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bstract

The phenomenological scenario of a severe accident is extremely complex. Its simulation requires specific models of phenomena of different
ature (i.e., materials behavior, thermal–hydraulics, aerosols, etc.) and their adequate coupling in safety computer codes. Therefore, an exhaustive
nd extensive validation against representative databases is mandatory. PHEBUS-FP project is, beyond any doubt, one of the more valuable data
ources for this purpose.

The main lessons learnt from the containment simulations of FPT1 and FPT2 tests were summarized. Several safety computer codes: CONTAIN

.0, MELCOR 1.8.5 and ASTEC 1.1 have been used. This diversity has allowed a “user-independent” cross comparison of codes and data. Overall,
odes estimates have reproduced properly experimental trends and no variable has shown major discrepancies. By means of parametric studies, it
as been demonstrated that the minor discrepancies found did not come from the hypotheses and approximations adopted. In addition, the analyses
f codes results have assisted in the interpretation of experiments by showing potential experimental uncertainties (i.e., steam injection in FPT1)
r even by crediting data from a specific measurement technique over other data sources (i.e., samplings over �-spec in FPT1).
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. Introduction

The phenomenological scenario of a severe accident is
xtremely complex. For most than 20 years experimental and
heoretical research has been, and is still, producing a good
eal of results, most of which have been encapsulated in safety
omputer codes. Necessarily, these tools deal with subjects of a
ifferent nature, such as materials behavior, thermal–hydraulics,
erosol dynamics, etc. Specific modeling of phenomena and
heir coupling require an exhaustive validation against reliable
nd representative databases. This points the need of carrying
ut large scale experimental programs where those complex
cenarios can be properly addressed.

PHEBUS-FP is one of the most important research projects

n the area of severe accidents. It was devised to experimen-
ally study key phenomena involved in light water reactor
LWR) severe accidents. In particular, the transport and depo-
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ition through the coolant system and in the containment of
ssion products, control and structural materials release from
degrading core are being throughoutly investigated. A total of
ve integral in-pile experiments have been executed in a facil-

ty scaled 1:5000 from a 900 MWe pressurized water reactor
PWR).

Experiments FPT1 and FPT2 of the PHEBUS-FP series,
espite their similarity (low-pressure, cold leg break), provided
ubstantially different containment scenarios. Conditions in the
ore and primary circuit during the fission product release
nd transport were different, so that the in-containment source
erms in both experiments also changed. The steam injec-
ion in the FPT1 test was four times higher than during the
PT2.

This paper summarizes the main lessons learnt from the sim-
lations of the above scenarios with several safety computer
odes: CONTAIN 2.0 (Murata et al., 1997), MELCOR 1.8.5

Gaunt, 2000) and ASTEC 1.1 (Bestele and Klein-He, 2000).
his diversity has allowed a “user-independent” cross compari-
on of codes and data. The main outcome of this work is given
n terms of test interpretation and model validation.

mailto:luisen.herranz@ciemat.es
dx.doi.org/10.1016/j.nucengdes.2007.03.022
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Nomenclature

A area
AMMD aerodynamic mass median diameter
cp specific heat capacity
C concentration
d diameter
Ds,nc diffusion coefficient of steam in non-condensable
GSD geometric standard deviation
hg gas enthalpy
hfg latent heat of condensation
i element
L characteristic length
m mass
ṁ mass rate
M molecular weight
MMD mass median diameter
N molar flux
P pressure
R ideal gas constant
Sh Sherwood number
t time
T temperature
X molar fraction

Greek letters
� suction factor
ρ density

Subscripts and superscripts
avg average value
bundle fuel bundle
cond condensation
conv convection
Dph diffusiophoresis
i interface
in inlet
MMD mass median diameter
nc non-condensable gases
0 interface
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. Experimental program

.1. Facility

The PHEBUS-FP facility (IRSN, 2002) is a modular rig that
omprises mock-ups of the three main systems of a nuclear
eactor: core, primary circuit and containment.

The PHEBUS-FP containment is a 10 m3 vessel made of
lectro-polished stainless steel. Three cylindrical structures,

ereafter called condensers, are attached to the ceiling in order
o achieve a surface-to-volume ratio characteristic of a 900 MWe
WR. Each condenser has a painted surface divided in a
.336 m2 dry-part and a 0.775 m2 wet-part. The floor of the ves-
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ig. 1. Geometry and thermal conditions of containment vessel during the FPT2
est.

el is equipped with a sump containing approximately 100 l of
ater at a temperature similar to the wet condenser one. The

njection point in the containment vessel is located at the lower
egion (0.8 m above the sump) and it is directed upward. Three
ndependent organic loops control the thermal state of the ves-
el walls, sump and wet condensers temperatures. Fig. 1 shows
sketch of the containment vessel along with the boundary

onditions set during the first 30,000 s of the PHEBUS FPT2 test.

.2. Test matrix

The PHEBUS test matrix consisted of five experiments, their
ain features are summarized in Table 1. A more exhaustive

escription of the program can be found at “Status of PHEBUS-
P program” (Schwarz and Zeyen, 2003).

The experiments FPT1 and FPT2 resulted in containment
cenarios of interest to investigate how a representative in-
ontainment source term behaves under moderate and weak
ondensing atmospheres, respectively. Both tests used irradiated
uel (23\32 GWd/tU for FPT1\FPT2 tests), Ag/In/Cd control
ods and they had rather similar initial conditions (see Table 2).
ifferences in atmosphere composition came out as a conse-
uence of steam and gas injections from the primary circuit
long the experiments. Fig. 2 shows that FPT1 steam input was
oughly four times higher than FPT2 and that hydrogen became
ven the dominant gas source into the vessel for about 1500 s in
he FPT2 test.

Carried by these gases, most of fission products and structural

nd control rod materials were transported to the containment
n aerosols form. In Table 3, the amount of relevant elements
s represented. The total mass entered was about three times
igher in FPT1 than in FPT2. The proportion of iodine and cae-
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Table 1
PHEBUS-FP test matrix

Date Flow Fuel Containment

FPT-0 2/12/1993 Steam rich (oxidizing) Fresh irradiated 9 d + Ag-In-Cd control rod Acidic sump 90 ◦C
FPT-1 26/07/1996 Steam rich (oxidizing) BR3 23 GWd/tU + Ag-In-Cd control rod Acidic sump 90 ◦C
FPT-2 12/10/2000 Steam poor (steam starvation) + boric

acid
BR3 32 GWd/tU + Ag-In-Cd control rod Evaporating alkaline sump 90 ◦C

(120 ◦C in chem. phase)
FPT-3 18/11/2004 Steam poor (steam starvation) BR3 23 GWd/tU + B4C control rod Evaporating alkaline sump 90 ◦C

◦
F s bed

/tU +
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PT-4 22/07/1999 Steam poor + H2 (low volatile and
actinides release)

Debri
GWd

ium was between three and four times higher in FPT2 than in
PT1.
. Simulation approach

The evolution of in-containment source term has been ana-
yzed in FPT1 and FPT2 tests during the first 8 h of the transient

able 2
he containment atmosphere at the beginning of the tests

FPT1 FPT2

elative humidity (%) 52.5 55.3
emperature (◦C) 108.0 108.7
ressure (bar) 2.088 2.015

Fig. 2. FPT1 and FPT2 gas flows.
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able 3
n-containment element mass

FPT1

lement Mass (kg) Containment inventory

odine 7.14E−04 0.6
aesium 6.93E−03 6.0
ellurium 1.31E−03 1.1
ilver 3.18E−02 27.8
ndium 6.98E−03 6.1
admium 1.50E−02 13.1
est of materials 5.18E−02 45.3
otal 1.15E−01 100
(120 C in chem. phase) + recombiners
from Gravelines 38

oxidized cladding shards

i.e., the degradation phase and the first hours of the aerosol
hase). Both tests have been simulated with the CONTAIN 2.0
ode. In the analysis of FPT2, two more codes, MELCOR 1.8.5
nd ASTEC 1.1, have been used. Thus, a “user-independent”
ross comparison of codes and data has been feasible (the same
et of approximations and hypotheses has been assumed).

All the codes share a lumped-parameter and multi-
ompartment approach to containment analysis. The conditions
mposed in the FPT1 and FPT2 experiments were not particu-
arly challenging for containment models, but they provided a
ood basis to test them when using a rather representative aerosol
ource under well controlled thermal–hydraulic conditions.

.1. Nodalization

The MELCOR and CONTAIN codes have modeled the
HEBUS-FP containment vessel as a single compartment con-
isting of an upper and a lower zone where the sump is located.
ontrarily, the ASTEC model has split the vessel into three cells.

The single volume modeling together with the 0-D nature
f the codes (i.e., no resolution of momentum equation within
compartment), mean a qualitative deviation from the test.

xperimentally, the steam was injected upward into the con-
enser region and, probably it would have descended adjacent
o the vessel walls with a lower steam fraction. In the modeling,
owever, the “well mixed” approximation of lumped-parameter
odes (i.e., vessel atmosphere is a homogeneous gas mixture)
akes the injected steam available for heat and mass transfer

ith all the surfaces contacting the vessel atmosphere. This
roduces two counteracting artificial effects. On one side, the
ole played by pool region is enhanced, that is, the predicted
ondensation on sump surface would have been higher than

FPT2

(%) Mass (kg) Containment inventory (%)

8.69E−04 2.04
8.98E−03 21.04
1.83E−03 4.28
6.31E−03 14.79
1.07E−02 25.00
4.76E−03 11.15
9.26E−03 21.71
4.27E−02 100
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Table 4
Main characteristics of the surfaces

ASTEC 1.1 MELCOR 1.8.5 CONTAIN 2.0

Heat structures surface (m2)
No. of heat structures 10 14 18
Vessel walls 18.4 18.4 18.4
Vessel vaults 7.3 7.3 7.3
Wet condensers 2.3 2.3 2.3
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not explicitly accounted for have been included in “the rest”. As
noted, detailed description of iodine and caesium has been given
the utmost interest. Input flow rates are shown in Figs. 3 and 4.
The FPT1 data come from (Arreghini et al., 2000) and most of
Dry condensers 1.0 1.0 1.0
Sump bottom 0.27 0.27 0.27

ctually it was. On the other side, the steam content in the
as would be probably lower than the one in the injected gas,
o that condensation onto wet condensers would have been
ower. These two effects should compensate each other to some
xtent.

The three-cell nodding is used in ASTEC 1.1 to get infor-
ation on aerosol deposition on the different walls. The three

essel slices are dotted in Fig. 1. The bottom cell includes the
ump and extends from the vessel floor to the lower edge of
ry condensers. The mid and top cells are facing the dry and
et condensers, respectively. Inter-cell junctions are defined to

ssure gas and aerosol mixing in the whole containment.

.2. Structures and boundary conditions

Surfaces facing the vessel atmosphere have been described
s shown in Table 4. As noted, there was no difference with
espect to the total surface area exposed, regardless the num-
er of structures used in each code. In Fig. 1, the quasi-steady
alues of containment structures temperatures during the first
0,000 s of the FPT2 test are shown (FPT1 surface tempera-
ures were similar). Hence, most of surface temperatures have
een considered constant in code input decks, except for the wet
ondenser one, which slight fluctuations have been described in
etail.

.3. Thermal–hydraulic variables

The change in atmosphere composition was governed by four
as flows: steam, hydrogen, other non-condensable gases and
amplings. In Fig. 2, the two most important ones are plotted
long time. Steam largely dominated injection in FPT1, whereas
n FPT2 there was a period of around 1500 s in which H2 pro-
uced by the oxidation reactions in the fuel bundle increased to
ven a higher rate than the steam one. The steam reaching the
essel is given by:

˙ steam(t) = ṁbundle
steam (t) − Msteam

MH2

ṁH2 (t) (1)

It has been assumed that steam and hydrogen entered the
ontainment with the temperature measured at the closest point

o the containment inlet. This temperature ranged from 157
o 177 ◦C in FPT1 and about 151–153 ◦C in FPT2. The other
on-condensable gases were injected at a temperature near the
tmosphere one (∼108.5 ◦C).
Fig. 3. FPT1 aerosol input rates.

The initial water volume of the sump was roughly the same
n both tests (105 l in FPT1 and 110 l in FPT2). The sump was
onsidered in the model as a boundary condition for the contain-
ent atmosphere. Given its role as a potential condensation sink,

he experimental temperature recorded was imposed by setting
ump walls temperature at 90 ◦C and adding a heat source to fit
xperimental evolution.

.4. Aerosol characterization

The aerosol sources in codes are described in terms of
omposition, flow rates, density and size. Mass entering the con-
ainment vessel has been grouped differently in FPT1 and FPT2.
n FPT1 seven aerosol types have been considered (i.e., I, Cs, Te,
g, In, Cd and the rest), whereas in FPT2 they have been reduced

o three (i.e., I, Cs and the rest). In both cases, other materials
Fig. 4. FPT2 aerosol input rates.
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Then, an over estimate of steam condensation should lead force-
fully to a lower pressure. As a consequence, a reduction of
the steam source about 20%, experimental uncertainty band
(Jacquemain et al., 2000), from 8000 to 12,500 s (best estimate,
214 L.E. Herranz et al. / Nuclear Engine

he FPT2 data come from (IRSN, 2002) and from (Zabiego and
antera, 2004).

The density has been estimated as a mass average of pos-
ulated specific chemical forms of the elements that made
p aerosol particles (i.e., In2O3, CsOH, Ag, etc.). Both
ssumptions, the assumed speciation and the implicit zero-
orosity one, have turned this approach into an approximate
ay to get an upper density value. The calculated densities
ere 7070 and 6350 kg/m3 in FPT1 and FPT2, respec-

ively.
Aerosol particles have been supposed to be spherical and to

istribute log-normally along size domain with an aerodynamic
ass median diameter (AMMD) of 2.8 �m and a geometric stan-

ard deviation (GSD) of 1.9 (Jacquemain et al., 2000). In the
ase of FPT1, caesium particles have been given a smaller value
ccording to

Cs
MMD = daerosol

MMD

√
ρCs

ρaerosol
(2)

ince during the test they behaved differently and kept identity.
he result has been dCs

MMD = 0.742 �m.
Aerosols have been defined as non-hygroscopic. The large

nder-saturation state of the atmosphere has not allowed to
onsider the water absorption by particles below saturation con-
itions. In addition, the great dependence that this code option
ould have had on unknown experimental information (i.e.,

hemical compounds in aerosol particles and their distribution
ll over the particle surface) would have enlarged input uncer-
ainties.

. Lessons learnt

The analyses of the FPT1 (Herranz and Del Prá, 2005)
nd FPT2 (Herranz et al., 2006a) tests have provided valuable
nsights into code performance and test interpretation. Overall,
odes estimates have reproduced properly experimental trends
nd no variable has shown major discrepancies. The safety
odes used (i.e., CONTAIN 2.0, MELCOR 1.8.5 and ASTEC
.1) have been capable of capturing some of the most rele-
ant phenomena anticipated in an actual reactor containment,
ike steam condensation and/or sedimentation. Hence, simpli-
ed approaches of in-containment PHEBUS-FP scenarios may
e suitable to achieve a thorough understanding of governing
hermal and aerosol phenomena. Nevertheless, the PHEBUS-FP
ontainment vessel is far from the complexity of an actual con-
ainment building, which in turn would make aerosol transport
ather more complex.

.1. Test interpretation

Predictions-to-data comparisons have not been always

traightforward. Lack of information regarding relevant input
ariables (like particle density or initial size distribution in FPT2
nalyses, for instance) as well as preliminary nature of some
ata used (like the final mass distribution in FPT2) have made
t difficult to set rigorous comparisons.
Fig. 5. FPT1 steam pressure vs. time.

.1.1. FPT1 steam injection
During the FPT1 test, the vessel thermal–hydraulic behavior

ay be approximated by:

p
d

dt
(mgasTgas)=ṁin

steamhg(steam)(T
in)−

∑
k

ṁcond
k hfg(Tk) (3)

here convective heat transport has been neglected. Namely, the
ime variations of atmosphere energy content depended essen-
ially from the energy input through the steam injection and the
nergy output by steam condensation.

The CONTAIN 2.0 analyses of the test have provided a
ood quantitative agreement to data. However, predictions seem
o point out potential data inconsistencies in the steam injec-
ion rates. CONTAIN slightly overpredicted pressure at around
0,000 s and at the same time it overestimated steam conden-
ation (base case, BC in Figs. 5 and 6). Total pressure changes
re mostly driven by steam content variation in the atmosphere.
Fig. 6. FPT1 steam condensation rate.



L.E. Herranz et al. / Nuclear Engineering and Design 237 (2007) 2210–2218 2215

B
r
b

4

c
v
p
d
a

d
t
i
h
A

F
c

t
s
a
c
a
t

c
e

4

F

Fig. 7. FPT2 total pressure vs. time.

E) has been postulated and provided better and more consistent
esults. Therefore, a new steam input rate to the containment has
een suggested.

.1.2. FPT2 wet condenser temperature
As in the FPT1 analysis, all the codes have done a good job

oncerning the thermal–hydraulic behavior of the containment
essel. Nonetheless, a slight (∼5000 Pa) but systematic under-
rediction of total pressure has been observed (Fig. 7). This
iscrepancy developed during the first 2000 s of the transient
nd it kept nearly constant from then on (Fig. 8).

The reason has been found to be an overestimate of steam con-
ensation during such a test period. Steam condensation governs
he fraction of injected steam that remains airborne. As shown

n Fig. 8, steam condensation has been satisfactorily predicted;
owever, no data were reported during the first 2000 s of the test.
n exploratory study has demonstrated that a 1 ◦C increase in

Fig. 8. FPT2 steam condensation rate.

e
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F

ig. 9. Condensation rate varying the wet condenser temperature, MELCOR
ode.

he wet condenser temperature would decrease steam conden-
ation significantly in the first 2000 s (Fig. 9). As a result, steam
nd total pressure have got even closer to data (Fig. 10). Such a
hange in wet condenser temperature has seemed to be reason-
ble given data uncertainties, axial temperature gradients along
he component and water film built-up on the structures.

Hence, the analyses seem to suggest that a bit higher wet
ondenser temperature than experiment proposed could have
xisted.

.1.3. FPT1 caesium airborne concentration
CONTAIN 2.0 prediction of aerosol mass distribution in the

PT1 test has been consistent (Fig. 11); deviations never have
xceeded 10% in the BE case (i.e., steam input rate corrected as
escribed above). As noted, in Fig. 12 experimental techniques

rovided quite different measurements of caesium concentration
efore 18,000 s. CONTAIN 2.0 predictions have been closer to
amplings data. The good results of CONTAIN 2.0 regarding

ig. 10. Steam pressure varying the wet condenser temperature, MELCOR code.
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Fig. 13. Caesium airborne concentration.
Fig. 11. Mass distribution (% of the total mass injected).

team condensation and depleted mass by diffusiophoresis

˙ Dph(i) ≈ ṁ′′
cond

Acond

ρsteam
C(i) (4)

upport accuracy of CONTAIN 2.0 concentration estimates.
Therefore, this study seems to indicate that from aerosol

njection till 18,000 s, sampling data are more reliable than �-
pec data.
.1.4. FPT2 final mass distribution
Codes predictions of the evolution of airborne caesium and

odine concentrations have followed accurately the experimental
ata, as shown in Figs. 13 and 14.

Fig. 12. Mass of Cs removed by diffusiophoresis.
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Fig. 14. Iodine airborne concentration.

Experimental preliminary estimates of aerosol mass distri-
ution during the FPT2 test indicated that 60% was settled,
0% plated by diffusiophoresis and the other 20% split evenly
etween samplings and deposition on vessel walls. However,
ll the codes used indicate a significantly higher contribution of
ettling to aerosol removal and, as a consequence, rather less
elevance of other retention mechanisms (Table 5).

In order to assess the potential impact of the hypotheses
ssumed in the codes input deck, a set of parametric calculations
ave been carried out on the effect of aerosol characterization

i.e., density, initial size distribution and shape). The final con-
lusion is that none of the assumptions could support such a
ecrease of sedimentation efficiency as experimentally antici-
ated (Figs. 15 and 16).

able 5
inal mass distribution

FPT2 MELCOR ASTEC CONTAIN

loor and sump (%) 60 82.3 85.9 81.5
et condensers (%) 20 13.7 11.3 13.9
all (%) 10 1.4 0.2 2.4

amplings (%) 10 2.7 2.6 2.2
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ig. 15. Depletion mechanisms efficiency as a function of particle density
ASTEC).

Hence, final mass distribution estimates are foreseen to
ecome closer to predictions; that is, around 80% of the mass
hould have been removed by sedimentation.

.2. Models validation

The PHEBUS-FP simulations carried out have allowed to
heck code performance in two major regards: handling of
rototypical in-containment source term and its coupling with
hermal–hydraulics under unsaturated but condensing atmo-
pheres. As in the FPT1 and FPT2 tests prevailed weak and mod-
rate condensation conditions, respectively, specific attention
as been drawn to the steam condensation model in the codes.
.2.1. Steam condensation
Steam condensation modeling in the presence of non-

ondensables has been largely investigated under a wide range

ig. 16. Depletion mechanisms efficiency as a function of initial particle size
ASTEC).
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f conditions (Green and Almenas, 1996). The 0-D approach in
ll the codes used makes coupling of the diffusion-based theory
Collier and Thome, 1994) and the heat-mass transfer analogy, a
uitable way to approximate heterogeneous steam condensation
nto containment surfaces (Herranz and Campo, 2002).

By reviewing the fundamental grounds of the film theory
Bird et al., 1960) and the equations implemented in the codes
Murata et al., 1997), it has been confirmed that codes encapsu-
ate properly the theoretical developments with equations like,

0
s = Sh

L
Ds,nc

Pt

RT
ln

(
Pt − P0

s

Pt − P∞
s

)
(5)

here Sh is the non-dimensional Sherwood number.
The PHEBUS-FP simulations have extended the validation

f this model. As shown in preceding sections, reasonably accu-
ate predictions have been obtained both in moderate and weak
ondensing scenarios. Even further, when deviations have been
eported, they have been always well within the experimental
ncertainty range.

However, in the case of high mass flow rates heat-mass trans-
er analogy deviates and Sh estimate requires to be corrected by
hat has been termed suction factor.

= Xi
nc

X
avg
nc

(6)

nder the steam condensation rates prevailing in PHEBUS-
P scenarios, this factor is near 1.0. Nonetheless, under more

ntense condensing conditions, like those anticipated during
oolant blowdown in mid-size LOCAs, this factor can become
ignificant (Herranz et al., 2006b).

.2.2. Wall deposition
Regarding aerosol behavior within the vessel, some of the

gures shown in previous sections support the good codes pre-
ictive capability.

However, in some PHEBUS-FP tests (i.e., FPT0 and FPT2),
significant fraction of aerosols deposited onto the vessel walls

2–10%) (IRSN, 2002) and (Jacquemain et al., 2000). These
alls were supposed to be neutral regarding aerosol deposition

ince their temperature was brought higher than the saturation
ne to avoid any plated mass by diffusiophoresis. The codes
ave been unable to drive particles onto the vessel walls. Many
xploratory studies (Hontañon et al., 1996) have attempted to
xplain such a deposition based on aerosol mechanisms other
han those implemented in the codes. However, presently there
s neither consensus on the driving mechanism nor whether they
ould exist in actual containments during severe accidents.

. Conclusions

The FPT1 and FPT2 tests provided significant information on
n-containment behavior of an actual source term under condens-

ng conditions. Their simulations have given valuable insights
nto code performance and test interpretation. The fact of using a
et of computer codes (i.e., CONTAIN 2.0, MELCOR 1.8.5 and
STEC 1.1) under the same assumptions and approximations,
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ave ensured a “user-independent” cross comparison of codes
nd data.

Overall, codes estimates have reproduced properly experi-
ental trends and no variable has shown major discrepancies.
ome minor differences have been found, but they all have been
ell within the range of estimate uncertainties.
Concerning test interpretation, the analyses have resulted in

everal contributions:

For FPT1 test a reduction of steam input rate to the lower
bound of its uncertainty interval has been proposed.
In FPT1, aerosol concentration measurements from sampling
seem to be more reliable than those from �-spec during the
first 18,000 s of the transient. From then on, both experimental
techniques provided similar results.
The FPT2 test analyses suggest that a bit higher wet con-
denser temperature than the experimentally reported could
have existed.
In FPT2, aerosol sedimentation could have played a more
significant role than first experimental estimates suggest,
reaching shares around 80%.

Concerning modeling, code results and a peer review of con-
ensation models confirm that steam condensation modeling in
resence of non-condensable gases is adequately implemented
n codes. Nonetheless, under more intense condensing scenarios
han the ones in FPT1 and FPT2, the introduction of a correction
actor to account for suction effects is recommended.
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