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A com pu ta tional meth od ol ogy to es ti mate the ca pac ity of aero sol par ti cle re ten tion in a fil ter -
ing sys tem based on sand bed is de scribed in this work. This meth od ol ogy uses a com bi na tion
of com pu ta tional fluid dy nam ics  and mech a nis tic mod els in the cal cu la tion pro ce dure. The
meth od ol ogy is ap plied to vent ing ac tions dur ing a se vere ac ci dent in a BWR Mark II pri mary
con tain ment. The SALOME and OpenFoam plat forms were used to gen er ate the geo met ric
and nu mer i cal mod els of a full scale model of a sand bed fil ter ing sys tem. The Eulerian/
Lagrangian ap proach was used to de ter mine the steady-state of a com press ible tur bu lent flow
through a po rous me dia and to com pute the aero sol par ti cle trans port, re spec tively. Col lec -
tion ef fi ciency was cal cu lated by means of a mech a nis tic model based on the cap ture ef fi ciency
of a sin gle grain. The ob tained Eulerian re sults in clude ve loc ity, pres sure, and tem per a ture
fields in side the fil ter ing sys tems. The Lagrangian track ing of aero sol par ti cles showed that
par ti cles cross ing the coarser sand tend to ac cu mu late ini tially on the pe riph ery of the fil ter.
The para met ric stud ies showed that mass-flows of up to 4.7 kgs–1 sat isfy the con straint of 1.1
bar pres sure drop across the sand depth. Ad di tion ally, the ef fi ciency of  99.5 % of re ten tion
was de ter mined for 1.0 mm aero sol par ti cles in the 0.6 mm sand grain zone, for a gas ve loc ity
of 0.1883 ms–1.
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IN TRO DUC TION

Dur ing a se vere ac ci dent, the pro duc tion and ac -
cu mu la tion of steam and gases plus the vol a tile fis sion
prod ucts (no ble gases and aero sols) in the pri mary con -
tain ment in duce pres sure rise. Ad di tion ally, fis sion
prod ucts con sti tute a heat source. If corium is al ready
spread in the cav ity or ped es tal, its de cay heat also con -
trib utes to con tain ment heat rise, and con se quent at mo -
sphere pres sure rise. In the fourth level of the De fense in 
Depth con cept, ac ci dent man age ment in cludes the pro -
tec tion of the con tain ment [1]. If dur ing the pro gres sion
of a se vere ac ci dent it is not pos si ble to en sure main tain -
ing of tem per a ture and pres sure within ac cept able lim its 
to avoid los ing in teg rity, con tain ment vent ing can pro -
vide a means for ac ci dent mit i ga tion. The vent ing ac -
tion may be fil tered or not. The de ci sion to ad here to one 
or the other de pends on each coun try's reg u la tion. If the
fil tered op tion is cho sen, a sig nif i cant re duc tion of fis -

sion prod uct re lease is ex pected. The fil tra tion will be
through ded i cated fil ter ing en gi neered sys tems, which
in cludes pool scrub bers, sand-bed fil ters, and Venturi
scrub bers. Stud ies on the im pact of im ple ment ing a fil -
tered con tain ment vent ing sys tem have been ex ten -
sively car ried out [2-4].

Fil ter ing en gi neer ing de signs are cur rently in
use in nu clear power plants in Eu rope and Can ada,
with dif fer ent fil tra tion tech nol o gies. The ones that
use wa ter in the fil tra tion stage are called wet sys tems,
which usu ally in clude ad di tional de vices for cap tur ing 
wa ter drops and aero sol sprays [5]. Dry sys tems used
for aero sol re ten tion are based on fil tra tion through
po rous me dia. In these en gi neered con fig u ra tions, dif -
fer ent types of sand and gravel are used, with ad di tion
of me tal lic or ce ramic fi bers as well. Once the choice
of a vent ing and fil ter ing sys tem is made, sev eral de -
sign fea tures have to be as sessed, such as vent flow
rate ca pac ity, ther mal loads, aero sol loads and their
char ac ter is tics, io dine and/or hy dro gen loads, and ra -
dio log i cal pro tec tion of work ers and the pub lic,
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among oth ers [4]. All these pa ram e ters are to be con -
sid ered tak ing into ac count a broad spec trum of se vere
ac ci dent sce nar ios. The hy dro dy namic per for mance
of the vent ing and fil ter ing sys tem is the ba sis to as sess
most of the pa ram e ters men tioned.

In this pa per, a com pu ta tional meth od ol ogy is
pre sented for the es ti ma tion of the ef fi ciency and aero -
sol trans port in a sand-bed based fil ter ing sys tem. The
ap pli ca tion of the meth od ol ogy allows study ing of the
im pact of dif fer ent vent ing strat e gies in di verse se vere
ac ci dent sce nar ios. In the com pu ta tional pro ce dure, a
com bi na tion of computetional fluid dinamics (CFD)
mod el ing and sim pler mech a nis tic mod els al lowed for
a quick ini tial es ti ma tion of the over all per for mance of
the fil ter ing sys tem. The freely avail able, open-source, 
pack ages SALOME [6] and OpenFoam [7] were used
to cre ate a full scale CFD geo met ric model and to carry 
out com pu ta tions of the sys tem per for mance. Pres -
sure, tem per a ture, and ve loc ity fields were de ter mined 
with the Eulerian ap proach, as well as the gas mix ture
dis tri bu tion. Then, a Lagrangian nu mer i cal ap proach
was used for aero sol par ti cle track ing, trans port, and
dis tri bu tion. Fi nally, the ef fi ciency of the sys tem was
cal cu lated by mech a nis tic mod els, thus al low ing quick 
para met ric stud ies of dif fer ent sim u la tion sce nar ios.

This pa per is struc tured as fol lows: an out line of
the com pu ta tional meth od ol ogy is pre sented first.
Then the CFD model of a sand-bed fil ter is shown, and
the nu mer i cal ap proach for cal cu la tion of pres sure and 
ve loc ity fields, and par ti cle tra jec to ries is de scribed.
The com par i son with ex per i men tal data fol lows, and
finally, dis cus sion and con clu sions are pre sented.

OUT LINE OF COM PU TA TIONAL
METH OD OL OGY

For prac ti cal ap pli ca tions, the meth od ol ogy re -
quires cer tain sim pli fi ca tions in a se ries of quasi-steady
un cou pled cal cu la tions, to lead to the de sired vent ing
mass flow rate, pri mary con tain ment depressurization
rate, and ef fi ciency of the fil ter ing sys tem, all in ac cept -
able in ter vals. The fol low ing are the nec es sary steps to be 
taken:
– De ter mi na tion of ini tial and bound ary con di tions

for the con tain ment gas and aero sol trans port cal -
cu la tion. The data for this step are usu ally ar rived
at by the sim u la tion of se vere ac ci dent sce nar ios
with ap pro pri ate codes. The data in clude the ther -
mo dy namic con di tions in the source vol ume (pri -
mary con tain ment, mainly), aero sol, gas and par ti -
cle mix ture com po si tion and con cen tra tions, and
the in com ing ve loc ity field to the vent ing sys tem.

– Vent ing pipe hy dro dy nam ics steady state. Once
pres sure, mass-flows and gas com po si tion at the
vent ing pipe in let are known, a steady-state cal cu -
la tion (a tran sient cal cu la tion to reach steady-state
con di tions) pro vides the pres sure, tem per a ture,

gas com po si tion and ve loc ity fields in side the
pipe. Then an aero sol par ti cle trans port cal cu la -
tion is done to es ti mate the aero sol frac tions
trapped in the vent ing pipe walls, up to the point of 
the fil ter dis charge.

– Gen er a tion of vent ing pipe line pres sure drop vs.
mass-flow cor re la tions. A se ries of cal cu la tions
are then per formed to ob tain curves of pres sure
loss vs. mass-flow, for di verse gas mix tures. With
this ap proach, it is not nec es sary to cou ple the con -
tain ment and the vent pipe be cause a quasi-static
cal cu la tion ap proach can be used, since the vent -
ing pipe hy dro dy nam ics reaches a steady-state
con di tion in just a few sec onds, given that one al -
ready has the hy dro dy nam ics and ther mo dy nam -
ics data at the de sired times of ac ci dent evo lu tion.
Thus the vent pipe out let con di tions be come the
bound ary and ini tial con di tions for the fil ter ing
sys tem.

– Fil ter ing sys tem hy dro dy nam ics steady-state. The 
re sult ing pres sure, tem per a ture, and gas mix ture
mass-flow com puted in the pre vi ous step be come
the bound ary and ini tial con di tions for a new
steady-state cal cu la tion, but this time for the fil ter -
ing sys tem. This cal cu la tion is car ried out to de ter -
mine the ve loc ity, pres sure and tem per a ture fields
in side the fil ter. A new se ries of curves of pres sure
loss vs. mass-flow for di verse gas mix tures and
dif fer ent types of sand, depths, etc., are com puted, 
to be used later in para met ric stud ies.

– Es ti ma tion of fil ter ing sys tem ef fi ciency. Mech a nis tic
mod els are then used for a quick es ti ma tion of the ef fi -
ciency of the sys tem, based on the re sults from pre vi -
ous steps. More over, re sults of the pres sure, tem per a -
ture and ve loc ity fields in the fil ter ing sys tem at
dif fer ent states may also be em ployed to de rive other
im por tant de sign pa ram e ters, such as ther mal loads,
me chan i cal im pacts, and ra dio ac tive loads.

The pre vi ous pro ce dure re quires cre ation and/or
mod i fi ca tion of base geo met ric vent ing and fil ter ing
sys tem mod els. To do this, a de ci sion has to be made at
the be gin ning for spa tial res o lu tion re quired for each
spe cific prob lem, since the range of par ti cles, drops,
and sand di am e ters can dif fer by the or ders of mag ni -
tude. How ever, it should be kept in mind that in te gral
val ues of some pa ram e ters, such as pres sure drop and
mass-flow, can be of more prac ti cal in ter est. Re gard -
ing the com pu ta tional pro cess, it is nec es sary to de ter -
mine the ap pro pri ate nu mer i cal schemes to achieve the 
so lu tion of mass, mo men tum and en ergy equa tions,
plus the clo sure cor re la tions, for com press ible or in -
com press ible flow or both, for each step. For a
sand-based fil ter, the so lu tion in volves a po rous me dia 
ap proach. OpenFoam of fers a set of ge neric mod ules
that al low such a type of com pu ta tions, but it is nec es -
sary to fol low a se ries of best prac tices to choose the
cor rect mod ules, gen er ate spe cific mod els and achieve 
ro bust so lu tions.
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The pro cess just de scribed may need an it er a tive
ap proach if the over all per for mance of the fil ter ing
sys tem is not the re quired one, or the con tain ment
depressurization rate or vent ing mass-flow rate do not
reach the de sired val ues. Fi nally, ex per i men tal or an a -
lytic so lu tion data are re quired to val i date the hy dro dy -
namic per for mance of the fil ter ing sys tem. In this
work, the fo cus is set on the de ter mi na tion of the hy -
dro dy nam ics steady-state of a sand bed based fil ter ing
sys tem, and its CFD mod el ing, and the ex per i men tal
setup and data used for val i da tion. 

EX PER I MEN TAL SET-UP AND
DATA FOR VAL I DA TION

The CFD model of a sand bed fil ter for this study
was based on the con tain ment de com pres sion and fil -
tra tion sys tem de sign de scribed by Jouen [8]. The de -
vel op ment of the sand bed fil ter part in that en gi neer -
ing de sign was sup ported first by lab o ra tory scale
mea sure ments in an ex per i men tal loop set-up con tain -
ing a sand col umn, un der the PITEAS ex per i men tal
pro gram [9]. The ex per i men tal data ob tained from the
sand col umn de scribed in that ref er ence were used
here for com par i son against the nu mer i cal re sults ob -
tained from a CFD model us ing the OpenFoam pack -
age.

The sand col umn in the ex per i men tal fa cil ity
was 80.0 cm high and 20.0 cm in di am e ter. Five dif fer -
ent sand par ti cle sizes were used for the mea sure -
ments: 0.5 mm, 0.7 mm, 1.0 mm, 1.2 mm, and 1.6 mm.
The di am e ters were based on a lognormal dis tri bu tion
with a stan dard de vi a tion less than 2.0. The in jected
aero sol par ti cles were com posed of cae sium car bon ate 
of four dif fer ent aero dy namic mass me dian di am e ters:
0.66 mm, 0.80 mm, 1.40 mm, and 1.45  mm. The in jected 
gas mix ture was com posed of 68 % of air, and 32 % of
steam. Two gas ve loc i ties were used: 7.0 cms–1 and
14.0 cms–1. Two test con di tions were em ployed:
steady-state and tran sient re gime. In the first case, the
gas was at 140 °C and the fil ter was pre heated to that
same tem per a ture. In the lat ter case, the fil ter was orig -
i nally at room tem per a ture. Mea sure ments were taken
of pres sure drop through out the fil ter ing sand col umn
and the pu ri fi ca tion co ef fi cient.

For the case of sand di am e ter of 0.5 mm and gas
ve loc ity  of  14.0 cms–1, in the steady-state re gime
mea sure ment, the pu ri fi ca tion co ef fi cient value was
much greater that the tar get value of 100, but the pres -
sure drop in the col umn was higher than the tar geted
100 mbar* for the en gi neer ing de sign. The geo met ric
model was cre ated in the en vi ron ment of SALOME,
and it con sisted of a sin gle cyl in der filled with sand,
with the same di men sions afore men tioned. The mesh
cre ated for this sand col umn was formed with 5131

nodes, hav ing 593 tri an gle faces, and 20984 tet ra he -
drons. Fig ure 1 shows a com par i son of the pres sure
drops in the ex per i men tal fa cil ity and those com puted
with OpenFoam in this work. Un for tu nately, Berlin
and Delalande [9] do not pres ent ex per i men tal val ues,
but only pro files, and there is no other in for ma tion
about ex per i men tal un cer tainty or data spread ing
bands. Thus, the val ues used for com par i son were in -
ferred from those plots shown in that ref er ence, which
clearly af fects the ac cu racy of com par i son re sults. In
this case data com par i son yields a max i mum rel a tive
de vi a tion of about 13 %, which was con sid ered ac -
cept able as a start ing point to cre ate a full scale model
of the fil ter ing sys tem. De tails of the used OpenFoam
mod ules and the con structed SALOME geo met ric
model are given in the fol low ing sec tions.

THE CDF MODEL OF FIL TER ING SYS TEM 

Jouen [8] de scribed an en tire depressurization
and fil tra tion sys tem, a sand-based fil ter, and the de -
sired op er a tion fea tures for use in a PWR plant. Ta ble 1 
shows some of those de sign geo met ric and op er a tional 
data.
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Fig ure 1. Pres sure drop com par i son be tween
ex per i men tal data and OpenFOAM re sults

Ta ble 1. The PWR sand-bed fil ter ing sys tem as
de scribed in [8]

Di am e ter 7.312 m

Clay zone thick ness 0.2 m

Sand zone thick ness 0.8 m

Empty zone height 1.5 m

Dome-de flec tor zone height 0.5 m

Sand grain di am e ter 600.0 mm

Min i mum fil ter ing ef fi ciency 10.0

Gas ve loc ity 10.0 cms–1

Gas mix ture Air: 33 %, steam: 29 %, 
CO2: 33 %, CO: 5 %

Gas tem per a ture 140.0 C

Max i mum flow rate 3.5 kgs–1

Up stream pres sure 5.0 bar

Pres sure drop through out sand 0.1 bar

Aero sol par ti cle di am e ter in tests 1.0 mm
* 1 mbar = 100 Pa



A 3-D geo met ric model and as so ci ated mesh of a 
sand fil ter with the same di men sions shown in tab. 1
was con structed for the CFD anal y sis. In the orig i nal
de sign there was a poly es ter sheet that sep a rated the
clay and sand zones, but this in ter face was not in -
cluded in this work. Fig ure 2  shows a di a gram of the
se quen tial steps in the con struc tion of the geo met ric
model, and fig. 3 shows the fi nal mesh and the dif fer -
ent zones com pos ing the fil ter sys tem. In this work, the 
clay was re placed by a layer of finer-grain sand. The
mesh was cre ated with 8042 nodes hav ing 8603 tri an -
gle faces, and the full vol ume was di vided into 39188
tet ra he drons. The fil ter ing sys tem in let was a de flec tor 
de vice, and the out let was the whole bot tom sur face.
The de flec tor was sim ply mod eled as an in let tube in -
serted into the dome zone, with out a sur face wall. Thus 
the in com ing gas stream was di rected side ways in -
stead of go ing straight down wards.

AP PLI CA TION OF
COM PU TA TIONAL METH OD OL OGY

To show how step 1 pre vi ously de scribed in the
meth od ol ogy  was used in this work, the se vere ac ci -
dent sce nario cho sen for the anal y sis was a BWR sta -
tion black out, un mit i gated af ter the as sumed fail ure of
the re ac tor core iso la tion cool ing sys tem. An ini tially
in ert Mark II pri mary con tain ment de sign was con sid -
ered as the source vol ume. As an ac ci dent pro gresses
steam, hy dro gen, and ra dio ac tive ma te rial (no ble
gases and vol a tile aero sols) en ter the pri mary con tain -
ment at mo sphere, to en coun ter the inerting ni tro gen.
In this work, it was con sid ered that the MCCI phe nom -
ena had not yet started, so there was no gen er a tion of
CO and CO2, and there fore only a mix ture of ni tro gen,
hy dro gen and steam were as sumed to be pres ent.

For step 2, a vent ing pipe line sys tem model was
de vel oped for the code GASFLOW [10], which was a
com pu ta tional code for ap pli ca tions used, among
other, to de ter mine po ten tial hy dro gen def la gra tion
and ex plo sion risk by 3-D cal cu la tions of hy dro gen
dis tri bu tion in pri mary and sec ond ary containments
and vent lines. With the GASFLOW vent ing line
model, dif fer ent hy dro gen vent ing strat e gies were
com puted [11]. De pend ing on the scope of this step 2,
1-D geo met ri cal mod els and cal cu la tions can be used.
The GASFLOW can be used for the cal cu la tion of
trans port of aero sols, but to ac cel er ate cal cu la tions,
more sim pli fied but faster CFD mod els in the
SALOME and OpenFOAM en vi ron ments were cre -
ated. Ei ther way, the steady-state cal cu la tion was per -
formed first, and then the aero sols were in jected at the
pipe in let to es ti mate frac tions trapped in the pipe line.
step 3 was then car ried out, to de ter mine if the de sired
con di tions at the in let of the fil ter ing sys tem were
achiev able for dif fer ent vent ing strat e gies.

To sat isfy step 4 of the meth od ol ogy, pre vi ously
de scribed  fil ter ing sys tem geo met ri cal model  was de -
vel oped and the sets of equa tions de ter min ing the hy -
dro dy namic per for mance of the fil ter ing sys tem was
solved with the OpenFOAM pack age, in an Eulerian/
Lagrangian ap proach. The bound ary and ini tial con di -
tions  for  the  cal cu la tion  are  shown  in  tab.  2.  Two
solv ers  were em ployed in the com pu ta tional pro cess:
rhoPorousMRSimpleFoam, to de ter mine the steady-
-state of a com press ible tur bu lent flow through a po -
rous me dia; and po rous Ex plicit Source Re act ing Par -
cel Foam, to com pute aero sol trans port. The equa tions
solved in the first step were mass, mo men tum and en -
ergy bal ances, to ob tain the ve loc ity, pres sure, and
tem per a ture fields in side the whole fil ter ing sys tem.
The mo men tum equa tion for a po rous me dia in the
solver rhoPorousMR SimpleFoam was a mod i fied
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Fig ure 2. De vel op ment of the full scale fil ter ing sys tem in SALOME

Fig ure 3. Mesh and dif -
fer ent zones com pos ing
the fil ter ing sys tem



Navier-Stokes equa tion, where the time de riv a tive is
at ten u ated by add ing a sink term [12]. This ad di tional
source term was the Darcy-Forchheimer equa tion,
con sist ing of a vis cous and in er tial loss term. The vis -
cous term led to a pres sure drop pro por tional to ve loc -
ity; while for the in er tial term, the pres sure drop was
pro por tional to ve loc ity squared. 

The OpenFoam solver needs val ues for the ten -
sor co ef fi cients in the Darcy-Forchheimer equa tion.
For the case of a ho mog e nous po rous me dium, the ten -
sor co ef fi cient for Darcy´s Law re duces to a sca lar,
which is sim ply the in verse of the per me abil ity of the
me dia, and a sim ple equa tion to cal cu late it is the fol -
low ing

B
e d

e
=

-

3 2

2180 1( )
(1)

where B [m2] is per me abil ity, e – the po ros ity, and d [m]
– the di am e ter of the sand par ti cle . From this step, it is
pos si ble to ob tain curves of pres sure loss vs. mass-flow
for di verse gas mix tures and dif fer ent types of sand,
depths, etc.

The solver porousExplicitSourceReacting Par cel-
Foam is the part of the Lagrangian Solv ers em ployed for
par ti cle track ing. In this work, it was used for the track ing 
of the aero sol par ti cles in jected into the gas stream at the
de flec tor zone. For the in ter ac tion wall-par ti cle op tions,
only the re bound in ter ac tion was used. The par ti cle
track ing al lows for stud ies of de sign op ti mi za tion, as for
ex am ple to de ter mine if the aero sol dis tri bu tion would be 
ho mog e nous in the sand zone.

AERO SOL COL LEC TION
EF FI CIENCY 

Fi nally, for step 5, the ef fi ciency of the fil ter ing
sys tem can be de ter mined by CFD anal y sis, but it
would re quire pre cious com pu ta tion time to as sess the
large num ber of dif fer ent sce nar ios dur ing the pro -
gres sion of a se vere ac ci dent (vent ing flow rates, gas
mix tures, etc.). If one, ad di tion ally, needs to test dif fer -
ent fil ter ing sys tem de signs, clock time be comes a

heavy con straint. Al ter na tively, in en gi neer ing prac ti -
cal ap proaches, sys tem ef fi ciency can be first
es ti mated on the grounds of me chan i cal mod els. Then, 
if the man da tory con strain ing de sign pa ram e ters, as ei -
ther op er a tional pres sure drop or tem per a ture, are sat -
is fied, and also if the de sired ef fi ciency is within an ac -
cept able range, a new CFD anal y sis can be ap plied for
spe cific prom is ing de signs. This is the ap proach fol -
lowed in this meth od ol ogy.

In a pri mary con tain ment, aero sol par ti cle re -
bound, ad her ence, and de po si tion on the walls are phe -
nom ena that need to be taken into ac count in trans port
cal cu la tions. In a sand fil ter, how ever, the first con ser -
va tive ap prox i ma tion is to cal cu late how many par ti -
cles can be trapped by sand grains, with out giv ing
credit to ad her ence to walls. The col lec tion ef fi ciency
is sim ply as fol lows

n = 1 – P (2)

where n is the col lec tion ef fi ciency and P – the to tal
pen e tra tion in a sand fil ter. The first ap proach in this
case is to con sider that one grain can trap one sin gle
aero sol par ti cle. Thus, the to tal pen e tra tion Pt through -
out a bed of to tal length H, can be ob tained from the
fol low ing

P
H

d
t

g
g= -

æ

è

ç
ç
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÷
÷
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a
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where hg is the cap ture ef fi ciency of a sin gle grain, a –
(= 1.0 – porosity), and dg – the grain di am e ter [m].
There are dif fer ent mech a nisms for aero sol cap ture,
and cor re la tions of hg for each of them can be found in
lit er a ture, for ex am ple for low speed gas flows, Mann
and Goren [13] de ter mined the ex pres sion for the re -
gimes of Brownian dif fu sion and sed i men ta tion. The
ex pected con di tions at the in let to the sand fil ter from a
vent ing ac tion in a BWR con tain ment cor re spond to a
re gime dom i nated by in er tial im pact. For this case, the
fol low ing cor re la tion by Mi chaels and Goren [14] can
be used

hlm

hA Stk
=

+ -

1

1 167 3 55. ( ) .
(4)

where Stk is the aero sol par ti cle Stokes num ber and Ah

is a hy dro dy namic shape fac tor, for par ti cles that de vi -
ate from spher i cal shape, and de pends on the Reynolds 
num ber. To cal cu late the Stokes num ber, one re quires
the ve loc ity field com puted in the pre vi ous step. Thus,
one can cal cu late ef fi cien cies for dif fer ent sand grain
sizes, po ros i ties, and ve loc ity fields for  a par tic u lar
sand fil ter de sign.

RE SULTS

The de sign by Jouen [8] con sid ered a PWR con -
tain ment at 5.0 bar for vent ing ac tion, and the de sign
pres sure of the fil ter ing sys tem was up to 1.5 bar in or -
der to op er ate within a pres sure drop of 1.1 bar. This
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Ta ble 2. Ini tial and bound ary con di tions for the
steady-state cal cu la tions

In let flow rate 3.5 kgs–1, zero gra di ent

In let gas tem per a ture 422.0 K

Rate of dis si pa tion of
tur bu lence en ergy 0.24576

Tur bu lence ki netic en ergy 0.1617

Out let pres sure At mo spheric, zero gra di ent

Finer sand grain di am e ter 0.5 mm

Coarser sand grain di am e ter 0.6 mm

Gas ve loc ity 10.0 cms–1

Gas mix ture Ni tro gen: 38.7 %, steam:
57.4 %, H2: 3.9 %

Aero sol par ti cle di am e ter 1.0  m



same last value was set as the tar get for the model de -
vel oped in this work. In a BWR Mark II con tain ment,
vent ing can be ini ti ated when the pres sure is be tween
4.0 and 4.5 kgcm–2  (392 266.0 to 441299.0 Pa), but the 
pres sure drop through the vent ing pipe line can be sig -
nif i cant. Also, de vices can be used to fur ther re duce
the pres sure load reach ing the in let of a fil ter ing sys -
tem. For a mass-flow rate of 3.5 kgs–1 (see tab. 1), the
in let pres sure was 160,000.0 Pa, with at mo spheric
pres sure (101,325.0 Pa) as the tar get out let pres sure
(bound ary con di tion). Fig ure 4 shows the re sults ob -
tained for the pres sure drop though the fil ter sys tem.
With this model, a max i mum of 4.7 kgs–1 still sat is fies
the con straint of 1.1 bar. 

Fig ure 5 shows the ve loc ity stream lines in the
fil ter.  The in com ing gas is first de flected side ways, re -
duc ing sig nif i cantly the in let ve loc ity. The vor tex zone 
helps in get ting a more uni form dis tri bu tion of the in -
com ing aero sol par ti cles. The stream lines clearly de -
lin eate the bor der be tween the sand and empty zones.
In this area, the gas ve loc ity has been re duced to
0.1883 ms–1, which is the value used for the aero sol re -
ten tion ef fi ciency cal cu la tions.

Once the Eulerian fields had been de ter mined,
the Lagragian aero sol par ti cle track ing cal cu la tions
were car ried out. One could al ready have the first es ti -
ma tion of the amount of par ti cles trapped in the vor tex
zone and those ca pa ble of cross ing the sand zones. The 
par ti cles were in jected ran domly into the gas stream at
the de flec tor en trance. Their size was 1.0 mm. Fig ure 6

shows the aero sol par ti cle dis tri bu tion at the mo ment
of in jec tion, and fig. 7 shows the dis tri bu tion 170.0
seconds af ter wards. In these fig ures, the par ti cles were 
en larged to fa cil i tate vi su al iza tion, so they might ap -
pear as cross ing the com pu ta tional do main, but this
was not the case. Fig ure 7 shows that the aero sols
cross ing the coarser sand tended to ac cu mu late at this
time on the pe riph ery of the fil ter. Mod i fi ca tions to the
geo met ric model, for ex am ple on the ini tial in cli na tion 
of the de flec tor or when other ob sta cles added to
change the ve loc ity field pro file, could lead to a more
uni form par ti cle dis tri bu tion. This type of changes to
the geo met ric model could be quickly car ried out in
SALOME.

Re gard ing the ef fi ciency of the 0.6 mm (coarser
grain) sand zone for col lect ing the 1.0 mm par ti cles,
the re sults fol low ing the mech a nis tic model in tro -
duced in the pre vi ous sec tion showed an ef fi ciency of
99.5 % for the ve loc ity of 0.1883 ms–1.

There are still var i ous is sues to be tack led be fore
the point of di rect ap pli ca tion of this meth od ol ogy is
reached and mod els are de vel oped of a sand-based fis -
sion prod uct fil ter in case of real se vere ac ci dent sce nar -
ios. Among the main phys i cal-chem i cal mod els that
need to be added are ther mal loads and the char ac ter is tics 
and dis tri bu tions of the vol a tile fis sion prod ucts that are
car ried by the gas stream. In this work, for ex am ple, only
one value for aero sol di am e ter was used (1.0 mm), be -
cause it is the ref er ence value used in the de sign test
phase, and also as the tar get value for the pro to type fil ter -
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Fig ure 4. OpenFoam
re sults of pres sure drop
across the fil ter ing sys tem

Fig ure 5. Ve loc ity field
on the mid dle plane



ing sys tem de sign (see tabs. 1 and 2). Ad di tion ally, al -
though one rel e vant is sue for this type of sys tems is that
hy dro gen con cen tra tions could reach com bus tion lev els
[15], in this work hy dro gen con cen tra tion was set at 3.9
%, a value be low the limit for risk con sid er ation in plant
emer gency pro ce dures. This is sue, any way, needs also to
be stud ied for long tran sient events, where hy dro gen
con cen tra tions could in crease.

CON CLU SIONS

A com pu ta tional meth od ol ogy is pre sented for
the es ti ma tion of the ca pac ity of aero sol par ti cle re ten -
tion in vent ing ac tions dur ing a BWR se vere ac ci dent.
This meth od ol ogy uses a com bi na tion of CFD and
mech a nis tic mod els in the cal cu la tion pro ce dure. To
show an ap pli ca tion of the meth od ol ogy, for the CFD
mod el ing part, a full scale model of a sand bed fil ter ing 
sys tem was cre ated. The open source, freely avail able,
SALOME and OpenFoam plat forms were used to gen -

er ate the geo met ric and nu mer i cal mod els. The fil ter -
ing sys tem con sisted of four sec tions:

– the dome, where the flow de flec tor was lo -
cated,

– an empty zone,
– a 0.6 mm sand grain size zone; and
– a 0.5 mm sand grain size zone.
The OpenFoam solv ers used were rhoPorous

MRSimpleFoam and porousExplicit SourceReacting
ParcelFoam to de ter mine the steady-state of a com -
press ible tur bu lent flow through a po rous me dia and to 
com pute the aero sol par ti cle trans port, re spec tively.
That is, an Eulerian/Lagrangian ap proach was used for 
the CFD model. Re gard ing the col lec tion ef fi ciency, a
mech a nis tic model based on the cap ture ef fi ciency of a 
sin gle grain was used for cal cu la tions. 

The model of the fil ter ing sys tem cre ated in this
work is based on the de sign pre sented by Jouen [8] for
vent ing from a PWR con tain ment. In this work, the
source vol ume was a BWR Mark II pri mary con tain -
ment de sign. Ve loc ity, pres sure, and tem per a ture
fields in side the fil ter ing sys tems were ob tained as the
first re sults. From the Lagrangian track ing of aero sol
par ti cles, it was noted that those par ti cles cross ing the
coarser sand tend to ac cu mu late ini tially at the pe riph -
ery of the fil ter. Then, from para met ric stud ies, it was
found that mass-flows of up to 4.7 kgs–1 still sat is fied
the con straint of 1.1 bar pres sure drop across the sand
depth, when set ting the at mo spheric pres sure as the
tar get at the fil ter ing sys tem out let. Ad di tion ally, from
the mech a nis tic mod els used in this work, the ef fi -
ciency was de ter mined to be 99.5 % of re ten tion for the 
1.0  m aero sol par ti cles in the 0.6 mm sand grain zone
for gas ve loc ity of 0.1883 ms–1.

The CFD and mech a nis tic mod els in tro duced in
this work can eas ily be mod i fied, so a wide va ri ety of
para met ric stud ies can be car ried out, to ob tain a better
ini tial es ti ma tion of the fil ter ef fi ciency de pend ing on
in com ing gas flows, gas mix ture pro por tions, sand bed 
depths, etc. 
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Fig ure 6. Aero sol par ti cle dis tri bu tion at t = 0.0 s

Fig ure 7. Aero sol par ti cle dis tri bu tion at t = 170.0 s



par i son with nu mer i cal re sults and anal y sis, and is also
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RA^UNARSKA  METODOLOGIJA  ZA  PROCENU  ZADR@AVAWA
AEROSOLA  U  SISTEMU  FILTRIRAWA  NA  BAZI  PESKOVITOG  SLOJA

ZA  STRATEGIJE  VENTILIRAWA  TE[KIH  AKCIDENATA

U ovom radu opisana je ra~unarska metodologija za procenu kapaciteta zadr`avawa
aerosolnih ~estica u sistemu filtrirawa zasnovanom na peskovitom sloju. Ova metodologija
koristi kombinaciju ra~unarske dinamike fluida i mehani~kih modela u postupku izra~unavawa.
Metodologija se primewuje na akcije ventilacije tokom te{kog akcidenta u primarnom kontej-
mentu BWR Makr II reaktora. Platforme SALOME i OpenFoam kori{}ene su za generisawe
geometrijskih i numeri~kih modela punog opsega sistema za filtrirawe peskovitog sloja. Ojler -
Lagran`ov pristup kori{}en je za odre|ivawe stacionarnog stawa kompresibilnog turbulentnog
protoka kroz porozni medijum i za izra~unavawe transporta aerosolnih ~estica. Efikasnost
sakupqawa izra~unata je pomo}u mehani~kog modela zasnovanog na efikasnosti zahvata poje-
dina~nog zrna. Dobijeni Ojlerovi rezultati ukqu~uju poqa brzine, pritiska i tem per a ture unutar
sistema za filtrirawe. Lagran`ovo pra}ewe aerosolnih ~estica pokazalo je da ~estice koje
prolaze kroz krupniji pesak imaju tendenciju da se inicijalno akumuliraju na periferiji filtera. 
Parametarske studije pokazale su da protoci mase do 4.7 kgs–1 zadovoqavaju ograni~ewe pada
pritiska od 1.1 bara po dubini peska. Pored toga, utvr|ena je efikasnost zadr`avawa od 99.5 % za
~estice aerosola od 1.0 mm u zoni peska od 0.6 mm, za brzinu gasa od 0.1883 ms–1.

Kqu~ne re~i: Mark II, te`ak akcident, OpenFoam, SALOME, aero sol, sistem za filtrirawe,
.........................efikasnost


