. The inclination correction factor decreases with the incli-

nation angle increasing. When (cosoc S;lﬂ) =0, the inclination
C

reaches its threshold angle. That means the particle will move
downwards even without the drag force of flow. If the inclination

increase further, the (cosoc S;Lﬂ) decrease from positive to nega-

tive value, which means the driving force is always beyond the
resistance. The particles slide downwards automatically if there
is no cohesion to compensate.

If the inclination already exceeds its critical angle o, but the
force ratio :—VCV > S;lﬂ cosa, then the particles can also be still on

the surface. In this case, we can determine the requirements of par-
ticle properties (such as minimum particle size and porosity) based
on the known inclination angle.

3.2.3. Cohesion effect

The nuclear aerosols deposited on walls are with very various
and complicated components, size distribution, porosity, etc. In
the THAI-AW3-LAB experiments, the aerosols can be loaded on
vertical walls and then stick there. Accordingly, the cohesive force
acting on particles cannot be ignored. Otherwise, when the gravi-
tational force overcome the friction, the particles would slide
downwards naturally, and the aerosol erosion rate would be infi-
nite without considering cohesive force additionally. The conse-
quence of the cohesion effect increase the velocity needed for
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Fig. 4. Inclination correction factor versus the inclination angle.

initiation of particle movement. An additional friction comes out
when cohesive force is considered in the force balance.

THAI-AW3-LAB experiment reports that the bulk density of sil-
ver aerosol is 1100 kg/m>. The bulk density of silver powder is the
ratio of the weight of silver powder to the volume of both silver
particles and the void space between the silver particles. The silver
material density is 10,490 kg/m>. The silver material density isn’t
mentioned in THAI-AW3-LAB report actually, but mentioned in
the report of the companion experiment THAI-AW3 (part 1)
(Freitag, 2016). Therefore, the silver porosity n can be calculated
as:

bulk density
=1 = aterial density (35)
Son=1 4% =~0.9. The particle porosity is high, namely the par-

ticle compactness is low. According to the opinion of (Ternat et al.,
2008), the cohesive force of particles with high porosity can be
assumed as the interaction between the same size particles, with-
out the influence of the size distribution. The expression of cohesive
force is:
_ Au(1 - cc;socc) (36)
48K(n)“d,
where Ay =~ 1072 Joule is the Hamaker constant. ¢, is the critical
inclination angle, whose tangent is the coefficient of sliding friction.
The compaction function K(n) can be defined by:

1
Nmax — Nmin \ 3
K(n) ( — ) 1 (37)
where n is the local porosity of particles. In practice the maximum
porosity npye = 1. The minimum porosity n,;, depends on the com-
pact structure (namely the packing arrangement as a cubic, hexag-
onal, or other structures). In our case we prefer the cubic compact
structure, due to the low compactness of silver particles, which pre-
sents Mmin =1 &

Based on the expressions of cohesive force Eq. (36) and buoyant
weight Eq. (25), the curves of the force ratio FF—VCV as shown in Fig. 5,
are plotted against particle size with different porosity n. The
boundary condition is in Table 3. Here we take the bulk density
as the effective particle density p,.

Fig. 5 reveals that increasing the porosity leads to the decrease
of cohesive force obviously. The mean particle diameter used in
THAI-AW3-LAB experiments are in the size range 0.7-2.5 um. In
most cases, the cohesive force is comparable to the buoyant
weight. The cohesive force can be neglected if particle size is quite
big.
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Fig. 5. Force ratio FFTEV versus particle size with different porosities.



Table 3
Parameters for the cohesive force modeling.
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However, when the porosityn = 0.9, the cohesive force is less
than the buoyant weight for the experimental particle size in
THAI-AW3-LAB. But partial particles are still on vertical walls in
THAI-AW3 experiment. It is possible that the porosity is overesti-
mated. The bulk density of silver powder is quite smaller than
the silver material density. It is likely that the bulk density would
be larger in reality. The larger bulk density is, the more compact
the silver particles are. That leads to the smaller porosity n and lar-
ger cohesive force accordingly. Another reason is the diameter of
the deposited aerosols on vertical walls could be smaller than
the mean particle size, since the particle size has a log-normal dis-
tribution. The small particles (less than the average size) with high
cohesion can be still on the wall with a high inclination angle.

4. Model validation

After coupling the condensate coverage empirical correlation
and the proposed correction factor of inclination and cohesion into
the aerosol wash-down model AULA, this extended model is vali-
dated by the THAI-AW3-LAB experiment as follows.

4.1. THAI-AW3-LAB experiment

Since 1998 the technical-scale test facility THAI (Thermal-
hydraulics, Hydrogen, Aerosols, Iodine) has been operated by
Becker Technologies at Eschborn, Germany, in close cooperation
with AREVA and GRS, in order to provide an experimental database
for the development and validation of lumped parameter and CFD
containment codes. Up to now, at least 6 types of experiments have
been performed evaluating the phenomena in containment, such
as helium/hydrogen material scaling (HM), hydrogen deflagration
(HD), hydrogen recombiner (HR), passive autocatalytic recombiner
poisoning, aerosol wash-down, iodine behavior, etc. The experi-
ments of THAI project are designed to fill these knowledge gaps
by delivering data for the evaluation of the hydrogen and fission
product behavior, thereby supporting the validation of accident
simulation codes. In addition, an analytical workgroup was estab-
lished in the frame of the THAI project, which aimed at the evalu-
ation of the test results for further development and validation of
the predictive capabilities of advanced lumped parameter codes
and CFD codes currently used in the reactor safety field.

Aerosol wash-down process determines the fission product dis-
tribution, which affects the thermal-hydraulics of the containment
atmosphere because of the decay heat released by the fission prod-
ucts. Therefore, a serial of aerosol wash-down experiments includ-
ing THAI-AW, AW2, AW3, and AW4 is carried out in THAI project.
The aerosol wash-down experiments have been performed to
investigate the aerosol wash-down behavior of insoluble/soluble
aerosols on surfaces and the water spray effect. As a first step,
THAI-AW addresses the main phenomenon related to the wash-
down process of soluble aerosol under superheated thermal-hy-
draulic conditions. The test phases are defined in a way so that
the steam condenses on the vertical vessel walls and further con-
tribute in wash-down of the aerosol deposited on the surfaces.
The accumulated condensate is continuously drained into the inde-
pendent gutters. The test contributes the general knowledge of
aerosol wash-down behavior over quasi-horizontal surfaces and
small puddles in containment. THAI-AW experiment concludes
that the time range of aerosol wash-down is from minutes to hours

and the completeness of aerosol wash-down is dependent on
water flow rate, aerosol surface load, and the surface characteris-
tics. THAI-AW2 has been performed to investigate the wash-
down behaviour of soluble Csl and insoluble SnO, aerosols, which
concludes the wash-down efficiencies are independent from each
other. Soluble aerosol was injected by two nozzles from top of
the vessel into the air atmosphere while insoluble aerosol pro-
duced by a brushing device was released at the same time also
from top of the vessel together with a carrier gas. THAI-AW3 has
been conducted in two parts (insoluble aerosol Ag wash-down
and the interaction between Ag and iodine in water sump). The
insoluble aerosol Ag wash-down on vertical walls, quasi-
horizontal surfaces and small puddles by the condensate water
flow has been investigated. THAI-AW4 presented the reduction of
aerosol concentration in THAI facility by a spray system that is typ-
ical for reactor containments. The evolution of aerosol concentra-
tion and containment thermal-hydraulics have been investigated.

THAI-AW3-LAB experiment is also one of the aerosol wash-
down experiments conducted by Becker Technologies
(Laufenberg et al., 2014a,b; Gupta, 2015). It is a laboratory scale
test developed and constructed in order to measure the removal
of insoluble silver aerosol deposited on inclined surfaces by water
flow. The experimental setup is used to perform a series of wash-
down tests, in which surface inclination, water flow rate, aerosol
load as well as particle sizes are varied. Two different surfaces
types (stainless steel and decontamination paint) of interest are
representative for containment structures. The test plates are made
out of stainless steel and some of them are coated by decontamina-
tion paint. A total of 15 tests are conducted. Each test consists of an
initial dry aerosol loading phase and the later wash-down phase.
The experimental data exhibit a clear trend of a fast aerosol
wash-down in the beginning, which is followed by a slow removal
transient. Some of tests (such as test 3, test 4, and test 12) can also
be used to validate the rivulet behavior and its coverage. The setup
consists of trapezoidal inclined plates loaded with insoluble silver
aerosol. At the uppermost edge purified water is applied on the
plate by a water distributor with a given mass flow rate. A tubular
distributor (with 38 holes of 0.7 mm diameter along the edge) is
used to generate a homogeneous water distribution. Pictures of
the water flow are recorded during the tests, as shown in Fig. 6.
These images are used to identify the wetting area of the plates
as well as the rivulet behavior. For further information, THAI-
AWS3-LAB laboratory experiments report (Laufenberg et al.,
2014a,b) is recommended.

The surface inclinations of test 3, 4, and 12 are 2°, 20°, and 10°
respectively. These tests are conducted under ambient pressure
and temperature (25 °C, 1.0 Bar). The mass flow rate is the same,
11 g/s. All test plates have the same structure size. The trapezoidal
plate upper width is 0.475 m, the lower width is 0.09 m, and the

length is 1.215 m. So the average Re = %‘" = 175. The surface of test

3 and 4 are stainless steel coating with GEHOPON paint, while the
test 12 without any paint. The water on GEHOPON paint has a sta-
tic equilibrium contact angle 60-65°; here we take the average
62.5°. The parameters of THAI-AW3-LAB are summarized in
Table 4. In the experiments, the particles are collected in intervals
of 10 s for a total duration of 130 s. The aerosol washed down by
rivulet is recorded in each 10 s. The effective particle density is
used in the aerosol wash-down calculations, because aerosol in
containment is usually surrounded by water. The effective particle
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Fig. 6. Rivulet with different inclination in THAI-AW3-LAB (Laufenberg et al,,
2014a,b).

density can be roughly determined in the range of the aerosol bulk
density and the aerosol density with water fully filled the void
space (which numerically is the aerosol bulk density plus the pro-
duct of water density and aerosol porosity, namely, 1100 kg/m> + 0.
9 * 1000 kg/m> = 2000 kg/m?). The mean effective particle density
1550 kg/m? is adopted in the current simulation of THAI-AW3-LAB.

4.2. Comparison with experimental data

4.2.1. Rivulet behavior

Table 5 reveals the comparison of the rivulet average thickness,
velocity, and the coverage. The average value at 130 sec of each
THAI-AW3-LAB test are selected. However, for the test 12, we only
have data at 900 sec from the experiment report (Laufenberg et al.,
2014a,b). Both the experiment and calculation reveal that the aver-
age rivulet thickness decrease with the inclination increasing, on
the contrary, the average rivulet velocity increase. The results are
consistent with the rivulet thickness and velocity model, which
are both in terms of inclination angle, roughly & o sino ®* and

u o sino®® (Eq. (17) and Eq. (18)) if Re, contact angle, and water
propoties keep constant.

The coverage comparison in Table 5 shows the prediction by the
empirical correlation increases slightly with inclination angle
increasing. The prediction result is consistent with the coverage

model, roughly &  sina®? (Eq. (21)), when Re, contact angle, and
water properties keep constant. The inclination effect is not signif-
icant beyond a certain value (e.g. o > 30°).

However, the experimental data show that the inclination angle
doesn’t impact the coverage very much, although the inclination
angles are small. Perhaps the surface after the aerosol deposition
cannot be homogeneous completely (Laufenberg et al., 2014a,b),
so that the contact angles would differ from place to place.

Another issue of interest is about the width of individual rivu-
lets and the amount of rivulets in each test, as shown in Fig. 6. It
is clear that the amount of rivulets increases with the inclination,
while the width of each individual rivulet decrease. We think it
is related to the rivulet formation. At beginning, the surface is
dry. The water comes out at the uppermost edge with a uniform
water injection distribution. The rivulets can flow downwards
when the rivulet front can overcome the resistance at front contact
line. In addition, we know that the larger rivulet velocity is, the lar-
ger dynamic contact angle at the rivulet front is, which leads to a
smaller resistance. In other word, the rivulet with larger velocity
is easier to move downwards. The rivulets in test 4 have the largest
velocity (because of the highest inclination) that the rivulet
amount is the most, while the rivulet formation in test 3 needs
more water to come together so that the rivulet has an enough
large velocity to overcome the resistance.

4.2.2. Aerosol wash-down mass

The aerosol wash-down rate comparisons against THAI-AW3-
LAB experiments (test 3, 4, and 12) are shown in Fig. 7, Fig. 8,
and Fig. 9 with the erosion constant (k.o in Eq. (2)) 0.4, 0.005,
and 0.03 respectively. The erosion constant has to be estimated
and is different from case to case, which depends on the used prop-
erties of surface, aerosol, fluid and the wash-down situation
(Weber et al., 2015; Amend et al., 2018). All the computational
conditions are described in Section 4.1 except the rivulet coverage,
which is calculated by the proposed correlation, as shown in
Section 4.2.1.

The comparison results generally show good agreements with
experimental data, but still have the deviations. In the later phase
(from 60 to 130 s), the prediction of aerosol wash-down is lower
than the experiment. The aerosol wash-down rate is somehow

Table 4
Parameters of THAI-AW3-LAB.
Test 3 Test 4 Test 12
Aerosol surface load 26.4 g/m? 27 g/m? 10.2 g/m?
Surface inclination 2° 20° 10°
Surface of plate Decontamination paint on steel Decontamination paint on steel Steel without decontamination paint
Mass flow rate 11 g/s 11 g/s 11 g/s
Particle diameter 1.5-2.5 um 1.5-2.5 um 0.7-1.2 pym
Effective particle density 1100-2000 kg/m* 1100-2000 kg/m? 1100-2000 kg/m?
Coverage At 130 sec 42.8% 44.5% -
At 900 sec 45.6% 44.9% 41.7%
Table 5
Rivulet parameters comparison with THAI-AW3-LAB.
Thickness, mm Velocity, m/s Coverage
Experiment Calculation Experiment Calculation Experiment Calculation
Test 3 - 2° 0.62 1.0 0.137 0.15 42.8% 23.5%
Test 12 -10° 0.41 0.57 0.23 0.21 44.5% 32.5%
Test 4 -20° 031 0.43 0.27 0.24 41.7% 37.1%
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linear or constant in the later phase. An explanation is that the
rivulet entrains the aerosol along the both edges of each rivulet.
The rivulet entrainment is an additional source of the aerosol
wash-down rate (Freitag et al., 2018). Nevertheless, in the early
50 s, the deviations are also found. The possible reason is that
the rivulet coverage estimation has already about +25% deviation.

Table 6 shows the comparison of the total aerosol wash-down
mass between model prediction and the THAI-AW3-LAB experi-
mental data. The total aerosol mass load on each test plate can
be calculated by the aerosol surface density (the aerosol surface
load in Table 4) times the plate area. In experiments, the aerosol
wash-down efficiency, namely the fraction of the total aerosol
wash-down mass (at the end of 130 s) to the total deposited mass
is about 10-15%, while in predictions, the efficiency varies from
about 11% to 18%. The comparisons reveal there are no significant
differences between the calculation and measurement.

5. Model characteristics under severe accident conditions

In this chapter, the extended aerosol wash-down model is
applied under a prototypical severe accident condition. The analy-
sis on some parameters of interest, such as particle diameter, den-
sity and the surface inclination is carried out. The prototypical
conditions are: the pressure of atmosphere and temperature of
water are assumed 4 bar and 90 °C respectively (in order to obtain
the fluid properties). The static equilibrium contact angles
0. = 62.5A°, which is an experimental measured value for water
on a dry containment paint (Inorganic zinc paint) coated stainless
steel (Wang and Cheng, 2018). Based on the knowledge of the
THAI-AW3-LAB experiment, some other parameters’ ranges can
be defined, such as, the particle diameter d, € [0.25,2.5], pm, the
particle density p, € [1100,3000], kg/m>, and the inclination angle

o€ [2°,90°). The erosion constant k.o = 0.002, 1/s, the aerosol
porosity n = 0.9, and the aerosol surface load cqo = 0.027 kg/m?.
The mass flow rate 0.03 kg/s (should make sure that is a rivulet
case, not a fully covered film case). The surface geometry is:
wide x high=1m x 1 m.

5.1. Particle properties

The particle properties (particle diameter and density) affect
the aerosol wash-down threshold very much, since the critical
shear velocity is a function of particle properties.

Fig. 10 shows the curves of the critical dimensionless shear
stress 7 and critical shear velocity u; versus particle diameter
under the prototypical accident conditions and p, = 1550 kg/m?,

o =30 specifically. Both 7; and u; decrease rapidly with particle
diameter increasing, where the particle diameter is less than
1 pm. The 7} and u; are keep almost flat while the particle diameter
increase further (larger than 1 pm). That is because the cohesive
force increase exponentially with the particle diameter decreasing
when the particle diameter is less 1 pm, as shown in Fig. 5. The
cohesive force dominates the resistance. Consequently, the
remaining deposited aerosol mass on the water-covered wall mg,
with respect to different particle diameters, as shown in Fig. 11,
reveals that time needs longer to wash down the aerosols com-
pletely for the particles with smaller diameter due to their larger
7; and u;.

Similarly, Fig. 12 shows the curves of 7; and u; versus particle
density p, under the prototypical accident conditions and d, = 1

pm, o = 30 specifically. t: decreases slightly with particle density
increasing comparing the decreasing amplitude in Fig. 10, on the
contrary, u! increases parabolically with the particle density
increasing. As a result, the aerosol wash-down process is stronger
with respect to a smaller particle density, as shown in Fig. 13.

5.2. Surface inclination

The inclination impact on aerosol wash-down are not only the
critical shear velocity u} as well as the particle properties influence,



Table 6
Total aerosol wash-down mass comparing with THAI-AW3-LAB.

Test 3 Test 4 Test 12
Experiment Calculation Experiment Calculation Experiment Calculation
Total mass load 9.1 9.3 3.5
Total mass wash-down 1.0 1.06 0.98 1.67 0.51 0.56
Efficiency 11.04% 11.6% 10.54% 17.9% 14.48% 16%
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Fig. 10. Critical dimensionless shear stress and critical shear velocity versus
particle diameter.
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but also the rivulet shear velocity u*. Fig. 14 shows the variation of
both u; and u* with the inclination increasing under the prototyp-
ical accident conditions and p, = 1550 kg/m?. The rivulet shear
velocity increases with inclination, since the rivulet model tells

the rivulet velocity is proportional to sin«®?, and the rivulet shear
velocity has the same monotonicity as rivulet velocity. However,
the critical shear velocity u; decreases with the inclination increas-
ing, because of the negative inclination effect, as we discussed in
Section 3.2.2. Accordingly, it's possible to find the cross point
between the two curves for a specific particle diameter, for
instance as shown in Fig. 14, the intersection between the blue
dot curve and the green star one. That means there is no aerosol
wash-down when the inclination is less than the cross point
(~20° for the current case). Consequently, the erosion rate equals
zero, as shown in Fig. 15.

Moreover, we can also define the boundary of the particle diam-
eter. As shown in Fig. 14, no matter how large the inclination is, if
the particle diameter is less than 0.21 um, there is no wash-down
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Fig. 14. Surface inclination impact on shear velocity.
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Fig. 15. Erosion rate and condensate coverage versus inclination.

any more, while if the particle diameter is larger than 0.36 um
there is always wash-down under the current prototypical acci-
dent conditions.

Fig. 15 also indicates the rivulet coverage and the erosion rate
increase with the surface inclination, as a result, the aerosol
wash-down efficiency also increases with inclination angle.

6. Conclusions

The aerosol wash-down process is significant to evaluate radia-
tive source term distribution in nuclear containment. The work
presented aims at improving the already existing aerosol wash-
down model AULA. It is extended by estimation of rivulet coverage
and consideration of surface inclination and aerosol cohesion. The
extended aerosol wash-down model is validated by THAI-AW3-
LAB experiment.

The estimation of rivulet coverage is a necessary boundary con-
dition for calculating aerosol wash-down. A new empirical correla-
tion of coverage is proposed. The validation against the
experimental data indicates a good agreement with around +25%
deviation. Uncertainties of rivulet behavior have to be discussed
further. The coverage correlation is eventually coupled to calculate
the aerosol wash-down process.

In order to improve the dimensionless critical shear stress
model, a correction factor is deduced by force analysis, which con-
siders the wall inclination and aerosol cohesion. The critical shear
stress decreases with the increase of inclination. The cohesive force
depends on the particle diameter and porosity. The smaller diam-
eter and porosity leads to a lager cohesion.

The extended aerosol wash-down model with the consideration
of inclination and cohesion is validated by the THAI-AW3-LAB
experiment. The comparison results show generally good agree-
ments, although the uncertainties of rivulet formation and cover-
age are large. The improved critical Shields parameter
considering the inclination and cohesion is feasible to assess the
erosion threshold of aerosol wash-down.

Furthermore, the model characteristics under severe accident
conditions and the analysis on aerosol density, diameter, and incli-
nation are presented and discussed. The results show the smaller
density and lager diameter have a higher aerosol wash-down effi-
ciency. The inclination impact not only on the critical shear veloc-
ity but also the rivulet shear velocity.

Next step, the containment program COCOSYS will be used to
simulate the integral aerosol wash-down experiment THAI-AW3
for a further validation. We are also going to apply the model in
a generic containment in order to investigate the influence of
severe accident scenarios. It is worth noting that, under different

severe accident scenarios, the terms of Ka and Re number in rivulet
coverage model are strongly influenced by containment thermal-
hydraulics. The aerosol injection and deposition, as well as wash-
down process accordingly, are affected by core degradation process
and molten core-concrete interaction. All parameters related to
wash-down model can be updated for each time step in the con-
tainment code COCOSYS.
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