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The aim of this project was to determine the capacity of a multi-venturi scrubber filtering sys-
tem to cope with vented gas mass-flow rate coming from a BWR Mark II primary contain-
ment during a long-term station blackout. The multi-venturi filtering system CFD models
were developed in the environment of the open source platforms SALOME and OpenFoam.
The first geometrical model was created based on the dimensions of a well-known experimen-
tal setup, and the results of the pressure drop along the streamwise co-ordinate showed a max-
imum difference of 10 % in relation to the experimental values for different cases of liquid to
gas mass ratios. Then a full scale multi-venturi model was developed. To study the perfor-
mance of this system during conditions expected in a severe accident, a gas mixture similar to
that occurring in a BWR Mark II containment at venting pressure was used as inlet gas. The
gas mass-flow that can be cleansed by individual venturis and the pressure required to activate
those venturis were computed. The pressure drop profiles in each sector were also determined
as the function of different liquid loadings. The results showed good agreement with the ca-

pacity of the design taken as the reference model.
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INTRODUCTION

During a severe accident scenario, a combina-
tion of strategies to keep the corium properly cooled
and to vent the primary containment is considered the
best approach to avoid uncontrolled release of radio-
active material into the environment. Primary contain-
ment venting strategies are particularly significant for
BWR with Mark I and Mark II primary containment
designs, because of their volume [1]. Taking into ac-
count the requirement for the Mark I and Mark I de-
signs to implement hardened containment venting sys-
tems (HCVS) from the wetwell to cope with
over-pressurization conditions [2], a variety of vent-
ing strategies should be studied, for example, the fre-
quency and duration of releases to provide better sup-
port for the actions considered in the severe accident
management guidelines (SAMG). Additionally, those
HCVS are required to properly operate under severe
accident conditions [3]. Taking into consideration the
possibility of losing the capability of venting from the
wetwell, the option of implementing a HVCS directly
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from the drywell is also included in the SAMG. Al-
though the implementation of engineered filtering
systems is not required, their support in reducing
offsite consequences has been recognized [4], and
thus the capacity of these filtering systems must be
evaluated under severe accident conditions.

Differently engineered technologies of filtering
systems are available for application in nuclear power
stations, such as the ones that use venturi scrubbers, or
those based on sand-bed or metal fiber filtration, or the
combination of the latter two [5]. Venturi scrubbers
have been used for quite some time in different indus-
tries for the collection and filtration of small particles,
so there is a large number of studies related to their per-
formance under different operating conditions [6-9].
In particular, the efficiency of venturi scrubbers for
aerosol capturing in filtered containment venting sys-
tems (FCVS) is an active research area [10, 11]. Some
venturi scrubber FCVS are based on the use of multi-
ple venturis distributed radially in a large water tank,
so the analysis of the overall hydrodynamic system
performance requires determining the capacity of dif-
ferent venturi designs in the system.
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Figure 1. Dimensions of the venturi geometric model in mm
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A venturi scrubber is a simple device with
changing convergent/divergent flow sections, in
which a gas-particle stream is accelerated into a zone
where it mixes with a liquid film and liquid drops and
this mixture is then decelerated in a diffuser. Figure 1
shows a schematic of a typical venturi scrubber. This
device is quite robust for capturing very small particles
with atomized liquid drops. The action starts with an
incoming polluted gas-particle stream which is at first
accelerated in the convergent entrance zone. In the
throat of the venturi the liquid surrounding the device
is sucked in through a number of small orifices and due
to high kinetic energy of the gas stream, the liquid is at-
omized into very small drops which collect the parti-
cles flowing in the streaming gas. Finally, in the dif-
fuser, the pressure is partly recovered as the flow
decelerates.

In the multi-venturi concept, the efficiency of a
single venturi is multiplied in order to withstand high
flow rates at high pressure. In this engineering system
all venturi devices have identical active sections (with
the exception of the intake and discharge pipes), so it
can be designed to operate at optimum gas mass-flow
and pressure drop conditions, depending on the
boundary conditions and the target decontamination
factor. The multi-venturi scrubber being analyzed in
this paper consists of an arrangement of radial rings
that have different submergence depths at their en-
trance sections. One advantage of this design is that as
primary containment pressure increases, more rings of
venturi tubes can be put into action in a passive way
and start distributing the total mass gas-flow among
them, while keeping similar pressure drops in the ac-

tive section. In this way, if the containment pressure
increases, the multi-venturi system is still capable of
handling the rise of discharge pressures.

We also studied the capacity of a FCVS design
based on multi-venturi scrubbers to endure the
mass-flow rate during a venting action from a Mark II
containment. First, a CFD model of a venturi scrubber
was developed in the environment of the open source
platforms SALOME [12] and OpenFoam [13]. The re-
sults were then compared with experimental data.
Then the dimensions of this single venturi model were
modified to simulate venturi scrubbers immersed in
water, as described in a design of a multi-venturi filter-
ing system. Results of mass-flow rates of individual
venturis and groups of venturis forming circular sec-
tors are presented and discussed.

VENTURI DEVICE BASE
CFD MODEL

A 3-D geometric Venturi model was constructed
for CFD analysis based on the experimental setup by
Haller et al. [14], as shown in fig. 1. Liquid is injected
through 12 injectors having 2.5-10~3 m diameter. Fig-
ure 2 shows a diagram of sequential steps in the con-
struction of the geometric model using SALOME
GEOM and MESH modules. The venturi full geome-
try model consists of one straight pipe section to model
the connecting duct to the venturi entrance, the con-
vergent zone, the throat, the divergent (diffusor) sec-
tion, and an additional straight pipe for the discharge
zone. The first and the last straight pipe sections are
not shown in fig. 1. All these components were mod-
eled with a mesh of triangular prism cells using the ex-
trusion technique. The PYTHON scripts in the
SALOME platform environment have been generated
to speed up the mesh generation process. This allows
efficient accommodation of dimensional changes in
the basic geometrical shape and changes in the mesh
fineness at different longitudinal sections and in the in-
put and output faces of the venturi. An iterative pro-
cess was carried out to determine appropriate type and
size of the final mesh, having the pressure drop along
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Figure 2. Stages in the development of the geometric model in SALOME
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Table 1. Boundary conditions for simulation of
Haller ef al. [14] experiment

Gas 0.2278 kgs ' for a throat velocity of 50.0 ms ™
mass-flow | 0.3189 kgs™' for a throat velocity of 70.0 ms ™'
rate 0.4556 kgs™' for a throat velocity of 100.0 ms™

Working gas| Air

Temperature| 298.15 K

Pressure 101323.0 Pa

Liquidto 15 1015 2.0,2.5, and 3.0
mass ratios

Turbulence &

model €

the venturi device as the main reference parameter as
shown later.

The boundary conditions were applied on
sub-meshes of the appropriate sections of the main
geometric model. Three boundary surfaces were de-
fined: the pipe wall, the gas input cross-section, and
the output cross-section. The corresponding boundary
conditions were zero velocity at wall, constant input
mass-flow and constant output pressure. Table 1
shows the boundary conditions used in the calcula-
tions. Since gas-flow rates are variables commonly
used in containment venting calculations, it is pre-
ferred to keep this variable as a boundary condition,
instead of venting gas velocities. Additionally, throat
velocity was the main parameter in Haller ef al. [14]
experiment, so an iterative process was performed for
the incoming gas-flow rate to obtain the target velocity
value. The three gas-flow mass values used to obtain
the throat velocities shown in Haller ez al. [ 14] experi-
ment are given in tab. 1.

The OpenFoam calculations were carried out
with the Eulerian-Lagrangian transient solver
reactingParcelFoam. This module can be applied to
laminar or turbulent flow, and Lagrangian parcels. The
k-& was chosen for turbulence modeling. For the
Lagrangian computations, constant diameter water
droplets are injected at 12 orifices around the wall sur-
face of the throat section. This diameter however is a
function of gas velocity and the liquid to gas mass ra-
tio. Further, no droplet growth or break up models
have been implemented so far, so droplet size was kept
constant during calculations. Finally, the injection of
aerosol particles in the gas-flow was not considered at
this time. Transient calculations were then executed
until the mixture gas-liquid flow reached steady con-
ditions for the specified boundary conditions. The tur-
bulence parameters at the input face section (input
boundary conditions) were calculated as the function
of the Reynolds number Re with the following equa-
tions, where / is the turbulence intensity, U is the mean
velocity and D, is the hydraulic diameter

1
I=016Re 8 (1)

_3 =
K—2(U1) ()

01643
e=—0 0%
Dy,

Figure 3 shows the results of the pressure drop
along the axis of the venturi from the OpenFoam simu-
lations, for gas velocity at the throat of 70 ms™', vs. the
data from the Haller et al. [ 14] experiments, for two lig-
uid mass-flow rate to gas mass-flow rate ratios (Ig™),
also referred to as liquid load. The maximum relative
error for l/g =2.51s 9.7 %, and 4.0 % when l/g = 1.0.
Figure 4 shows a comparison of the overall pressure
drop in the venturi as the function of liquid load for dif-
ferent gas throat velocities. The maximum deviations
occur for the case of I/g = 0.5, and the rest of data points
have relative errors bounded in a 10 % range. There is
no information about experimental uncertainty.

There are many theoretical and numerical stud-
ies of the performance of this type of venturi devices,
but the numerical simulations by Goniva et al. [15] are
of particular interest to this work, because the refer-
ence venturi design is that described by Haller et al.
[14] and they also used OpenFoam for computation.
Their results are in better agreement with Haller et
al.’s data, in comparison with the results shown in figs.
3 and 4. In the present work, to make the initial approx-
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Figure 3. Comparison of calculated and experimental
pressure profiles along the venturi
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imation and to save computation time, liquid film flow
and droplet breakup models were not considered, but
the differences between computed and experimental
values were considered acceptable as a starting point
to create a model of the venturi devices used in filter-
ing systems.

MULTI-VENTURI SYSTEM

The multi-venturi filtering system taken as the
base design for this study is the one described by
Elisson [16]. This design is currently in use in Swedish
nuclear power plants, and in one in Switzerland [5]. A
schematic of the multi-venturi scrubber system devel-
oped in this work is shown in fig. 5. Table 2 shows
some relevant design parameters.

By simply changing dimensions in the PHYTON
scripts of the basic geometric model, a different geomet-
ric and mesh model of a single venturi device was con-
structed in SALOME, taking the model previously de-
scribed as the starting point. Dimensions and SALOME
mesh of the modified venturi model are shown in fig. 6.
A total length of 1 m was chosen because the original de-
signers found out that an equivalent pressure drop was
necessary to achieve satisfactory cleansing of the enter-
ing gas/dust mixture. Thus, the base model only needs an
increase in the entrance section length, as it can be seen
on fig. 7, which shows the increased length of seven
raiser tubes along transverse distribution ducts. All riser
pipes in a corresponding concentric ring, or sector, have
the same length, so it is only necessary to determine the
hydrodynamic performance of one of them to know the
overall sector performance, and then that of the whole
system.

BWR VENTING CONDITIONS

The entire multi-venturi system just described
was used to estimate its capacity of facing a typical
venting action from a BWR Mark II primary contain-
ment, during a progressing severe accident. The
boundary and initial conditions data were obtained
from the simulation of a long-term station blackout by
Gomez-Torres et al. [17]. In that research, the venting
action started when containment pressure was
4.42-10° Pa (gauge) and the initial mass-flow was
28.75 kgs™!, but flow quickly became critical, with the
value of 13.2 kgs!. These choked conditions lasted
for about 250 seconds. The containment depressurized
rapidly too, falling to 3.92-10° Pa in about 20 seconds,
and continued decreasing at about the same rate as
transient evolved. Note that actual pressure at the
scrubber system inlet would be less, because of the
pressure drop along the venting line. Thus, comparing
these values of pressure and mass-flow with those in
tab. 2, it can be noted that the multi-venturi scrubber

Figure 5. The multi venturi scrubber system design

Table 2. Multi-venturi scrubber design parameters [16]
0.1-13 kgs™'
Steam, N,, H,

Gas mass-flow rate

Gas composition

Gas temperature 340.15-423.15 K

3.0-10° Pa + water column,

Design pressure Ffor BWR

Rupture disc opening

S 6
pressure 5.0-10%6.0-10° Pa

Aerosol mass mean diameter | 1.5-10° m

Total amount of aerosols 90 kg, for BWR

Amount for radioactive

aerosols 20 kg, for BWR

Minimum required
decontamination factor for
aerosols and elementary
iodine

100, for BWR

0.8434m

- | 0.1567 m

D=222¢cm

Figure 6. Dimensions of the base venturi model for the
multi-venturi system
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0.8434 m

Figure 7. Length increase of
the riser entrance section
along a distribution duct

0.1567 m

0.72m

Table 3. Resulting mass-flow rates per venturi and per
sector

Sector | Per individual venturi [kgs™'] | Per sector [kgs™']
1 0.0182 0.1091
2 0.0236 0.5654
3 0.0259 1.0897
4 0.0274 1.6453
5 0.0285 2.2236
6 0.0294 2.9988
7 0.0302 3.6192

system could handle the incoming gas flow. However,
it is still necessary to determine if it has the minimum
pressure to move through the venturi devices and
reach the surface of the tank water pool to become ef-
fectively cleansed.

To determine the gas mass-flow capacity of a
single venturi in each ring, the necessary pressure
boundary condition is 520945.0 Pa (absolute) at the
surface of the water pool (output boundary). Addition-
ally, the gas temperature was set at 423.15 K, and the
gas mixture was composed of 38.7 % nitrogen, 3.9 %
hydrogen, and 57.4 % steam. The computational pro-
cedure in OpenFoam started by setting the pressure at
the surface of the water pool, and then iterating over
different inlet gas-flow rates to obtain the inlet pres-
sure necessary to sequentially activate each concentric
sector. The calculation yielded the individual
mass-flow for a single venturi in a ring and from that
the total mass-flow was determined by the number of
venturis in that sector (ring).

RESULTS

The first simulated test case corresponded to a
gas stream through the venturi devices, but without the
addition of water droplets, that is, as if the venturis did
not have injection ports. Table 3 shows the mass-flows
per individual venturi device in one of the transversal
distribution pipes, and the total in that sector and fig. 8

50.3434 m
= {

0.1567 m

shows the pressure required to activate each sequential
sector, and the gas mass-flow that can be cleansed.
Figure 9 shows pressure drop along the whole
multi-venturi device, including the different entrance
section lengths, as shown in fig. 7.
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Figure 8. Cleansed gas mass-flow as the function of the
activation pressure of each sector
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Figure 9. Pressure drop along flow direction. Case: no
liquid injection
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After that a parametric study was performed to e

determine the impact of liquid injection on the overall &

performance of the multi-venturi device, as the func- g

tion of liquid to gas ratio at the throat. Figures 10-12, g M

are similar to fig. 9, so they can be directly compared. é -

The pressure drop profiles in figs. 10-12 are consistent =

with other similar studies, as for example the 60 ST = seator?

Eulerian-Lagrangian approach used by Pak and io- . 2$2::

Chang [18]. All these figures show clearly how an in- =" Sector4

creasing liquid load leads to higher pressure drops. 2010 = zxz::

This is due mainly to momentum exchange between oo A = setwort
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the gas stream and the micro-droplets. This momen-
tum exchange was explicitly modeled in the
OpenFoam Eulerian and Lagrangian equations. The
pressure drop at each of the venturi sections has been
extensively researched and described. For example,
Farbar [19] and Carlson [20] showed that pressure loss
at high rates of particles (water micro-size droplets in
this case) is due to interactions among those flowing
particles. In pressurized systems, it is important to ad-
ditionally include a model for the boundary-layer to
avoid pressure drop under the predicted level, as
shown by Sun and Azzopardi [21]. In the diffuser sec-
tion of the venturi device there is a significant increase
ofhigh velocity droplets, increasing interaction proba-
bility among droplets and with the device wall, and
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Figure 10. Pressure drop along flow direction. Case:
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Figure 12. Pressure drop along flow direction. Case:
l/g=1.35

thus leading to a noticeable pressure drop. Allen and
Santen [22] showed that pressure drop and gas veloc-
ity depended strongly on the particle/gas mass load-
ing, as it can be noted in figs. 10-12, where the total
pressure drop (including the entrance and discharge
pipe sections) for a single venturi in each sector is
shown.

The Lagrangian approach was applied to the dis-
persed micro-droplets in order to study the efficiency
of individual droplets to capture aerosol particles
among other parameters, so Eulerian liquid velocity
and volume fraction fields are not directly available,
for the purpose of comparison with other studies.
However, with OpenFOAM it is possible to recover
the instantaneous volume fraction occupied by the
droplets in the cells along their trajectories. In this way
a time average value can be calculated from all time
steps, assuming that the water mass balance has been
reached. Figure 13 shows the time average droplet vol-
ume fraction along radial lines at different vertical po-
sitions of a venturi device in Sector 1. This venturi is
basically the same as the one shown in fig. 6. As shown
by Majid et al. [23], in their 3-D CFD simulation, both
droplet size and distribution of liquid in the venturi de-
pends greatly on the ratio of liquid to gas mass-flow
rates. In that study, in the diffuser zone, for low
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Figure 13. Radial profiles of droplet concentration at
different heights of diffuser and discharge pipe. Case:
l/g=1.35
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gas-flow rates, droplets tend to drift towards walls,
and the higher the liquid flow rate, the stronger this ef-
fect becomes. On the other hand, higher gas-flow rates
lead to higher concentration of droplets at venturi’s
central region. In fig. 13, it can be noted that at the dif-
fuser entrance, the higher droplet concentration is not
at the central region, which corresponds to a mixture
of high liquid flow rate and low gas-flow rate, but as
the gas-liquid mixture flows upward, droplet concen-
tration is higher at venturi’s center. In the discharge
pipe entrance zone, droplet concentration is still
higher at the center, but the profiles tend to become
flatter.

The parametric studies can be extended to con-
sider changes in geometry of the venturi device, in order
to determine the capacity of the multi-venturi scrubber
under different operational conditions. Additionally,
the geometric model can be easily modified, if for ex-
ample more distribution pipes are needed to cope with
the incoming gas stream. In this work, only a typical
venting pressure has been used in the analysis, but dur-
ing a severe accident, the reactor operator and support-
ing technical staff decide about the time and duration of
venting actions. This may strongly affect the pressure
and gas flow being liberated. Once an initial venturi de-
sign satisfies primary needs of pressure drop, mi-
cro-droplet loading, throat velocity, etc., the physical
models still missing in the present OpenFoam model
can be implemented to optimize the initial design.

CONCLUSIONS

The hydrodynamic performance of a multi-venturi
scrubber system has been studied in this project, under
conditions of a BWR primary containment venting ac-
tion. The multi-venturi system consisted of seven con-
centrically arranged sectors, and each sector had a differ-
ent number of individual venturis. The base CFD model
of a single venturi device was practically the same for all
sectors, differing only in the length of the entrance sec-
tion, to take into account the different depths at which
each sector starts. Thus, all venturis of a given sector had
the same hydrodynamic response to an incoming inlet
gas.

The base CDF model of the single venturi device
was developed in the environment of the SALOME
and OpenFoam platforms. The hydrodynamic calcula-
tions were carried out with the physical and numerical
models of the solver reactingParcelFoam. The results
obtained with the base CFD model were tested against
data from some experimental results of pressure drop
profiles along the axis of the venturi and overall pres-
sure drop as the function of liquid loading. The maxi-
mum relative errors were limited in a range of 10 %.
This initial base CFD model was modified to create a
representative model of a single venturi device as
those used in the sequential sectors of a multi-venturi

scrubber system. For given boundary and initial con-
ditions corresponding to a venting action from a BWR
Mark IT primary containment and design conditions of
a scrubber system, the gas mass-flow that can be
cleansed by individual venturis and the pressure re-
quired to activate those venturis were computed. Also,
the pressure drop profiles in each sector were deter-
mined as the function of different liquid loadings. The
results obtained are in good agreement with those of
the reference system design.
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Anexanapo Antonno PEJEC-TAPCHUA, Enyapno CAUH3-MEXHA,
Xapuep OPTU3-BU/bA®YEPTE, Xasuep L. TIAJTACUOC-XEPHAH/IE3,
Po6epro Kapaoc JIOIIE3-COJIUC

CTYINJA XUJIPOOJUHAMHUYKUX OCOBHUHA BUHIECTPYKOI' BEHTYPU
ONITPAIIMOHOI CUCTEMA 3A NOTPEBE CTPATEINJA MCIIYHITABA TACA Y
CIYYAJY TEHNIKNUX AKIIUIEHATA BWR PEAKTOPA

Llnsb oBOT mpojeKTa je HCHUTHBaKkE N3APKIBUBOCTHI CHCTEMa 3a (PUIITPALHU]Y ca BUIIECTPYKUAM
BEHTYPUjE€BUM IpeunithuBayeM Ipy HaujaacKy UCIyIITEHOI raca BeNUMKUX Op3UHa IPOTOKA U3 IPUMapHOT
cyga BWR Mark II peakTopa, TOKOM JyrOpOuYHOT I'yOUuTKa elNeKTpu4He eHepruje. Pa3sujenu cy moaenu
cucrema 3a (pUITpalyjy ca BHUILIECTPYKUM BEHTYPH npeunnrhuBauuma HOMohy nporpama SALOME u
OpenFoam cio6ogHor npucryna. [IpBu reoMeTpujcKu MOJIesl HAaNpaBJbEH je peMa JIMMEeH3MjaMa MO3HaTe
€KCIIEpUMEHTAJIHE [IOCTaBKe U Pe3yJITaTh IyOuTKa IIPUTHUCKA AYXK MpaBlia IPOCTUpama MPOTOKa MOKa3yjy
MakcuMaiHy pasnuky of 10 % y nopebewy ca eKCepuMEHTAIHUM BPEIHOCTHMA, 33 Pa3jIMuuTe OJHOCE
TEYHOCTH U raca. HakoH Tora pa3BujeH je BUIlleCTPYKH BEHTYPHjEB MOJIes CTBapHUX AuMeH3uja. Kako 6u ce
ucnurajue nepgopMaHce OBOI CUCTEMA IIPU YCJIOBUMA KOjU C& MOT'y OYEKUBATU TOKOM TEIIKOT aKIUIEHTa,
Kao yJIa3Hu rac KopuirheHa je cMellla raca CIMJyHa OHOj Koja ce jaBmba y BWR Mark II peakropy npu
NPUTHUCKY HcHyliTama. [IpoTOK Mace raca Tajga ce MOXe NPOYUCTUTH NOjeAMHAYHUM BEHTYpPU
npeunithrBayeM Npu Yemy cy u3pauyHaTe BpeIHOCTHU IIPUTHUCKA 32 aKTUBUpambe npeunithuBava. Ogpehenn
Cy ¥ TpohUIIH Majja MPUTHICKA 32 CBAKH CEKTOP Kao (PYHKIMja pa3iInIuTHX onTepehema yia3Hux TeIHOCTH.
PesynraTn mokasyjy o6po cnarame ca MoryhHOCTIMA in3ajHa ogabpaHor Kao pehepeHTHN MOJIEIL.

Kmwyune peuu: BWR Mark I, itiewiku axyuoenit, OpenFoam, SALOME, senitiypu tipeuuwthusay



