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A theoretical simulation model of solid particles behaviour inside a scrubbing pool was developed, with the
purpose to evaluate the particles decontamination factor. A three-step approach to describe pool scrubbing on
the local instantaneous scale, using Computational Fluid Dynamics, is proposed. A subgrid model for particle
decontamination, based on simulation of particle flow within individual bubbles of different sizes, is introduced

first. Experimental data from the literature were then used to first validate the used open-source numerical
solver’s gas-liquid flow part with the implemented drag model, and then to assess the results of pool scrubbing
simulations using the implemented decontamination model.

1. Introduction

During a hypothetical severe accident in a light water reactor nuclear
power plant, the fuel could melt and there is a possibility, that some
radioactive material could be released within the containment. The
purpose of pool scrubbing is to remove as much as possible radioactive
substances (which can be in gaseous or particle form) from a mixture of
condensable and non-condensable contaminated gases by filtering it
through a liquid pool (in most cases water). The filtration efficiency of
pool scrubbing can be expressed in terms of the Decontamination Factor
(DF), which is defined as the ratio of the radioactive material mass
entering to the mass leaving the pool. The present work considers pool
scrubbing of particles.

To understand the mechanisms of pool scrubbing, phenomena at the
local scale have to be considered. Because of the different behaviours of
the gas-liquid-particles mixture during the process and different time
and length scales of interaction between the phases, three successive
regions in the vertical direction are usually defined (OECD/Nuclear
Energy Agency, 1999; Herranz and Fontanet, 2013): injector region
around the gas inlet, rise region, and surface region. The overall DF can
be calculated as a product of DF for each region. Since gases enter the
scrubbing pool as a jet that disperses into bubbles, the behaviour of the
particle removal from the bubbles within the rise region is essential to
understand pool scrubbing. Particles within bubbles move due to the
centrifugal force (as they are being carried by the gas circulation,
induced by the bubble motion), gravitational sedimentation, Brownian
diffusion and eventually vapour condensation (if steam is present within

bubbles). An extensive description of bubble and particle phenomena in
pool scrubbing may be found in the work of Powers (1997).

Up to now, most pool scrubbing theoretical simulations were per-
formed with system codes for nuclear safety analyses: ASTEC, SPARC,
BUSCA, MELCOR, COCOSYS and ECART (Abe et al., 2018; Dehbi et al.,
2001; Herranz and Fontanet, 2013; Turni, 2016) that typically average
physical quantities over large volumes. In the modelling of phenomena
at the local scale, Wassel et al. (1985) have proposed a description of
pool scrubbing, based on simplified one-dimensional basic equations
and algebraic constitutive relations. Hozumi and Yoshizawa (1992)
have modelled the motion of dust particles inside a single bubble in a jet
bubbling reactor. Ghiaasiaan and Yao (1997) have proposed a model for
deposition of aerosols in rising spherical bubbles. Ansari and Nimvari
(2011) have modelled the circulation of gas within bubbles, but without
particles.

As to the experimental investigations of phenomena within rising
bubbles, one of the earliest documented works seems to be by Garner
and Hammerton (1954), who have studied the gas internal circulation.
Abe et al. (2018) have visualised the behaviour of particles in the gas.
Fujiwara et al. (2019) have investigated the motion of particles within
bubbles represented by oil drops. Much research on bubble motion and
bubble swarm behaviour, which is important for theoretical simulation
of pool scrubbing, was carried out without particles (Besagni et al.,
2018; Dhotre and Smith, 2007; Rzehak et al., 2017; Simiano, 2005;
Wardle and Weller, 2013).

It should also be noted that many experimental campaigns were
carried out to measure how various parameters affect the DF. However,
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in most experiments, the overall DF was measured without insights into
the two-phase flow behaviour of bubble columns (Dehbi et al., 2001;
Kuhlman et al., 1986). Only few experiments were performed where
both the DF and two-phase flow physical quantities were measured
(such as by Turni, 2016).

The present work focuses on the rise region, where most of the
particles migrate from the bubbles into the liquid. The gas decontami-
nation was modelled using a multi-fluid approach with four phases:
gaseous (bubbles), liquid, and two particle phases (within gas and
within liquid). All phases were described in Eulerian frame. Simulations
were performed using the open-source Computational Fluid Dynamics
(CFD) code OpenFoam (Greenshields, 2015), with the solver reac-
tingMultiphaseEulerFoam. As bubbles are much smaller than the nu-
merical grid cells (hence the use of Eulerian frame), the transport of
particles from the gas to the liquid phase was modelled using a proposed
subgrid model that takes into account that the inner gas motion, caused
by bubble rising, moves particles inside the bubbles due to interfacial
drag. The particles first migrate towards the bubble surface and then out
from the bubbles.

The main simplifying assumptions of the proposed modelling are
spherical bubbles of uniform size (thus, no massive bubble coalescence),
uniform particle size, and no particle conglomeration or agglomeration.
The assumption of spherical bubbles is an approximation to irregular
shaped bubbles that occur in the experiment, in which the overall
deposition rate of particles should be similar, both qualitatively and
quantitatively. In the presented simulations of some experiments, even
some large bubbles (with equivalent diameter 1 cm) are modelled as
spherical, although they were most probably (irregular) ellipsoidal or
spherical-cap shaped. Also, neither Brownian diffusion not diffusion of
particles was modelled. The diffusion of the particles was not addressed,
since as long as the particles are inside bubbles, the effect of air circu-
lation within bubbles dominate the behaviour of particles. On the other
hand, when particles reach the interface, they are considered to be in the
liquid phase and their behaviour cannot affect the DF anymore.

The considered gas was air, so condensation was not considered. The
prescribed particle densities and bubble diameters were based on data
from the literature. The simulations results were analysed and the
decontamination factor, which is the resulting measure of the scrubbing
efficiency, was calculated and compared with experimental data. To the
best of the authors’ knowledge, this is the first attempt to simulate pool
scrubbing experiments with a multi-fluid description, which represents a
new step in the research of pool scrubbing.

2. Theoretical modelling of pool scrubbing
2.1. Model basics

In multi-fluid modelling (OECD/Nuclear Energy Agency, 1999;
Frank et al., 2004), components (usually different phases) are treated as
inter-penetrating continua, described by averaged conservation equa-
tions. The averaging process adds the phase fraction of each phase
(defined as the probability that the considered phase is present at the
observed location) into the equation set. The interphase momentum
transfer is phase-fraction dependent and is determined from the forces
acting on phases, comprising drag, lift and virtual mass forces. Problems
arise from complex interactions between the considered fluids, which
interact differently depending on the phase fraction of each fluid at the
observed location.

In the present work, particle transport from bubbles to liquid is
simulated as transfer, described by a subgrid model, from particles in the
gas phase (particle phase 1) to particles in the liquid phase (particle
phase 2). Due to the difference in the carrier phase, the particles’ (inside
or outside of bubbles) behaviour differ: the particles in the gas raise up
with the gaseous phase and, in the end, leave the pool scrubbing tank,
whereas the particles in the liquid stay in the tank. The difference be-
tween the two particle phases is only in the drag force correlations due to
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their connection with the carrier phases (gas or liquid).

The location of particle phase 1 should be restricted to the domain
region where gas is present. In numerical terms, this means, that the
phase fraction of particle phase 1, whenever the gas phase fraction is
low, is also lower for a few orders of magnitude. In the same way, the
location of particle phase 2 should be restricted to the domain where
liquid is present (in numerical terms, using the same principle as particle
phase 1 and gas), and particle phase 1 and phase 2 cannot be present in
the same domain region (again using the same principle). As phases
(“phase” in the sense of the multi-fluid model) act on each other via
drag, this is achieved by multiplying relevant drag forces by a small
number: the drag between undesired phase pair becomes negligible and
the equations become “semi-separated”. The drag between the unde-
sired phase pairs (air-particle phase 2, water-particle phase 1 and par-
ticle phase 1-particle phase 2) was thus multiplied by 103 (value chosen
arbitrarily). The four momentum equations in the solver can therefore
become “semi-separated” to air-particle phase 1 and water-particle
phase 2 parts. This corresponds to the idea of the subgrid model,
where particle phase 1 does not interact with water and particle phase 2
does not interact with air.

In all simulations performed in the present paper, the material
properties for air were set to perfect gas with molar mass of 28.9 g/mol
and dynamic viscosity of 1.84.10° Pa-s, while the water was considered
as a liquid with density of 1027 kg/m® and dynamic viscosity of 2.82.10"
4 pas.

In order to obtain a solution numerically, the computation domain
has to be divided into computation cells. Because larger numbers of cells
directly correspond to longer computation times, subgrid models are
used in most simulations for objects that are much smaller than cell
sizes. As these models need much lower numbers of cells to run, they are
well-suited for use in industrial and nuclear installations. The current
state of such modelling techniques is suitably described by Bonart
(2012).

The used OpenFoam’s multi-phase solver uses standard multi-phase
balance equations for mass, momentum and energy for each phase,
which are solved by the PIMPLE coupling algorithm (Greenshields,
2015).

Continuity equation:

7+V~(aipi7i) :Fi7 (1)

da;p;
ot

where a;, p;, v; and I'; denote respectively the phase fraction, density,
velocity and interphase mass transfer of phase i.
Momentum equation:

dap. ¥ _
% = —7(0&0[71'7:') - alﬁpi +Ve a; (fi + Tf) +aip g + A7i, 2

where Vp; is the pressure gradient of phase i, 7; is the average viscous
stress of phase i, 7! is the Reynolds stress of phase i, g is the gravity
acceleration and ﬁi is the average interphase momentum transfer for
phase i.

In all simulations, the Schiller-Naumann (Wardle and Weller, 2013)
drag force model was used:

)
' _ 3)

— 3
M,' = Zzﬂj(l,‘ajcl)
J
with:
24(1 4 0.15R*®)

Cp = Re ’
0.44, Re > 1000

<
Re < 1000 )

where M; is the interphase momentum transfer rate to phase i from
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phase J, p; is the continuous phase density, Cp is the drag coefficient, d; is
the dispersed phase diameter and Re is the Reynolds number.

The procedure to develop a pool scrubbing simulation model consists
of the following stages:

1. Two-phase simulation of particle deposition in a single spherical
rising bubble

2. Gas-liquid flow solver verification

3. Multi-fluid pool scrubbing simulation

These stages are described below.
2.2. Modelling of particle deposition in spherical bubbles

For the first stage, simulations of particle deposition on wedge walls
of single spherical rising bubbles were performed. Due to the gas motion
within bubbles, particles move towards the bubble surface. A particle is
considered to be removed when it is deposited on (that is, reaches) the
bubble surface. As particles are considered to be located within the
liquid from that moment, it is not necessary to consider the resistance of
the interface to particles escaping deeper into the liquid to quantify the
decontamination. A 5° wedge was chosen due to the rotational sym-
metry of the spherical bubble and to reduce computation time. From the

. . . . o
decontamination of the wedge, the decontamination rate % was

calculated as:

amwed
ge _ =%
U ®)

where my,.q. is the mass of particles in the bubble wedge, ')m;;’*“ is the

particle mass flux from the wedge, and E is some (unknown) decon-
tamination function. Then, the decontamination rate for the entire
bubble myp. Was calculated (Fig. 1, step a):

1 _ ambubhlz _ 2r amwcdge (6)
bubble — =
e ot Qetee O

where 9,4, denotes the wedge angle.
After that, the decontamination rate in a cell my containing multi-
ple bubbles was calculated as (Fig. 1, step b):

%
ar* Ve

am('l’” Scell .
= > Mbubble s @)

Meeyp = Mpubble =

ot Shubble 7Dsy,

where S is the interface surface in the computational cell, Sy is the
mean bubble surface (in our case, all bubbles have the same surface
size), a; is the interfacial area density, V¢ is the cell volume and Ds, is
the Sauter mean diameter of bubbles.

If egs. (5) to (7) are taken together, the particle decontamination rate
for each cell can be calculated as:

Two-phase
wedge

Two-phase
spherical bubble
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Omear  a1*Vean, 21
— e
at ﬂDSm 19wrdgc

*E*mwedgz (8)

The process of the creation of the unknown decontamination func-
tion E will be presented for spherical bubbles. The first selected diam-
eter, which represents the bubble diameter, was 1.0 cm (later, cases with
diameters 1.5 and 2.0 cm were also considered to determine the
decontamination function for other bubble sizes). The numerical mesh
in the bubble consisted of around 190,000 hexahedral computational
cells. In this case, both phases were treated as fluids (particles as well to
simplify calculations; namely, the difference in dispersed solid or
dispersed liquid phase in the OpenFoam solver is only in the phase
density change according to local parameters (Greenshields, 2015),
which is, for this case, negligible.) The gas phase was set as continuous
while the particle phase was set as dispersed. The boundary conditions
(Fig. 2) for front and back plane were wedge symmetry. The wedge
curvilinear wall was set as a rotational wall with a horizontal rotational
axis (as rotation is due to bubble rising). The boundary condition at the
rotational wall was set differently for each phase: for the gas phase, the
wall was treated as no-slip with the prescribed rotation velocity which
ensured that air does not leave the domain and rotates with the desired
angular velocity; for the particle phase, the wall was set to free transition
boundary condition, which ensured a free outflow of particles from the
domain. The only connection between particle and gas phases was the
interphase momentum transfer via drag force. The wedge wall rotating
velocity was varied in 20 rad/s intervals from 20 rad/s to 400 rad/s.
During simulations, the integral of particle mass in the domain was
monitored in 102 s intervals.

The initial conditions were both velocity fields set to zero and the
particle volume fraction to 5*107; the remaining part was air (which
means, that eventual humidity within the bubbles was not considered).

The material (SnO3) and particle sizes were based on the data from
the POSEIDON-II experiment (Dehbi et al., 2001; Dehbi et al., 2016).

The simulations were performed without considering gravity, as
calculations show that particle settling is negligible. Namely, the ter-

rotationalWallVelocity

symmetry

Fig. 2. Boundary conditions of wedge cases.

Multiphase

Fig. 1. Modelling stages.
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minal settling velocity V', can be calculated as:

9

7551 = ?*Tpa
where g is the gravity and 7, the particle relaxation time (Hinds, 1999),

which can be calculated as:

2
&C.

(10

" g,

where p, is the particle density, d, is the particle diameter, y; is the

carrier fluid dynamic viscosity and C, is the slip correction factor that
can be calculated as:

Co=1+2 (2344 1.05exp< “039%) ),
d, A

where 4 is the mean free path of the carrier fluid (a commonly used value
for air being 0.066 um).

For particles used in the considered case, this leads to a relaxation
time of 0.568 ps and terminal settling velocity of 5.68 um/s, which is
negligible in comparison to the velocities of air circulation inside bub-
bles (range from 0.1 m/s upwards).

1)

2.3. Development of particle deposition model for multi-fluid modelling

After the simulation of particle deposition, the results were processed
by the Matlab ® curve fitting application (MATLAB ®, 2018). In simu-
lations, the phase mass cannot be monitored otherwise than through the
phase volume fraction, so plots of particle volume fraction loss (depo-
sition) rate over particle volume fraction were drawn. A polynomial fit
was made for each result, using the following function:

aaparticle

ot

A
* 3 * — R* * * 2
=A apar/icle + B apam'c[e =B a[mrli(‘le <1 += apar/icle ) (12)

B

where A and B are constants. An illustrative example of results is shown
in Fig. 3. The time derivative of particle volume fraction in the bubble
and the normalized particle volume fraction are shown on the vertical
and horizontal axes, respectively. Dots represent time steps of 102 s
when the integral volume of the particle phase was calculated. The first
few values (red dots) are scraped due to the initialization of the rota-
tional velocity field. An example of a fully developed air velocity field
can be seen in Fig. 4. Overall, to determine particle deposition rate, 28
simulations were performed. The tested wall rotational velocities were
varied in intervals of 20 rad/s. Seventeen (17) were done for bubble
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diameter 1.0 cm from 40 rad/s to 400 rad/s, eight (8) for bubble
diameter 1.5 cm from 20 rad/s to 260 rad/s and three (3) for bubble
diameter 2.0 cm from 20 rad/s to 60 rad/s.

If the assumption is made that particles receive momentum only
through the drag force, then the deposition rate of each bubble should be
connected with the rotation velocity and the bubble volume. To illus-
trate — a higher rotation velocity means faster deposition. The same can
also be stated for the bubble volume. This implies that the rotation ve-
locity and the cube of the bubble diameter can also be factored out from
the results. Thus, eq. (12) can be written as:

aa[mm’de
ot

13

C
* 3% % e 2
=D*w dbubble aparricle’ (1 + B’ QAparticle

where C and D are constants. This equation is then used as the wedge

deposition function E. The values of the constants C and D can be
calculated as the slopes of the linear equations:

A= C*w*dbubhle'S (14)

B = D*a)*dbubb,f (15)

which leads to the values of C and D —500.6 m~> and —0.002437
m~3, respectively.

To use eq. (13) in the multi-phase simulation, it has to be expressed
with the fields that are used in that framework: the bubble rotation
velocity @ should be written in terms of the relative velocity between the
gas and liquid phases:

— 2 7)air — V water
[v/| (16)
w = = y
Ybubble Apubbie

where V', is the relative velocity between the phases, ryse is the bubble
radius, V4 is the air velocity and V water is the water velocity.

If eq. (13) is rewritten, one obtains:
2

— —
Vair — V water

oapartirl@ (1 7)

ot

C
* * 3% * 2 )
=D dbubhle (1 +— QAparticle Apariicle

Apubble D

Then, egs. (13) and (17) are merged to create an equation usable in
the multi-phase numerical simulation with the phases expressed in
Eulerian frame for bubbles in computational cells. First, eq. (7) has to be
rewritten from mass field to volumetric fractions, since the reac-
tingMultiphaseEulerFoam solver uses volume fields and not mass fields:

Normalized particle volume fraction
time derivative

B | | |

1
0.1 0.2 0.3 04

1
0.5

1 1
0.6 0.7 0.8 0.9 1

Normalized particle volume fraction

Fig. 3. Example of normalized deposition curve (bubble diameter: 1 cm; rotation velocity: 40 rad/s).
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Fig. 4. Fully developed air velocity streamlines inside bubble wedge.

%
aaparticle _ a, Vcell* 2r

at ﬂDSm 2 ’9wedgc

*E*apartide; (18)

where a; is the interfacial area density, V. is the cell volume, Dgp, is the
mean bubble Sauter diameter, 9,4 is the used angle for the wedge case
and E is the wedge decontamination function. The merged equation
reads as:
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2

Vr— V.
% air =V water
o Veer, 27 .,

aapun‘icle

*db bbl I
ot ﬂDSmZ Swedge dbubble o (19)

" C, 2)«
11+ B“ apmriv/e naparﬁcle

Following the assumption that all bubbles are spherical, the substi-
tution Ds,, = dpupie can be made and the interfacial area density a; can
be expressed as (Ozaki et al., 2018):

_ 6* Qair

a (20)

- dhuhble.
Equation (20) can be substituted into eq. (19), so that the equation to
be added to the solver can be written as:

24* @, *V, C
* * 2 )%
1+ D “Qparticle” |~ Aparticle

aapar!icle _ ell * D%
ot Apubbie ™ Swedge

— —
Vair = 'V water

(21)

Since eq. (21) will be added as a subgrid function, it will transfer the
mass (volume) in the entire computation domain. To limits its influence
only to the region where air flows in the form of bubbles (that is, in the
rise region of pool scrubbing), the right-hand-side of eq. (21) should be
multiplied by a weighting function. The most commonly used such
function is the Heaviside step function. However, since it has a discon-
tinuity in its own derivative, it can induce calculation errors. So, to get a
smoother transition between the values of zero and one, the following
function was used:

1

Fule) = 1+ exp(Cs,(W*(x -

Cuia)) (22

where y is the gas volume fraction, Cp,q is the location in which f,, is 0.5
and Cyqp, indicates the inclination of the function at Cy,;4. The effect of
variation of the constants can be seen in Fig. 5.

The chosen Cp,q for the numerical simulations was 0.3 (transition
from bubbly to slug flow in vertical pipes (Kunsek et al., 2016; Taitel
et al., 1980)), while Cg,p. was chosen arbitrarily as 60. Thus, the right-
hand-side of eq. (21) decreases from one to zero around the gas volume
fraction 0.3, which was set as the upper limit of the rise region.

To test the sensitivity of the proposed model, some parameters of the
simulation were varied. First, a mesh sensitivity study was performed.
The tested meshes ranged from 23,500 cells to the original 190,000. The
decontamination curves were plotted (Fig. 6) and fitted with the
decontamination function. Given that the differences between the

1 O T B I N I
a NN \ _
0.8 \‘ \ i
c - “‘ .
.0 ‘
T |
2 0.6 \\g -
2 \
U) - 1 —
£
£o4f .
%’ ——Cmid=0 Cslope=10] | —
ookl Cmig=0 Cslope=30| | i
’ Cmid=0 Cslope=60 ‘\\
[~ |—Cmid=0.3 Cslope=60| ' '\ T
0 1 [ 1
-1 -0.5 0 0.5 1

X

Fig. 5. Effect of variation of constants on weighting function.
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Normalized particle volume
fraction time derivative
N
o

- No. cells: 190000
-1.5 & No. cells: 94000
o No. cells: 47000
vV No. cells: 23500
|

1
N

o

0.2

04
Normalized particle volume fraction

0.6 0.8 1

Fig. 6. Results of mesh sensitivity analysis on decontamination function.

results obtained with meshes from 23,500 to 190,000 cells gradually
decrease, the authors considered that calculations with 190,000 cells
may be considered sufficiently accurate.

After the confirmation that the used mesh is adequate, a study of the
sensitivity on particle material parameters was performed. The selected
parameters were particle size and particle material density. Simulations
for particle deposition variations were performed for rotation velocities
60, 120 and 200 rad/s. For each rotation velocity, additional simulations
were performed: one simulation for ten times larger particle diameter
and three for varied particle density (0.1, 10 and 100 times the nominal
particle density).

Again, the decontamination curves were fitted with the same func-
tion as before. The calculated constants were compared with the pre-
viously calculated ones and the relative change was calculated. This
gave the possibility to quantify the difference of the particle deposition
rate for single spherical bubbles with different particle sizes and mate-
rial densities. From the results, it was seen that the effects of varying the
particle sizes and the material density do not play a significant role in the
proposed particle deposition model (all results are within 95% confi-
dence bounds for a primary linear fit). The main reason for this is that
the volumetric fraction of the particles is too small to influence the flow
of air inside the bubble and therefore particles are, essentially but not
completely, transported along the streamlines. Because the particle
relaxation times are also small, the particles move similarly as the gas
phase. Since the used OpenFoam solver does not take into account the
diffusion of particles, which also contributes to the particle removal
from bubbles, this numerical simulation still represents a simple model
and therefore only an initial step to calculate the decontamination factor
of pool scrubbing tanks.

3. Validation of gas-liquid flow modelling
3.1. General description

As already stated, the second step was the gas-liquid flow part
validation of the chosen OpenFoam solver (reac-
tingMultiphaseEulerFoam). Namely, due to the complexity of pool
scrubbing, the modelling of individual phenomena should be validated
independently as much as possible, least the final calculated decon-
tamination factor agrees well with the measured value only because of
compensating errors.

The chosen experiments were LINX (Simiano, 2005) and SCRUPOS
(Turni, 2016). The rationale for selecting these two experiments is that

the purpose of the LINX experiment was the investigation of bubble
plumes in a pressure suppression pool (which may also be used for pool
scrubbing), whereas the purpose of the SCRUPOS experiment was the
investigation of pool scrubbing itself. In the LINX experiment, the flow
in the inlet region is bubbly in the lower gas velocity ranges (up to 1.0
m/s), which corresponds to the flow at pool scrubbing conditions in the
bubble rise region, while in the SCRUPOS experiments, the inlet is an
actual high-velocity vertical jet that later disperses into bubbles. As the
chosen physical model uses a drag correlation when the dispersed (gas)
phase consists of bubbles, the calculated results should in principle agree
better with the LINX experimental results than the SCRUPOS ones. Both
experiments were simulated because in the SCRUPOS experiment, the
decontamination factor was also calculated, which provides the unique
option to simultaneously compare gas-liquid flow and decontamination
results.

3.2. LINX experiment simulation setup and model

The rise of air bubbles in a cylindrical tank (2.0 m diameter, 1.5 m
liquid height) was simulated. The inlet (0.15 m diameter in the centre of
the base of geometry) boundary condition was set to prescribed velocity.
The prescribed bubble diameter was 2.5 mm, as in the work of Simiano
(2005). The used drag correlation was the Schiller-Naumann one but
multiplied with an additional coefficient K¢p, varied between 0.5 and 2
to better predict phase volume fraction and velocity profiles, as the
correlation is valid for small spherical bubbles whereas bubbles in the
experiment were reported to be wobbly.

The lift force, virtual mass and turbulent dispersion were modelled
with constant parameters: coefficients were set to 0.1 for lift force, 0.5
for virtual mass and 0.05 for turbulent dispersion. The initial condition
was stagnant water at temperature 300 K. The numerical mesh had
around 120,000 cells, with a refinement around the inlet region.

The simulated cases were runs from the LINX test matrix 2 (Dhotre
and Smith, 2007; Simiano, 2005) with air mass flow rates 0.14, 0.26,
0.55 and 1.10 kg/h.

3.3. LINX experiment simulation results

The calculated values of air volume fraction and velocity were
sampled in 10”2 s intervals at various elevations above the inlet in 5 cm
intervals. The results for each elevation were gathered and the mean
value was calculated and compared with the experimental results.

Figs. 7 to 9 show comparisons of experimental and simulated profiles
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Fig. 9. LINX experiment (15 NL/min air vol. flow rate): air volume fraction and vertical velocity at 0.75 m elevation above inlet.

of air vertical velocity and air volume fraction at 0.75 m elevation above
the inlet. The choice of these two physical quantities for the comparison
is based on the premise that their influence is essential for the pool
scrubbing process. For lower air vol. flow rates, the value 1.0 for K¢p
seems to be the most adequate. For the highest air vol. flow rate, the best
agreement for the air vertical velocity is obtained with K¢p = 2.0,
whereas for air volume fraction, the best agreement is obtained for Kcp
= 0.5. However, even for these two comparisons, simulations with K¢p
= 1.0 do not provide too high discrepancies, so that value seems to be
the best compromise.

3.4. SCRUPOS experiment simulation setup and model

The rise of air bubbles, laden with particles, in a cuboid tank (1.0 m
X 2.0 m base, 1.0 m liquid height) filled with water was simulated.

Although the inlet in the experimental facility has a diameter of 0.010
m, the inlet diameter in the model was prescribed as 0.10 m for nu-
merical reasons, and this was compensated in the prescription of the
inlet velocity to keep the same mass flow rate. As bubbles assume an
intrinsic rise velocity depending on their size, the conditions in the rise
region (that is, velocity and concentration of bubbles) should be suffi-
ciently similar. The only major difference is that, in the simulation, the
rise regime is assumed to start right above the inlet, whereas in the
experiment, a jet injection regime occurred above the inlet before it
evolved into the rise regime. Although this should in principle somewhat
increase the decontamination factor, it is considered as part of the model
simplifications.

In experiment and in simulations, the inlet is located in the centre of
the base of geometry. The prescribed bubble diameter was 1.0 cm as
described by Turni (2016). The numerical mesh had around 140,000
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cells, with a refinement around the inlet to better describe its shape.
Both particle phases were simulated as a dispersed liquid phase with a
droplet diameter of 0.4 od 1 pm, respectably.

The simulated experimental cases were performed with demineral-
ized water. Experimental parameters are shown in Table 1, whereas the
boundary conditions in the simulations are gathered in Table 2. The
particles used were SiO, with density 2650 kg/m?®. The inlet air velocity
was calculated from the experimental mass flow rate and the inlet area
in the simulation. The particle volume fraction was calculated as the
ratio of air and particle volumetric flow rate. At the inlet, the velocities
of particle 1 phase and air were set as equal. The inlet mass flows, for
both phases, were regulated with the use of the volume fractions. In all
cases, K¢p was set to 1.0. It should be noted that the experimental results
of DF from the literature have specified a relative error within + 30%.

3.5. SCRUPOS experiment gas-liquid flow simulation results

Figs. 10 and 11 show the experimental and simulated gas volume
fraction and gas vertical velocity profiles for two different air mass flow
rates, each time at three different elevations above the inlet. The process
to acquire data for comparison was the same as in the LINX simulations.

Apart from the elevation closest to the inlet, where the simulated
vertical velocity is lower than the experimental one for both air mass
flow rates (which is probably due to the larger inlet area in the simu-
lation), both simulated air volume fractions and vertical velocities are
always higher than experimental values. However, as already seen in
simulations of the LINX experiment, the prescription of Kcp = 0.5 or 2.0
has the opposite effect on these two physical quantities. Thus, although
one of the calculated variables could be closer to the experimental re-
sults by a suitable prescription of Kcp, that would increase the other
quantity, making the discrepancy with experimental results even higher.

The fact that in SCRUPOS experiments, air is injected as a thin, high-
velocity jet, and the drag model is not adequate for the later develop-
ment of the flow, is the probable reason for the worse agreement of
simulation and experimental results than in the LINX case.

According to the proposed decontamination model (eq. (21)), higher
simulated air velocities than in the experiment should also cause, in the
pool scrubbing part, higher decontamination factors than the experi-
mental ones. Higher average volume fractions would also increase the
decontamination factor. However, because of the high air volume frac-
tion (higher than 0.3) close to the inlet, the onset of pool scrubbing could
be shifted further downstream (because the bubble formation would
begin later, thus at higher elevation) which could, in principle, decrease
the decontamination factor.

Many other simulations of bubble plumes using multi-fluid model-
ling have also been described in the literature (for instance, recently by
Besagni et al. (2018), Dhotre and Smith (2007), Rzehak et al. (2017) and
Selma et al. (2010)). However, although better agreements between
experimental and simulation results was sometimes obtained, to the best
of the authors’ knowledge, the LINX and SCRUPOS experiments, rele-
vant for pool scrubbing, were never simulated with such an approach.
Although the discrepancies between experimental and simulation re-
sults are in some particular cases significant, the general agreement was
deemed acceptable to continue the application of the proposed model to

Table 1
Parameters of simulated SCRUPOS experiments.
Case  Particle Air Inlet particle Experimental Relative
diameter mass concentration DF [-] exp. error
[um] flow [mg/m?] [-]
rate
[kg/h]
T1 0.4 18 93.07 2 30
T2 0.4 24 52.5 2.62 30
T3 1 18 58.54 4.15 27
T4 1 24 16.75 2.77 27

Nuclear Engineering and Design 395 (2022) 111873

Table 2
Prescribed boundary conditions for simulation of SCRUPOS experiments.

Case Inlet velocity Particle 1 vol fraction Particle 1 diameter
[m/s] [-] [pm]

Tl 0.640 3.5110°® 0.4

T2 0.854 1.96010°% 0.4

T3 0.640 2.2110°8 1

T4 0.854 6.320107° 1

particle removal from the gas phase.
4. Simulations of pool scrubbing

The third stage of the presented work was the multi-phase pool
scrubbing simulation. The subgrid model for particle transport from
particle phase 1 to particle phase 2 was based on the results from the first
stage, described in section 2.3. The decontamination factor was calcu-
lated and results were compared with SCRUPOS (Turni, 2016) and EPRI
(Kuhlman et al., 1986) experiments. For the SCRUPOS experiment, the
same simulations were used as described in section 3.4.

To calculate the simulation decontamination factor, the inlet and
outlet particle mass flow values were calculated by integrating particle 1
mass flows through the cells in both inlet and outlet patches in 102 s
intervals. The decontamination factor was then calculated as the sum of
all mass entering through the inlet divided by the sum of all mass exiting
the domain trough the outlet. Samples during the first 5 s were scrapped
because of the time necessary for the first particles to reach the outlet of
the computation domain (as the single bubble rise velocity is about 0.3
m/s for bubbles with 10 mm diameter, bubbles in 5 s move 1.5 m, which
corresponds roughly to the depth of air inlet in the considered
experiments).

4.1. SCRUPOS experiment decontamination factor simulation results

The results of the SCRUPOS experiment simulation of pool scrub-
bing, presented in Table 3, show that simulation decontamination fac-
tors are higher than experimental ones. Some explanations for the
discrepancies can be proposed, based on the earlier discussion of results
of the gas-liquid flow part. If we roughly quantify the discrepancies
between experimental and simulation results, we may see that at the
highest measuring point, the simulated air volume fraction is twice as
high as the experimental one, and the simulated vertical air velocity is
about 50% higher than the experimental one. From eq. (17), we may see
that this may induce (if the water velocity does not change) a three-fold
increase of the bubble decontamination factor. On the other hand,
because of the much higher air volume fraction (thus longer jet region),
bubble decontamination could start later and therefore reduce the
bubble rise area and thus the decontamination factor. In addition, the
side view of the gas volume fraction in the computation domain (Fig. 12)
shows that if the average air volume fraction would be twice lower, the
bubble rise region would be twice longer (because the bubbles form
earlier). This means that simulations of SCRUPOS experiments would
give about two to three times higher decontamination factors, which
corresponds to the actual results from the simulations. Thus, the basis of
the proposed model, that is, the subgrid model for particle transport
from gas to liquid, seems adequate, and improvements are mostly
necessary in the gas-liquid flow modeling part.

4.2. EPRI experiment setup

The EPRI experiment (Kuhlman et al., 1986; Ramsdale et al., 1992)
(Fig. 13) was chosen because the flow regime in the inlet region is a
horizontal jet. The jet then decays to bubbles over a large area, so that, in
the vertical direction, the air initial velocity is close to 0 m/s. Therefore,
it is expected that the simulation based on the proposed modelling will



M. Kunsek et al.

0.8

o
o
I

Air volume fraction (-)
o
S
T

B Elevation: 0.62 m

o Experiment
— Simulation

Nuclear Engineering and Design 395 (2022) 111873

0.2 -
/ =] oo 5\
| //' o o8, o .
/- = o\
0 1 ] ] T
-0.1 -0.05 0 0.05 0.1
Radial position (m)
0.8 T T T
| Elevation: 0.23 m o Experiment |
— Simulation
~06[ ]
5 — / \ -1
© / \
g ’J \y‘
o 0.4 / \ ]
£ / \
= / \ .
g — ,‘"T: ooo a —\\\
= / \
<02 / o\ -
/ \
‘/g o %\\,
| \ -
oL_— 1 .
-0.1 -0.05 0 0.05 0.1
Radial position (m)
0.8 T T T
Elevation: 0.076 m ’// \ o Experiment
B /& \ |~ Simulation |
f |
06 T .
~ / |
.5 — / " e :"\'\ ]
‘G !/ a ‘\
g / o ‘\
o 0.4 / \ -
E \
>
3 | / a i
> / ol
= / ““
<o2F / s
— /J‘/ o \'\ -1
0 ] ] o
-0.1 -0.05 0 0.05 0.1

Radial position (m)

5 T T T
- Elevation: 0.62 m o Experiment | -
— Simulation
—~ 4 m
n
£} A
2
o
o | A
>
S 2 - k(,/ \\ﬁ —
5 | N\
St * o g ] o : o . i
<4k ; PN
0 ] ] ]
-0.1 -0.05 0 0.05 0.1
Radial position (m)
5 T T T
L Elevation: 0.23 m o Experiment | 4
— Simulation
—~ 4+ -
K
E |} _
2
S 3 -
o —
S [t
o 2+ [ = o\ .
h = Uf’ \o
g | - oo .
i / g
< 1L _/ . -
\a
0 1 ] ]
-0.1 -0.05 0 0.05 0.1
Radial position (m)
5 T T T
. Elevation: 0.076 m o Experiment |
— Simulation
» 4r o 7]
£ _
> a
:E 3+ o/ @ -1
K] / \\‘
g B J/J ‘\\I:l ]
.S 2 /l \ 1
€ / \
g B uJ”’ \\‘D T
= / \
< 4L i
) //, \\\E
g ]
oL= I I I -
-0.1 -0.05 0 0.05 0.1

Radial position (m)

Fig. 10. SCRUPOS experiment (18 kg/h air mass flow rate): air volume fraction and vertical velocity.

give decontamination results that will be closer to the experimental
decontamination factor than in the previously considered SCRUPOS
experiment. The cases that are simulated correspond to the experimental
campaign of near-saturated pool test conditions (Kuhlman et al., 1986):
a mixture of gas and steam with particles are injected in a water pool
with water temperature around 100 °C. Apparently, the goal of the ex-
periments was to test how the condensation of steam enhances the
decontamination factor. As, for the time being, condensation is not

included in the proposed model, the selected cases to simulate were
those with no steam fraction (within the broader experimental
campaign). In the experiment, CsI particles were used (density 4510 kg/
m?). It should be noted that a relative experimental error for DF of about
+ 20% is specified in the original reference.

The scrubbing pool has a diameter of 1.8 m and a height of 2.45 m. In
the simulation, the part of the pool that is lower than the inlet was
ignored to decrease the number of computational cells, since it may be
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Fig. 11. SCRUPOS experiment (24 kg/h air mass flow rate): air volume fraction and vertical velocity.

Simulation results of SCRUPOS experiments.

Case Particle diameter Gas mass flow rate Inlet particle concentration [mg/m3] Experimental DF [-] Relative exp.error Simulation DF [-]
[pm] [kg/h] [%]

T1 0.4 18 93.07 2 20 6.15

T2 0.4 24 52.5 2.62 30 4.43

T3 1 18 58.54 4.15 27 6.33

T4 1 24 16.75 2.77 27 4.70

10
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Fig. 13. Schematic of EPRI experiments injection (as illustrated by Escudero
Berzal et al., 1995; the red ellipse shows the part of the experiment considered
in the simulation).

assumed that it has little impact. As the actual inlet part of the experi-
ment was not simulated, in the simulation, the initial gas velocity is
vertical, the inlet, positioned in the centre of the base of the volume,
(with diameter set to 5.0 cm) is also vertical and has no relation to the
diameter of the injection tube in the experiment. The injector submer-
gence was set to 1.65 m of depth as in the experiment (Kuhlman et al.,
1986). The prescribed bubble diameter was 1.0 cm, chosen arbitrarily.
The numerical grid consisted of about 100,000 cells.

At the inlet, the velocities of particle phase 1 and air were set to equal
values. The inlet mass flows, for both phases, were regulated with the
use of the volume fractions. The inlet conditions that vary between the
cases are presented in Table 4.

To test the influence of inlet dimension variation on the results,
multiple meshes were developed, where the inlet radius dimension was
varied within + 0.5 cm. To test the influence of the drag coefficient
variation on the results, the Schiller-Naumann drag model was multi-
plied with coefficients K¢p ranging from 0.5 to 1.5 for the selected case.

11
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Table 4
EPRI experiment boundary conditions and experimental decontamination
factor.

Case Gas inlet velocity [m/s] Particle volume fraction Experiment DF
[-] [-]

El 0.576 6.94010° 7.7 +1.3

E2 0.601 7.65010° 8.6+ 1.3

E3 0.581 4.91e10°® 5.0 £ 0.4

E4 0.576 1.17107 12 +2.2

E5 0.576 1.360107 6.2+ 0.6

4.3. EPRI experiment simulation results

As an illustration, results of the E1 case parameter variations are
shown in Fig. 14 (the other cases behave similarly). It can be seen that
decontamination factors with the same drag multiplication constant
(Kcp) are similar. An interesting observation is that the results obtained
with K¢p = 1.5 are similar to those obtained with the plain Schiller-
Naumann model.

The results of the runs for the simulations with the pure (no added
multiplication factor) Schiller-Naumann drag model are shown in
Fig. 15. The results that agree best with the experiment were achieved
with the largest inlet area, probably due to lower inlet velocities and
thus more in accordance with the spherical bubble rise model. Also,
simulation results are more coherent than the experiment which shows
much larger differences between different runs.

As the bubble diameter in the EPRI test case was prescribed arbi-
trarily, a parametric study of cases with the smallest prescribed inlet was
performed, by varying the bubble diameter from 0.75 c¢m to 1.25 cm in
0.05 cm steps and using the pure (no added multiplication factor)
Schiller-Naumann drag model. As shown in Fig. 16, no large variation of
DF was obtained in the vicinity of the value 1.00 cm, or towards smaller
diameters. Large variations of DF were observed only when the diameter
was increased by 20% or more. The increase of the calculated DF with
the increase of bubble diameter was not expected at first, since it was
assumed that in bigger bubbles particles take longer to reach the bubble
surface. However, since the rise velocity of bigger bubbles is also higher,
it leads to a higher relative velocity between bubbles and liquid,
increasing the gas circulation velocity in bubbles, which in turn in-
creases the overall DF. Thus, in the proposed model, the effect of the
increased bubble diameter on the increase of the rise velocity dominates.

The results of same runs as in Fig. 15 but with the Schiller-Naumann
drag model multiplied with K¢p = 0.5 show that a better agreement with
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Fig. 14. EPRI experiments: decontamination factor for different inlet areas
with various drag multiplication factors Kcp.
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experimental values are achieved without the multiplication (see
Fig. 16). This is probably due to the quite low air and particle velocities
at the inlet (because of the wider inlet area) which is in accordance with
the results from the LINX experiment. The result that is in best agree-
ment with experiment is the E4 case where the experimental decon-
tamination factor is the highest.

The comparison of the results from both sets of simulations (with and
without the drag model multiplication factor) are presented in Fig. 17
(simulation vs. experimental decontamination factor). The bold line
represents a hypothetical perfect agreement between experiment and
simulation. As already stated, the results with best agreement with the
experiment are the cases with the original Schiller-Naumann drag cor-
relation. For cases with highest experimental decontamination factor (e.
g. case E4), the best results are achieved with narrowest inlet and with
the drag multiplication by K¢p = 0.5.

Considering both simulated sets of experiments (SCRUPOS and
EPRI), although simulation decontamination factors sometimes differ
significantly from experimental ones, values are still of the same order of
magnitude, which may be considered a promising result, given the
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complexity of the process due to the many interacting phenomena, and
the necessary simplificating assumptions necessary for the theoretical
treatment. In addition, most simulations of pool scrubbing up to now
were performed with lumped-parameter codes, which describe phe-
nomena on a much higher length scale than multi-fluid description.

5. Conclusions

A model of pool scrubbing rise region, based on multi-fluid model-
ling considering four phases (liquid, gas, and two particle phases —
within liquid and within gas), is proposed, with implementation of the
following features:

- a particle drag force from the literature, modified with a multipli-
cation factor;

- a model of particle transport from gas to liquid phase, based on
simulations of particle motion within rising spherical bubbles.

The agreement between two sets of experimental and simulation
results of a bubble swarm in a quiescent liquid was found to be satis-
factory in general. This validation was performed to minimise the pos-
sibility of compensating errors.

Simulations of pool scrubbing, at the conditions of two different
experiments, were performed. The calculated decontamination factors
were of the same order of magnitude as the ones determined experi-
mentally. This shows that the proposed modelling, which is one of the
few using local instantaneous description so far, captures the governing
mechanisms of pool scrubbing.
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