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AEROSOL TRAPPING IN STEAM GENERATOR (ARTIST): AN INVESTIGATION OF
AEROSOL AND IODINE BEHAVIOUR IN THE SECONDARY SIDE OF A STEAM

GENERATOR

S. Guntay, J. Birchley, D. Suckow, A. Dehbi

Incidents such as a steam generator tube rupture (SGTR) with stuck-open relief valve are important acci-
dent sequences for analysis by virtue of the open path for release of radioactivity which ensues. The re-
lease may be mitigated by deposition of fission products on the steam generator (SG) tubes and other
structures, or by scrubbing in the secondary coolant. The absence of empirical data, the complexity of the
geometry and controlling processes, however, make the retention difficult to quantify and its full import is
typically not taken into account in risk assessment studies. The ARTIST experimental programme at PSI
will simulate the flow and retention of aerosol-borne fission products in the SG secondary, and thus provide
a unique database to support safety assessments and analytical models. Scaling of the break flow repre-
sents a particular challenge since the aerosol retention processes operate at contrasting length scales.
Preliminary calculations have identified a baseline set of conditions, and confirmed the feasibility of the rig
design and scaling principles. Flexibility of the rig layout enables simulations to be performed for a range of
SG designs, accident situations and accident management philosophies.

1 BACKGROUND AND MOTIVATION

Steam generator (SG) tubes are subject to a variety of
degradation processes, which can lead to cracks,
thinning and (eventually) rupture. Despite improve-
ments in SG design, manufacturing and modes of
operation, SG tube rupture (SGTR) events still occa-
sionally occur during PWR operation worldwide, and
underline the need to pay attention to them.

A particular safety challenge arises from an SGTR in
combination with other failures, leading to a core melt,
and a direct path by which radioactive fission products
can be transported to the environment. Sequences of
this kind are referred to as containment by-pass. Al-
though probabilistic safety assessments (PSAs) typi-
cally take little or no account of any retention of fission
products in the secondary side of the coolant loop, it is
reasonable to expect that the complex geometry of the
tube bank, support plates, separators and dryers pro-
vides a large surface area on which significant
amounts of fission products may be deposited. The
presence of liquid water in the SG bundle may further
augment the retention. However, the processes which
control the retention are complex, and there are no
reliable models or empirical data with which to perform
assessments. The experiments to be performed in the
ARTIST programme at PSI will be first-of-kind, and will
provide a database for retention under the range of
conditions applicable in a reactor accident. Reduced
uncertainty in predicted radio-nuclide release will en-
able plants to re-assess their PSA Level 2 results, and
consequently the assumptions used in Level 3.

The ARTIST programme is motivated by the concur-
rence of interest which exists between the operators of
the Beznau plant (KKB) and PSI, the latter's role being
to address current concerns, and to support ongoing
improvements in nuclear safety. Of particular interest
in this latter category is the investigation of the effec-
tiveness of refilling the faulted SG, in order to arrest
the release of radio-nuclides.

2 REFERENCE PLANT AND TRANSIENT

Release and transport of fission products from a de-
graded core, through the primary to the secondary
side and, potentially, to the environment, may occur as
a consequence of a variety of sequences, typically
falling into one of three groups:

• an SGTR with other failures leading to core dam-
age;

• a core damage sequence, which causes the SG
tubes to be subjected to large thermal and pres-
sure loads; and

• a design-basis SGTR, in which contaminated pri-
mary coolant (iodine-spiked) is carried over in con-
ditions outside the normal operating range of the
SG.

In this Section, we concentrate on a sequence within
the first group, identified in a Level 2 PSA study for
KKB [1] as a major risk contributor. The case is here
referred to as the reference transient, the results of
which are used to define a baseline set of conditions
for the ARTIST experiments.

The assumed initiating event is a double-ended guillo-
tine break near the bottom of the hot side of one of the
SG tubes. (Beznau is a two-loop PWR; for conven-
ience the faulted and intact SGs are referred to as
SGA and SGB, respectively.) The reactor protection
emergency coolant systems (ECS) and auxiliary feed-
water (AFW) systems function normally. However, it is
assumed that no operator-initiated measures are
taken in the early stages of the sequence. Overfilling
of the faulted SG secondary causes the relief valve
(RV) to stick open, hence leading to a long-term loss
of cooling, and a consequent core melt and release of
fission products.

The thermal-hydraulic and core degradation was ana-
lysed by Birchley [2] using the SCDAP/RELAP5 code
[3]. The results for the fuel temperatures were then
used as input to SASPROG, which incorporates the
release correlations from NUREG-0772 (Lorenz et al.
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Table 1: Event sequence for reference SGTR as
calculated using SCDAP/RELAP5.

Table 2: Conditions at time of release.

Event

Tube rupture in SGA

AFW initiation, scram, SGA isolation

Power decay

Pressuriser empty

SGA relief valve open

HPIS initiated

SGA relief valve closed

SGA relief valve cycling

SGA AFW isolation

SGA relief valve sticks open (a)

ECS tanks empty

Accumulator initiation

Accumulators empty (b)

Main coolant pumps tripped (c)

SGA dried out (d)

Core uncovery starts (e)

SGB relief valve latched open (f)

Main coolant pumps restarted

Molten pool forms (g)

End calculation

Time (s)

0

100

102

112

116

130

206

350

600

1918

32377

32844

37424

37703

60715

74318

76318

80318

83822

90533

[4]) to calculate release of fission products from the
core. The calculated event sequence is given in Ta-
b l e ! Among the essential features of the transient
are:

• both the primary and secondary sides of the faulted
SG are completely void before the core starts to
heat up, and remain so throughout the rest of the
sequence;

• the intact SG is depressurised to one bar by op-
erator action before the onset of core degradation;

• accumulation of hydrogen in the intact steam gen-
erator impedes the condensation of steam and lim-
its the primary side depressurisation such that the
flow is choked at the break.

The transient conditions in the three coolant regions
(reactor vessel, faulted and intact SG secondary
sides) are illustrated in Figs. 1, 2, with the key events
given in Table 1 (a,b, ..g) also indicated. Representa-
tive conditions during the period of interest are pre-
sented in Table 2.

Parameter

Time period of interest

Decay heat level

Primary side total pressure

Primary side steam pressure

Secondary side pressure

Break flow (hot side)

Break flow (cold side)

Break fluid temperature

SGA structure temperature

Fission product release rate
into the secondary side

Value

80'000 - 90'000 s

7MW(0.5%)

0.5 MPa

0.1 -0.4 MPa

0.1 MPa

0.20 kg/s

0.05 kg/s

1000 K

650 K

12g/s

3 RIG CHARACTERISTICS AND CAPABILITIES

The test rig will be connected to the PSI aerosol gen-
eration system (DRAGON) which provides a flow of
single or multi-component aerosol in a steam or
steam/non-condensable carrier gas. The aerosols are
generated by feeding the materials in powder or liquid
form at the desired rates to a plasma, in which they
evaporate and then recondense in the stream of
cooler carrier gas. The aerosol flow and characteris-
tics can be controlled in a stable manner.

The ARTIST test section comprises several modules
to simulate the KKB SG secondary, as shown in Fig.
3. These comprise:

• a scaled (1:24) tube bundle of diameter 57.3 cm
containing 264 straight tubes of outer diameter
19 mm and maximum height 3.8 m;

• the U-bend section of the SG tubes;

• a tube sheet plate;

• three support plates, spaced 1.1m apart;

• one separator unit of actual size; and

• one dryer cell of actual size.

The bundle diameter is considered large enough to
reproduce the jet behaviour, the momentum dissipat-
ing after it emerges from the break, provided the break
is not too close to the shroud and oriented towards it.
The spacing between the support plates, the tube
diameter, pitch and wall thickness are the same as in
the real SG.

The tube length is just 40% of the real unit, so there
are only three support plates instead of the seven in
KKB. This is believed not to have a major impact as
the flow is expected to become fairly evenly distributed
beyond the break stage, so that the decontamination
factor (DF) will be nearly the same in each of the sub-
sequent stages. Results from measurements of the
"far-field" DF are expected to extrapolate to more
stages.
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Fig. 1: Primary and SG secondary side pressures.
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Fig. 2: Reactor vessel and SG secondary liquid levels.
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However, the reduced height implies a shorter resi-
dence time, which might be important for other reten-
tion processes, such as thermophoresis. This last can
be addressed by simply reducing the carrier gas
flowrate. Finally, it is noted that the bank of active
tubes is not represented. A single, full-length U-tube is
envisioned for separate-effect experiments on aerosol
retention, principally by turbulent deposition, inside the
tube, to provide data on the fraction of the aerosols
entering the SG which reach the break. The support
plate, tube layout, possible locations of the broken
tubes and the full-length U-tube are shown in Fig. 4.
The separator and dryer units are full-scale, and iden-
tical to those in the real SG, so the measured retention
therein will be directly applicable. The heights of these
components above the top of the bundle and the flow
area of the pipe connecting the shroud and separator
inlet are also preserved.

Table 3: Beznau/ARTIST scale parameters.

Parameter

Number of tubes

Number of dryers

Number of separators

Maximum height of tube (m)

Bundle diameter (m)

Bundle total area (m2)

Bundle flow area (m2)

Support plate flow area (m2)

Support plate flow area per
tube (cm2)

Bundle/support plate flow area

Tube surface/SG free volume
(m"1)

Bundle hydraulic diameter
(cm)

Free flow area/SG cross sec-
tional area

Beznau

3238

12

12

9.0

2.68

5.641

3.790

1.288

1.97

2.94

102.2

3.1

0.67

ARTIST

264*

1

1

3.8 (9.0t)

0.57

0.258

0.185

0.052

1.97

3.56

87.2

3.1

0.72

* straight (equivalent half U-tube)
t active tube length is 18 m (2x9)

Although the rig configuration is based on a specific
reference plant, all vertical U-tube SGs deployed in
commercial PWRs are qualitatively and conceptually
similar, despite differences in parameter values.
Simulation for different plant designs and accident
situations will require adjustment of the experimental
boundary conditions to preserve the thermal-hydraulic
and aerosol dimensionless groups.

The DRAGON and ARTIST facilities can be operated
over a range of conditions of pressure up to 0.45 MPa,
a carrier gas total flow rate from 60 to 600 kg/h (with a
possibility to increase to 850 kg/h), steam flow rate

from 50 to 300 kg/h, and temperature up to 400°C.
The non-condensable gas may be air, N2, Ar or He.
The DRAGON facility can produce aerosol loadings up
to 10 g/m3, with a mix of 4 components, which may be
soluble or insoluble, liquid or solid, and with aerody-
namic mass mean diameters (AMMD) from 0.5 to 5
urn. The scaling with respect to KKB is summarised in
Table 3. In the discussion which follows, the reference
transient is used to define a baseline or nominal set of
conditions for the experiments.

4 MAJOR PHENOMENA IN SG SECONDARY

The controlling phenomena depend on whether the
reference sequence is a severe accident, in which
case the secondary-side conditions may be dry or wet,
or a design basis accident, in which case the primary
coolant is single-phase liquid, but superheated with
respect to the secondary side.

4.1 Dry SG in severe accident conditions

The following mechanisms account for aerosol reten-
tion in dry conditions:

• turbulent deposition inside the ruptured tube;

• inertia] and turbulent deposition in the secondary
side;

• gravitational settling;

• agglomeration;

• thermophoresis

4.1.1 Turbulent deposition in the ruptured tube

The reference calculation suggests that choked flow
conditions at the break are typical, with velocities in
the broken tube of a few hundred m/s. Previous stud-
ies by Liu and Agarwal [5] indicate that turbulent depo-
sition is the dominant mechanism at such velocities,
and that the retention is primarily a function of the ratio
L/D, where D is the diameter of the break and L the
distance from the break, for the particles of interest (>
0.3 pm). Retention may be offset to some extent by
resuspension, to an extent which is as yet uncertain.
Therefore, it is important to preserve the flow and
aerosol characteristics in order that the results be
directly applicable at plant scale.

4.1.2 Impaction and turbulent deposition in the
bundle

These mechanisms exhibit a similar dependence on
the flow velocity and can be grouped together for the
purposes of scaling. Inertial deposition is due to the
inability of particles to follow the flow around obsta-
cles, while turbulent deposition occurs on surfaces
which are parallel to the flow, as a result of the large
eddy velocities in highly turbulent flow.

Inertial and turbulent deposition in the break stage

For choked flow at the break, the local flow velocities
are expected to be of the order of 100 m/s or greater,
and, for a horizontal break, predominantly across the
nearby tubes.
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Fig. 3: ARTIST facility and components: bundle, separator and drier.
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The aerosol deposition on a single cylinder has been
correlated by Douglas and Ilias [6] as a function of the
Stokes number, Stk, defined as

Stk = ppdpUCs / (18(iD) = tU/D ,

where pp and dp are the particle density and geometric
diameter, U the gas velocity, Cs the slip factor, p. the
viscosity, D the cylinder diameter, and -r is the particle
relaxation time. The deposition fraction varies between
2% and 30% as Stk1'2 varies from 0.06 to 0.25. Com-
putational fluid dynamics (CFD) analyses by Quarini
[7] show that the full, nominal flow velocity decreases
from 300 m/s at the break to 10 m/s over a distance
spanned by a few tube rows. Table 4 gives the ex-
pected Stokes numbers for these conditions. The Ta-
ble indicates that a significant fraction of the particles
will be retained on the nearby tubes, but that the re-
tention decreases considerably away from the break.

Table 4: Stk1'2 values for break stage.

AMMD (urn)

1

3

10

1(S)

5.8e-6

4.6e-5

3.8e-4

Stk1'2:
U=300 m/s

0.30

0.85

2.45

Stk1/2:
U=10 m/s

0.055

0.155

0.447

In order to reproduce the aerosol retention locally, the
flowrate should be the same as the full break flow,
giving an average bundle axial velocity of 4.1 m/s.
However, the average velocity in the bundle is simu-
lated more realistically by scaling the flowrate by the
rig/plant flow area ratio (1:20.5), which gives a velocity
of 0.2 m/s. These two contrasting scale ratios have
implications for simulating the flow and aerosol reten-
tion in the main part of the bundle. In particular, the
measured retention in the break stage will include a
contribution due to impaction on the support plate.

Impaction on the support plates

Away from the break, the flow spreads out and moves
upwards towards the support plates. It is then chan-
nelled through the small openings which surround the
tubes; inertia! impaction occurs at the orifices. Again,
this depends on the local Stokes number (based on
the orifice effective diameter, 0.79 cm.), given for the
scaled flowrate in Table 5.

Table 5: Stk1'2 values for flow at support plate.

AMMD (urn)

1

3

10

Stk1'2:
Uavg=0.2 m/s

0.012

0.033

0.098

Stk1'2:
Uaug=4.1 m/s

0.055

0.155

0.444

Experiments by Ye and Pui [8] show that there is very
little retention for Stk1'2 < 0.2. This suggests that re-
tention at the support plate is significant only for the
largest particles, and at full flow. However, some cau-

tion should be used in accepting these findings due to
the complex geometry of the support plate, and the
non-uniform flow conditions existing below it. Never-
theless, impaction on the plate is expected to make
only a small contribution to the total retention in the
break stage, even at full flow.

Impaction on the tubes in the far field and U-bends

The flow beyond the break stage is mainly in the verti-
cal direction and, with a mean velocity of 0.2 m/s, little
retention by turbulent deposition is expected on the
tubes. Impaction at the U-bends can be estimated
from the cross-flow data of Douglas and Ilias [6] which
show no retention for Stk1/2<0.06.

Table 6: Stk1'2 values for U-bends.

AMMD ((im)

1

3

10

Stk1'2:
U=0.1 m/s

0.004

0.011

0.032

Stk1'2:
U=0.2 m/s

0.008

0.022

0.063

Stk1'2:
U=0.4 m/s

0.016

0.044

0.126

Table 6 shows the retention is negligible for the aero-
sol sizes of interest, even for a wider range of veloci-
ties. There is some latitude then, to choose smaller or
larger flow rates in order to, respectively, match the
total residence time in the bundle, or the velocity in the
separator and dryer regions.

Impaction in the separator and dryer sections

The ARTIST model contains one full-size separator
and one dryer instead of the 12 (of each) units in the
Beznau plant. To preserve the mean velocity and resi-
dence time for the nominal conditions, the flowrate
should be scaled by 1/12, that is by 75 kg/h. This cor-
responds to a velocity of 0.33 m/s in the separator
tube, and a residence time of 9 s. The flow exits the
separator upper lid and enters the open header where
the mean velocity decreases to a few cm/s, so that
impaction underneath the dryer is negligible. The resi-
dence time is about 8 s. Agglomeration and settling
are insignificant in these regions.

The free-flow area per dryer panel in the ARTIST fa-
cility is about 11% less than in Beznau. To preserve
the flowrate, the velocity in the ARTIST channel
should therefore be reduced accordingly. However,
due to the small magnitude of the velocity, impaction
in the channel is small enough that retention by im-
paction in the separator and dryer sections will be
replicated by a 1/12 flow scaling. From the discussion
concerning retention in the bundle, the same scaling
can be applied throughout the SG, except near the
break where the full flow is appropriate.

4.1.3 Agglomeration

Agglomeration of aerosols occurs, and modifies the
size distribution, if the concentration and residence
times are large enough. Based on plant calculations,
and assuming initially spherical particles of size 1 (xm
and density 2 g/cm3, the theory of monodisperse ag-
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glomeration (Hinds [9]) predicts the number concen-
tration to decrease by about one-third, in the absence
of other mechanisms. The particle diameter is then
increased by 16%, a small but non-negligible change.
The effect will be greater for lower flowrates and/or
(initially) smaller-sized particles, while smaller for
higher flowrates and/or larger particles.

4.1.4 Gravitational settling

The settling velocity varies from 0.2 to 18 cm/min over
the AMMD size range 1 to 10 jxm. Gravity settling is
negligible for a residence time of the order of one min-
ute.

4.1.5 Thermophoresis in the far-field stages

The incoming gas may be some hundreds of degrees
hotter than the bundle structures, in which case ther-
mophoresis is an important aerosol-removal mecha-
nism. The thermophoretic velocity depends primarily
on the thermal gradient, and is a weak function of
particle size [8]. Table 7 shows the expected thermo-
phoretic velocities, assuming a maximum temperature
difference of 500°C, and a representative distance of 1
cm between the subchannel centreline and tube wall.
Since the residence time in a single stage is about 6 s,
assuming an average flow velocity of 0.2 m/s, the
thermophoretic displacement is of the order of 0.3 cm,
which is comparable with the distance to the tube wall.
Thermophoresis is therefore likely to be significant.
Choice of a lower flowrate, to reproduce more closely
the residence time in the plant SG, will result in yet
more retention.

Table 7: Thermophoretic deposition velocities.

AMMD (urn)

1

3

10

velthermo (cm/s)

0.065

0.050

0.039

4.1.6 Discussion of residence times in a dry SG

From the above discussion, and the geometry of the
ARTIST facility, it is possible to identify four areas of
investigation, with five corresponding time scales.

(i) Inside the broken tube Highly turbulent conditions,
with velocities of up to 200 m/s, occur in the broken
tube, and can be directly reproduced using the full
flowrate. Conditions upstream of the break will be
preserved, since a single, full-length U-tube will be
included, while the break can be located at the hot
side near the entrance, on the coldside or near the
exit, or anywhere in the tube span. The main retention
mechanism is turbulent deposition, which depends
mainly on velocity. Residence times are of no conse-
quence.

(ii) Near the break Within the break stage, the flow
(and hence the velocity) should be scaled 1:1. The
main retention mechanisms are turbulent deposition
and inertial impaction, which depend mainly on veloc-
ity, and are essentially independent of residence time.

(iii) Bundle region away from the break Beyond the
break stage, the flow will redistribute itself more or
less uniformly, with a typical velocity of 0.2 m/s, this
corresponding to a nominal flow of 900 kg/h for the
KKB SG. The dominant removal mechanism is ex-
pected to be thermophoresis, with smaller contribu-
tions from impaction at the support plates and Ll-
bends. Two scale-ratios apply:

• Thermophoresis: the flow should be scaled by
1:49 to preserve residence time;

• Impaction: the flow should be scaled by 1:21 to
preserve the mean velocity.

(iv) Separator and dryer ARTIST represents the 12
separator units and dryer panels in the plant with a
single unit containing the same number of panels, so
the flow should be scaled by 1:12 to preserve the ve-
locity and residence time.

The above scaling considerations are summarised in
Table 8. It might not be necessary, however, to per-
form experiments at each of the scaled flowrates. For
example, a compromise scaling of 1:21 might be used
to combine mechanisms (iii) and (iv) in order to pro-
duce an integral simulation of aerosol retention
throughout the far-field of the secondary side.

4.2 Wet SG in severe accident conditions

A possible Accident Management (AM) measure is to
refill the faulted SG, in order to re-establish heat re-
moval and to provide a pool where the incoming aero-
sols can be scrubbed. Data from the POSEIDON [10]
experiments, conducted earlier at PSI, indicate that a
DF of 10 or more can be obtained even in a shallow
pool. Several factors apply in a refilled SG, which
would suggest even more effective pool scrubbing.
There are three distinct regions in gas-pool interac-
tions:

• the immediate injection zone, characterised by
formation of a gas jet or globule, depending on the
injection conditions;

• the break-up zone, where the jet or globule disinte-
grates into smaller bubbles; and

• the bubble rise zone, where the bubbles rise at the
local terminal velocity and, in the present context,
are periodically ejected through the holes in the
support plate.

Beyond the break-up zone (typically 10 globule di-
ameters from the injection site), the bubbles are
oblivious of the details of the injection process; there-
fore the scrubbing in the bubble rise zone is inde-
pendent of the carrier gas flowrate. In addition, some
of the incoming steam condenses almost immediately,
with scrubbing of a corresponding fraction of the aero-
sols. The extent of condensation depends on the tem-
perature of the water pool. If the pool is close to boil-
ing, which is likely due to the hot structures and con-
tinued steam injection, condensation is minimal.
Therefore the main removal mechanisms are inertial,
namely:

• jet impaction at the injection site;

• centrifugal impaction and gravitational settling dur-
ing bubble rise.
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Table 8: Major aerosol phenomena and corresponding gas flow rates in dry SG.

Region

Inside broken tube

Bundle near-field
(break stage)

Bundle region away
from the break

Separator-dryer

Main phenomena for
investigation

turbulent deposition

turbulent deposition,
impaction on tubes

impaction on support
plates, U-bends

thermophoretic deposi-
tion on tubes

impaction on structures

Quantity to preserve

velocity in tube

velocity field near
break

mean velocity

residence time,
temperature gradient

mean velocity

Typical gas flow

full flow

full flow

1/20th of full flow

1/49th of full flow

1/12th of full flow

Remarks

none

none

thermophoresis to be
avoided

minimise inertial effects

thermophoresis to be
avoided

The first mechanism depends on the injection
flowrate, and is replicated by adopting the full flow. It
is supposed that the jet momentum is locally dissi-
pated, as in the real SG, and is not affected by the
presence of the shroud. This is supported by past
experience [10], which indicates that the jet is gener-
ally confined near to the injection site. The bubble rise
in the far-field of the SG bundle contrasts that in an
open pool. The complex arrangement of structures is
expected to interact strongly with the bubbles, par-
ticularly at holes in the support plates, and to enhance
the scrubbing. Particle-scrubbing at the plates will
depend on the injection flow, and should be investi-
gated at a flowrate corresponding to the average
channel velocity. Experimental evidence suggests,
however, that most of the particles are removed near
the injection point.

The refill time may also be important. The above dis-
cussion concentrates on refilling prior to significant
release of aerosols from the core. The refilling proc-
ess itself is likely to be characterised by rapid cooling
of the hot structures, and hence by violent boiling,
high steam flow, and droplet entrainment. Refilling of
a hot SG after significant aerosol release has already
taken place may result in some resuspension of pre-
viously deposited aerosols, and transport of aerosols
with the entrained droplets. In ARTIST, the opportu-
nity exists to address the possible impact of deferred
SG refilling on release.

4.3 Wet SG in design basis accident (DBA) con-
ditions

The focus of DBA conditions, which involves the flow
of radioactive primary coolant to the secondary side,
is on the potential release of radioactive iodine to the
environment. Assumptions are typically made con-
cerning:

• the level of contamination ("iodine spiking") of the
primary coolant prior to the SGTR;

• the primary and secondary thermal-hydraulic con-
ditions, which will determine the fraction of coolant
which flashes at the break; and

• the iodine partition coefficient in the pool.

Three mechanisms are identified for iodine release to
the environment.

(i) Iodine partitioning As break flow of primary coolant
continues, iodine in the pool partitions between the
liquid and vapour phases at a fraction determined by
the prevailing conditions.

(ii) Primary flashing A fraction of the primary coolant
flashes to steam, and the associated iodine is trans-
ported with the steam. Some of the iodine will be
scrubbed in the pool, or removed at the upper struc-
tures.

(iii) Droplet carryover Fine droplets are carried with
the steam, produced by flashing of the primary cool-
ant, and released to the environment, after some
scrubbing in the pool and retention at the upper
structures. Carryover and transport via steam may be
significant in the event of a break above the pool
surface.
The effect of iodine partitioning is certainly difficult,
and may be impossible, to reproduce in the ARTIST
facility, given that the partitioning is very sensitive to
the pool thermal-hydraulic state, chemistry of the
water, and to the prevailing radiation field. However,
analyses [11] have shown partitioning to be of sec-
ond-order importance.

Primary flashing, in which iodine is transported in the
vapour bubbles, can be studied in ARTIST under low
pressure conditions. The results cannot be extrapo-
lated to real plant scale directly since the flashing
process, the fraction and the bubble dynamics de-
pend on the pressure and on other conditions. Ex-
trapolation to a plant DBA may be possible via de-
tailed analysis using appropriate computer models.
Nevertheless, the data can be expected to yield use-
ful upper estimates, provided the test conditions are
defined suitably.

Droplet carryover has been shown to be a negligible
source of release, provided the break is sufficiently
below the pool surface (Garbett [12]). However, a
break can occur in the U-bend, in which case reten-
tion in the pool is minimal. Droplet retention in the
upper sections is then important, and can be exam-
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ined in ARTIST. Special consideration must be given
to the size distribution, since retention by the separa-
tor and dryer is mainly a function of carrier gas
flowrate and droplet size.

5 BREAK CONFIGURATION

The ARTIST facility enables a variety of break con-
figurations to be investigated. Although the scaling
effort has focused exclusively on the double-ended
guillotine break, evidence from actual SGTR events
shows that fish-mouth breaks and narrow cracks are
more common. These considerations will be kept in
mind in defining the final test matrix but, at present,
many possible locations and geometry are accom-
modated in the design, as shown in Fig. 4. The flexi-
bility of the configuration will make it possible to ad-
dress specific safety concerns, such as effects of
symmetry, interacting or non-interacting multiple
breaks, etc., but also to investigate the influence of
break geometry and location on the release.

6 FLOW FIELD IN SG SECONDARY

One of the main concerns in regard to scaling is to
ensure that the shroud will not influence the aerosol
retention if the break occurs away from the periphery,
or at the periphery but facing inwards. Analyses using
CFD models have been used to determine the flow
distribution [7] for three break configurations:
• a fish-mouth horizontal break on a peripheral

tube, oriented to the centre of the bundle;
• an axisymmetric horizontal break at the centre of

the bundle; and
• an upwards-oriented break at the tube sheet in

the centre of the bundle.
The results showed:
• uniform static pressure at the shroud, so that the

wall has little effect on the jet behaviour;
• the region of high velocity to be localised near the

break, and confined to a small volume; and that

• the flow at the support plate is distributed across
the entire flow area (though not quite uniformly),
with a maximum velocity of about 10 m/s at the
plate (roughly 2.5 times the average).

Experiments by Douglas and Ilias [6] indicate that
aerosol impaction at the wall is important only for
Stokes number Stk>0.04, which corresponds to a
velocity of more than 30 m/s for a 3 (im particle. To-
gether with the CFD results, this shows that the re-
tention in the break stage is not compromised by the
presence of the wall.

Further analyses using CFD methods will be per-
formed to support final specification of the test condi-
tions and interpretation of the results.

7 INSTRUMENTATION

The main goal of the ARTIST experiments is to char-
acterise aerosol and gaseous iodine retention in each
section of the model SG by measuring the aerosol
and iodine concentrations and thermal-hydraulic con-
ditions at the inlet and outlet of each section. Sup-
porting data will be provided by sampling and by use
of representative surfaces. The proposed instrumen-
tation will provide:
• the thermal-hydraulic conditions throughout the

facility: carrier gas flowrate and composition, gas
and wall temperature profiles, and pressure;

• qualitative information on the flow distribution and
typical velocities in the break stage, including jet-
ting on the shroud, the far field and the upper
separator and dryer regions;

• the aerosol size distribution at the inlet and outlet
of the ARTIST facility, and possible shifting of the
distribution;

• the inlet and outlet aerosol concentrations at each
stage, and corresponding DFs; and

• aerosol mass balance in the test section, including
deposition fractions in the break stage, the rest of
the bundle, and the separator and dryer regions.

8 SUMMARY AND CURRENT STATUS

An experimental facility (ARTIST) to investigate aero-
sol and iodine retention in a PWR SG following an
SGTR has been designed. The facility is a scaled
representation of the Framatome SG in the Beznau
plant (KKB). The experimental programme will pro-
vide data to address a range of issues. These include
quantifying retention in a dry SG during a severe ac-
cident, AM measures to refill the SG, and iodine re-
tention in the SG following an design basis accident.
The construction of the facility is in progress.

Planning of the test matrix is in its early stages. A
postulated reference severe accident SGTR se-
quence in KKB has been analysed, and used to de-
fine a baseline set of conditions as a starting point for
the ARTIST experiments. Based on the analysis, the
various aerosol retention mechanisms have been
discussed and broadly quantified for the prevailing
conditions. Scaling considerations show that different,
indeed highly contrasting scale factors apply in order
to capture the different mechanisms taking place in
the various regions of the SG; in particular, different
scaling principles apply locally near the break, and
globally. Test conditions have been defined corre-
sponding to the reference case.

The baseline conditions apply to a particular plant and
set of accident conditions; however, a range of plant
designs and accident conditions can be accommo-
dated by suitably redefining the experimental condi-
tions and scaling arguments. The ARTIST facility is
able to address SG retention issues of concern to
industry and regulators in the wider international nu-
clear community.
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Fig. 4: Break locations in ARTIST bundle
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