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1- INTRODUCTION.

After a long tradition in organizing ISPs (Xnternational Standard
JProblems) focused on characteristic thermohydraulic events of
severe accidents, the Committee on the Safety of Nuclear
Installations (CSNI) has drawn its attention to the chemistry-
based phenomena affecting the transport of fission products along
the accidental path. In this regard, FALCON facility was seen as
adequate to carry out the experimental work involved since it was
designed to study the transport and deposition of fission
products under representative conditions of severe reactor
accidents and it has been the scenario of an extensive experimen-
tal program since 1987. Consequently, Winfrith laboratory was
chosen to coordínate this ISP: ISP-34.

Therefore, the ISP-34 is the first ISP addressing fission product
transport issues. Its technical objective is to test the computer
codes designed to follow the transport and deposition, in both
the primary circuit and containment building, of fission products
and bulk reactor materials aerosols released from degrading fuel
in a severe reactor accident. It is based on two experiments, one
open and the other one blind. CIEMAT decided to join the
benchmark on the open test, the so called FAL-ISP 1, running
CONTAIN code. In the Table I the participant organizations and
codes are matched.

The main goal of FAL-ISP 1 is to study the impact of multi-
component aerosols on particles growth by agglomeration. In order
to fulfill this aim the prevailing conditions imposed in the
containment of the facility were a high aerosol concentration and
a low relative humidity.

CONTAIN 1.12 code [1] has shown to be one of the most capable
tools for accident analysis within the containment. Its integral
treatment of thermal-hydraulics, aerosols and fission products
provides a more accurate description of the system behaviour than
other non-integrated codes. CONTAIN has the ability of simulating
a containment system as a network of interconnected compartments,
each of them divided into two subcells: an upper cell, consisting
of the atmosphere and the heat transfer structures contacting
with it, and a lower cell, which can include a coolant pool,
layers of fuel debris, molten metáis, etc.

In the following the major results obtained by CIEMAT with
CONTAIN code are presented. Among all the different available
modules in the code, those corresponding to thermalhydraulics and
aerosols (based on MAEROS code [2]) have been tested. Two cases
with different thermohydraulic approach have been run. The first
considered steam inlet to be superheated. The second assumed
steam in a saturated state. The results, despite their
sensitivity to input assumptions, were in general consistent with
the experimental observations. Additionally, an attempt to
rationalize the major findings concerning aerosol phenomenology
has been done through carrying out a set of parametric
calculations focused on variables influencing on agglomeration
process.



2- DESCRIPTION OF THE EXPERIMENT•

The experiment FAL-ISP 1 was carried out in the FALCON facility
located at AEA-Winfrith laboratory. FALCON is a versatile
facility developed to study the transport and deposition of
fission products through a complex pathway representative to some
degree of a reactor environment under severe accident conditions
(Fig. 1) . It consists of two negative pressure double glove boxes
which house a system of thermal gradient tubes, a stainless steel
vessel and a great deal of instrumentation. A comprehensive
description can be found in ref. [3].

The containment system is a 0.3 m3 stainless steel chamber
manufactured to be leak tight to less than 10% volume. day"1 at
1.1 105 NnT2 and able to withstand temperatures up to 430 K. The
vertical walls are denoted hereafter in accordance with their
relative positions to the thermal gradient tube, being the south
wall the closest one. The vessel was insulated by lagging it with
loft glass fiber. The instrumentation associated allowed to
measure atmosphere temperature (10 thermocouples), wall
temperatures (at several locations), relative humidity (2
relative humidity probes) , gas composition and so on. In addition
a sedimentation sampler was put inside the vessel. A more
complete specification of the instrumentation may be found in
ref. [4] .

As for containment analysis the FAL-ISP 1 test can be splitted
into three different periods: conditioning, injection and
deposition. During the first one the vessel was heated up for 120
min and then it was allowed to evolute freely except for the
floor which was heated at different rates along time to prevent
diffusiophoresis on it; this phase lasted a total of 240 min. The
beginning of the injection stage was assumed to be the zero time;
it extended over 40 min during which helium, steam, aerosols and
fission products carne into the containment. After t=40 min the
mass input into the containment was cut off and most of the
initially suspended mass was depleted for 285 min. The vessel
floor heating was maintained till the end of the experiment. In
Table II a schedule of the events happened during the injection
phase is presented.

3. EXPERIMENT MODEL.

In this section the major approximations taken in the input deck
of CONTAIN regarding both thermalhydraulics and aerosols are
presented. Likewise some meaningful numerical data descriptive
of the experiment have been included.

3.1. Thermalhydraulics.

The FALCON containment was modelled as an inner cell (vessel)
surrounded by another one of a huge volume simulating the
environment. A flow equal to the máximum nominal flow rate (10%
volume. day"") was imposed between whenever the vessel pressure
exceeded 1.1 103 Nm~~.



3.1.1. Geometry and structural materials.

The vessel, with a total volume of 0.3 m3, has different linear
dimensions along the three spatial directions; following the
notation already presented:

a ceiling-floor distance (height) = 0.732 m
& north-south distance (depth) = 0.543 m
ff east-west distance (width) = 0.745 m

From these data the surface áreas can be estimated:

a ceiling/floor área = 0.404 m2
ff north/south área = 0.545 m2
ff east/west área = 0.397 m2

Each of these surfaces, made of stainless steel, has a thickness
of 0.001 m. Around them a 0.095 m thick insulator was placed. The
properties of stainless steel and insulator are compiled in Table
III.

Each of the vertical surfaces was axially splitted into three
parts to account for the initial temperature differences reported
in ref. [5] . The división was done considering a main body
thermally characterized by the thermocouple located at the middle
of the wall, and two much smaller surfaces above and below the
central one characterized by a thermocouple at 1 cm from the
ceiling and the floor, respectively. The área attributed to such
smaller portions corresponds to a height of 2 cm and a width
dependant on the surface considered. This splitting criterium is
somewhat arbitrary and other options could have been taken.

To these surfaces one must add the ceiling, the floor and the
sedimentation sampler's. Henee, a total of 15 heat structures
were simulated to define the boundaries of the vessel atmosphere.

A sketch of the geometry and dimensions simulated is given in
Fig. 2.

3.1.2. Initial and boundary thermal conditions.

As shown in the data associated to ref. [5] , at zero time
(beginning of the injection) the thermal state of the vessel was
far from equilibrium. The measurements of the thermocouples
placed at several heights in the atmosphere were different;
particularly, a noticeable difference existed between those taken
at the highest location and the rest (greater than 6 K in some
cases). In addition, the wall thermocouples recorded up to 10 K
increment between the top and the bottom readings in some cases .

The initial atmosphere conditions were assessed assuming that it
was air (N2 77%, 02 22%, H2O,Vi 1%) behaving as an ideal gas. This
treatment resulted in an initial temperature and pressure of
332.1 K and 1.15 105 NrrT2 (above the threshold valué of 1.1 105 Nm"
2 needed for the nominal leakage to oceur). The temperature. was
estimated as a volume average of the atmosphere thermocouples
measurements.



A linear thermal gradient was imposed through the vertical walls,
the ceiling and the floor. The outside temperature was that of
the environment (roughly 298.15 K) ana une inner one was the
reading of the corresponding thermocouples at zero time. The
floor and the ceiling temperatures were identified with those
taken at the centre of the surf ace. The temperature history along
the test was imposed in the environmental cell so that the wall
thermal surrounding was fitted to the experimental one.

From zero time to the end of the run the floor heating was
considered through the definition of a dummy fission product
chain whose decay heat was 0.5 W. The halflife assigned was long
enough (375 h) to make sure the constancy of the decay heat all
over the run.

3.1.3. Gas sources and sinks.

During the injection period (0-40 min) helium and steam were
introduced. Whereas helium inlet extended all over this stage,
the steam input took place between 12.6 and 26 min. A fraction
of steam (5%) was assumed to be converted to hydrogen (product
of steam/zircaloy reaction).

The mass flow rate given in the input deck of CONTAIN were:

KamHa = 4 .146xlO"
5 kgs'1

mH 0 = 9.341xlO~
6 kgs'1

mH = 5 .466xlO~8 kgs'1

All of them were injected at the temperature profile specified
in [5], which in general terms can be described as a fall from
353 K to 343 K.

The steam mass flow rate given above corresponds to the total
mass of water injected in the circuit coming superheated into the
containment. This case will be named hereafter "superheated
case". Nevertheless, in the course of the calculations some
indirect evidences were collected about the retention of a
fraction of water along the circuit so that the steam would have
arrived at the containment in a saturated state. This new
approach, hereafter called "saturated case", required to assess
a new steam flow rate. This was done from the vapor density
specified in the steam tables at 353 K (0.2934 Kgm"3) . The
resultant valué was:

= 3. 7 17x10""5 Kgs -i

Therefore, two calculations will be analyzed from the ther-
malhydraulic point of view: the "superheated case" and the
"saturated case".



The gas leakage simulated consisted of two different components:
the nominal leak at pressures above 1.1 105 Nrrf2, assumed to be
the máximum one C^.Lined (10% volume. day"1) and the gas uptake of
measurement system (10"3 ir̂ min"1 [5] ) . As long as the former was
present all over the run, the latter (driven towards filters or
impactors) was intermittent (schedule given in [5]).

3.2. Aerosols.

As the main goal of the FAL-ISP 1 was to look at the agglome-
ration phenomenon a detailed description on the grouping of
elements in partióles and their source characterization is given
below.

3.2.1. Particle definition.

The element grouping in particles was done from the experimental
data available in ref. [5].

First of all, an elimination of the meaningless elements was
perf ormed .-Looking at the mass released into the containment some
nuclides were seen as negligible because of their small
contribution to the total mass of aerosols injected in the
vessel. The elements taken into account as particles components
were: Caesium (Cs) , Iodine (I) , Cadmium (Cd) , Indium (In) , Silver
(Ag), Boron (B) and Silicon (Si).

In order to set up the particles composition the attention was
drawn mainly to: the final mass distribution of elements once
entered the vessel, the qualitative airborne mass evolution and
the aerosol composition measured at the closest position to the
containment inlet at 20.5 min (after control and fuel rod
failures).

In Table IV the final distribution of elements is presented in
terms of fractions of the element total mass and the walls to
floor deposition ratio. From this a certain similarity among Cs,
Cd, In and B was noted, as long as Ag, Si and I did not obey any
pattern.

The mass evolution versus time (Fig. 3) for each of the elements
considered allowed to distinguish certain parallelism among
elements. Thus, Cs, B and I presented a rather similar
qualitative behaviour along the time (until 150 min) and
furthermore all of them showed a peak structure between 20 and
40 min which was coincident in time. Likewise Cd and Ag curves
are rather seeming at times longer than 4 0 min; however, before
that time their behaviour was absolutely different. Regarding Si,
although its evolution was not far away from the Cs one for times
longer than 40 min, the absence of a peak structure in its curve
at times shorter than 40 min made it to be kept alone. Therefore,
in accordance with these observations and those from mass
distribution some particles could be set up:

ff Cs/Cd/I ; it contains all the mass of I but only -a
fraction of the existing amount of Cs and
Cd.



a Cs/B ; it is formed by the total mass of B and the
remaining of Cs .

G" Cd/Ag/In; although composed of three elements it is
fundamentally of Cd.

3 Ag/In ; it is a Ag-rich particle containing the rest
of mass of In.

ff Si ; it is fully composed of Si.

The data coming from the microscopic analysis of the mass passing
over the bottom of the stainless steel at 20.5 min revealed that
most of mass was distributed into three partióles: Cd-rich;
Cd/Cs/I with different proportions of Cd and Cs; and Cs-rich. The
composition of such partióles was estimated from the PRC data and
the elemental composition to be: Cd(88.5)/Ag(7.3)/In(4.2);
Cd(50)/Cs(38 .8) /I(11. 2 ) ; the composition of Cs-rich particle was
unknown but could be deduced. These partióles were identified
with the first three of the list above.

Summarizing, the particle groups derived were:

» Cd(50)/ Cs(38.8)/I(11.2)
«? Cs (96) /B (4)
« Cd(88.5)/Ag(7.3) /In(4.2)
e1 Ag(85.3) /In(14 .7)
& Si(100)

3.2.2. Particle size distribution.

The particle size distributions were characterized by the MMD
(Mass Median Diameter) and the GSD (Geometric Standard
Deviation). These parameters were calculated through the
classical formulations [7] :

CMD {Count Median Diameter) = dT = e::p (1)

_.., ;ind7- - lnCMD)'
 1/2

G5D = exp
JV - 1

(2)

MMD = CMD exp {3ln2GSD) (3)

An important remark to be done is that all the data needed to
solve these equations were attempted to be taken as cióse as
possible to the containment (stainless steel bottom) and at times
representative of the mass injection into the containment (20.5
min) ; this criterium points the SSTBF4 (as denoted in [5] ) f ilter
as the most suitable source of information. However, the
inexistance of data at that location and time regarding Si-rich
and Ag-rich particles forced to take into account also SSTBF2 and
SST5B data, respectively.



In the Table V the resultant valúes of MMD and GSD for each
particle are shown. It is important to observe that the "control
rod partióles" (those formed by control rod elements exclusively)
are associated to the bigger sizes, and the "fuel rod partióles"
(those incorporating Cs in its composition) to the smaller ones.

3.2.3. Aerosol source.

The aerosol input rates into the containment were estimated by
means of:

<t>¿'(t) = Kkm¿{t) (4)

where k subindex denotes control rod material or fission products
and 1 superindex distinguishes between Cs and I and among Cd, Ag
and In; henee, mk

1(t) is the element mass suspended in the core
región and Kk is a time constant characteristic of the transport
of control rod material or fission products along the circuit.
This approach overestimates the actual mass flow rates since a
fraction of the mass was presumably retained along the circuit.
In order to avoid such an overestimation it is multiplied by a
factor resultant of the quotient between the total mass entered
into the containment (Mk

1) and the integral of Eq. 4:

cj)̂  (t) - á>^ (t)
f 4>¿ (t) dt

Therefore, the major hyptothesis taken in the assessment of the
aerosol source into the vessel is the assumption of a contant
retention rate of the elements along the circuit during all the
transient.

In Eq. 4, mk
1(t) is calculated through a mass balance between

the mass expelled from the rods mk
1
/in and the exiting one towards

the circuit:

^ K¿{t) (6)

The mass source from the rods (mk\in) was taken from the reléase
profiles determined in a set of sepárate effeets experiments
performed [8] (Fig. 4) . These profiles were adjusted at the times
indicated [5] of the control rod failure (18.5 min) and fuel rod
rupture (20.5 min) . The second term of Eq. 6 represents the
material leak from the core región, being Kk the rate (s"1) ,

<b
KAt) = Y g"

defined as the ratio between the mass flow rate of the gas (§gas)
and the total mass of gas gone out from the silica vessel since



the control rod material or the fuel failure occurred [tko,tk] .
Therefore, Kk took different valúes according to the sort of
material (control or fuel) and the variations of the gas flow.
In the Figure 5 the gas flows profiles are plotted and in the
Table VI the valúes of Kk are given.

Once the element mass sources were determined this way, the
particle ones were assessed through the proportions of each
element in the particles:

i = 0.5 téíri + 0.275 % g ()

+ 0.089<|>¿fri + 0

4>Ag/In = 0.91<|)^ri + 0.754<J)^ri (10)

(j)CsB = 0.7 64<|)^ei + <j)
s (ID

The Silicon mass input rate was estimated in a different way. The
absence of reléase profile for this element forced to assume an
input rate adjusted to the experimental Si concentration during
the injection period. This element was accounted for due to its
meaningful mass possibly influencing the agglomeration process.

There is also an important assumption regarding Boron input.
Although Boron was injected in the facility as an aqueous
solution, its association with Caesium suggested the possibility
of considering that both followed the same input schedule
suggested.

A plot of the particles input rates can be seen in Fig. 6.

4. RESULTS.

The studies performed were restricted to the injection and
deposition phases, taking che vessel conditions at the end of the
heating period as initial conditions for the calculations.

4.1. Thermalhvdraulics.

Two different thermohydraulic calculations were devised depending
on the incoming steam state into the containment. If one assumes
that all the water injected in the facility was transported to
the containment in a superheated state so that no steam retention
occurred along the circuit, the steam mass entering the
containment would be the corresponding to the water mass input
("superheated case"). On the contrary, if the steam arrived the
vessel in a saturated state, presumably a certain retention
should have happened along its pathway to the containment and the
mass source rate into the vessel would lower respect to the
"superheated" valué ("saturated case").



4.1.1. General description.

Next most of the observations refer to the "superheated case" and
only the most relevant deviations of the "saturated case" are
described.

Figures 7 and 8 show the evolution of gas temperature and
pressure, respectively. The gas temperature Tgas decreased all
over the time (except for the first minutes), without showing
meaningful slope changes reflecting some particular phenomeno-
logy. Unlike Tgas, the total pressure Ptot presented two well
differentiated zones; the former (ts40 min), in which the effect
of the gas input (essentially He source) dominated over that of
temperature decay, and the latter (ta40 min) , once gas source
stopped, in which the temperature drop governed the total
pressure. In addition, Figure 8 includes the air, He and H20(v)
partial pressures (Pair, PHe, Pv) .

In Figure 9 the wall temperatures are plotted. In other to avoid
overlap among curves, only the middle components (representative
of most of surface) of the vertical walls are considered,
omitting top and bottom ones. Although there were some
differences among the evolutions, the overall trend was
consistent with that seen for Tgas.

Finally, the relative humidity (RH) (Fig. 10) evoluted as
expected. At the beginning its valué responded to the steam
volume initial gauge chosen (1%). The increase since 12.6 min to
26 min was due to the steam injection in the vessel. At t=26 min
the curve showed the effect of the thermal changes in the
atmosphere (Tgas) since the gas composition remained roughly
constant. At ¿he final time of the run it reached its máximum
valué, 65.47%.

In the "saturated case" only small differences were observed in
Tgas and Pcot:. The variable which showed the most remarkable impact
was RH. The fact of reducing the steam input caused a less
significant jump in RH during the steam injection and a less
sensitivity to the thermal variations for times longer than 26
min. The máximum valué attained was, henee, much lower than
before, 35.08%.

4.1.2. Comparison to experimental data.

In order to compare with the experimental data attention was
focused on Tgas and RH.

As can be seen in Figure 11, CONTAIN prediction was rather
aecurate. The major deviations referred to the measurements taken
by TG10 9 and, in a lesser extent, TG0 9 9 thermocouples. They were
placed on the upper part of the NE-SW diagonal, cióse to the
ceiling; this difference indicated a certain degree of
inhomogenity within the containment vessel. The rest of the
atmosphere thermocouples showed no that dispersión and all of
them were enclosed in an interval no greater than 1.5 K at each
time. During most of the transient CONTAIN assessment was cióse,
but above, these measurements, till times longer than 200 min in
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which CONTAIN calculation decreased more rapidly and became cióse
to the lower bound of the measurements.

The small discrepancies found in Taas are consequence of those
existing in the wall temperatures assessment. The ratio between
surface to volume in the FALCON vessel is much greater than the
characteristic one of a commercial PWR what means an enhancement
of the surface impact on the vessel thermalhydraulics. This and
the minor impact of the mass input (He and H2O) on the total
energy within the vessel (Appendix I) gave the heat transfer
through the walls an outstanding revelance, becoming the process
governing the thermal state of the containment all over the run.

In .Figure 12 the experimental relative humidities at the lower
par't of the vessel and at the higher one are plotted along with
those predicted in the "superheated" and "saturated" cases. It
is observed that the RH(sat) fitted fairly well the experimental
valúes. Given the similar Tgas predictions in both calculations,
it was concluded that the source of its discrepancy was the steam
pressure -(or density) which eventually indicated a certain
retention of steam along the circuit.

4.1.3. Discussion.

Along the preceding sections the most relevant results obtained
nave been presented and partially discussed in comparison to the
experimental data. As a summary, several points can be remarked.
Firstly, the CONTAIN capability to predict the thermal behaviour
of the vessel and, in particular, the gas temperature. Secondly,
the low relative humidity which prevailed at any time. Lastly,
the retention of steam upstream the vessel, making it reach the
containment in a saturated state. In Table VII the numeric valúes
of the most meaningful variables of the vessel atmosphere are
given.

In the Table VIII the gas temperatures along with the surface
ones of the central portions of the walls are presented. At first
sight two facts can be remarked: the thermal non-equivalence of
the walls with regard to the atmosphere and the homogeneity in
the valúes of all temperatures (gas and surfaces) at times longer
than 4 0 min.

The unexistance of steam condensation onto the walls all over the
transient allows to rationalize the thermal behaviour of the
vessel through a very simple approach which is detailed in
Appendix II. One of the conclusions is that the gas temperatures
were essentially determined by the heat conduction through the
walls which was the limiting transfer process, above all after
the injection period (t>40 min) due to the significant decrease
of the convection between gas and walls during the deposition
phase. Another refers to the different behaviour of the surfaces
as heat source or sinks at the initial times depending on its
relative temperature to the gas one. Even though such relative
position lost importance after the injection period, it let
justify the small gas temperature increase predicted during the
first five minutes of the run.
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Therefore, the gas temperature evolution in the vessel can be
said fully governed by the heat conduction through the walls all
over the transient, except for the first five minutes in which
the convection from some walls to the atmosphere in the opposite
direction of conduction caused a small temperature increase. This
effect disappeared as the wall-gas temperature differences
lowered weakening the convection processes.

Regarding the relative humidity in the vessel its behaviour was
the expected one. At the beginning of the steam injection two
facts contributed to the abrupt slope change: the steam ttiass
input and the decrease of the saturation pressure due to the Tgas
drop. Once stopped the steam source, the continuous rise was
caused by the decay of saturation pressure.

It is important to remark that despite the significant
differences in the RH between the "saturated" and the
''superheated" cases, both agreed in that such variable did not
attain high valúes.

4.2. Aerosols.

Only minor differences were observed between the "superheated
case" and the "saturated" one except in relative humidity
predictions. As the máximum RH valué, reached in the "superheated
case", hardly reaches 70%, the meaningful discrepancies found in
RH assessments (up to 3 0 units at the end of the run) had no
significant impact on the aerosol behaviour so that the
observations to be done along next sections are fully valid for
both thermohydraulic cases.

4.2.1. General description.

The variables chosen to give a complete description of the
aerosol behaviour were its suspended mass and its size. Figure
13 illustrates the suspended elemental concentrations for B, Cs,
I, Ag, In, Cd and Si. As expected, the masses in tha atmosphere
of all these elements grew up during the injection phase (0-40
min) till reaching a máximum at the end of the phase; unlike the
rest, Si stopped its rise at 27.3 min due to the input rate
imposed. During the depletion phase the slopes became negative
but their absolute valúes were much smaller than in the previous
stage; namely, the suspended elemental masses decreased slowly
without meaningful changes in their slopes.

Figure 14 shows AMMD (Mass Median Diameter) and GSD evolution.
The AMMD curve as well as the previous one is clearly divided in
accordance with the simulation periods. As long as a smooth
evolution occurred during the depletion phase, reaching a máximum
at roughly 100 min, a sharp one characterized the injection,
during which a relative máximum was also attained at roughly 25
min.
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4.2.2. Comparison to experimental data.

In Figures 15-18 the predicted and experimental suspended
elemental concentrations are plotted together for each element
in order to let note the most significant deviations of the
calculations. Again, injection and deposition phases showed a
rather different relative behaviour. In the injection phase the
most meaningful observations refer to the absence of the
characteristic peak structure of the experimental evolution of
some elements (B, Cd, Cs and I) in the CONTAIN predictions and
to the overestimation of such variable at the end of the phase
in all of the elements. During the deposition period the
qualitative evolution was fairly good in general; B, Cs and I
slopes were significantly cióse to the experimental ones.
However, unlike certain experimental curves (as those of Ag, Cd
and Si) which showed slope changes, the predicted ones decreased
at an almost constant rate in a logarithmic scale.

In the Table IX the calculated and experimental airborne
concentración of the elements along the time is given in order
to allow a more detailed follow-up of the results.

Figure 19 shows the AMMD calculated data along with experimental
valúes. There are two set of experimental points depending on
where they come from: sedimentation sampler or filter
measurements. Other measurements, as those from LAS-X, have not
been taken into account because of the large valúes of the
geometric standard deviations associated to. The experimental-
predicted comparison is rather difficult to be done in a
continuous way. Anyway, it can be seen a certain dispersión (less
than a factor two) in all the points available to compare. In
spite of the difficulties mentioned it can be stated that the
particle size seems to have been bounded between 1.00 and 2.25
¡ím.

4.2.3. Discussion.

The major findings concerning aerosol behaviour can be summarized
as follows. Firstly, the injection phase was no accurately
predicted: no peak structure was calculated by CONTAIN causing
an overestimation of the suspended mass at the end of the phase.
Secondly, unlike the previous one, the concentration slopes were
fairly well predicted by CONTAIN during the depletion period: a
smooth variation of aerosol concentration along the time
occurred. In both phases AMMD hardly changed, exhibiting a small
máximum during the depletion phase as a consequence of particle
agglomeration. Finally, Figure 20 shows the CONTAIN final mass
distribution of each element compared to the experimental one.
It may be seen that CONTAIN overpredicted settling as long as
leaks and píate out were underestimated.

4.2.3.a. Rationalization of CONTAIN results.

The aerosol evolution up to 40 min was mainly conditioned by the
source defined in the input deck, so that the discussion below
is essentially focused on the depletion phase (t>40 min) .
However, it is worth to mention the inability of predicting the
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concentration peak structure of some of the elements during their
injection; such concentration changes were too sharp to can be
explained by natural removal processes acting in the scenario.

übservations from Figures 13 and 14 indicate that the small
partióle size variation had hardly effect upon the concentration
evolution. So to say, the agglomeration process was not intense
enough to cause a sharp growth of particles and, subsequently,
an acceleration of settling. Elements within the same particle
exhibit the same depletion constant, which is consistent with the
initial particle size similarity, the no substantial effect of
agglomeration and the assumption of a constant input density for
all particles (1000 kg m"3) .

However, the statement of the previous paragraph concerns
exclusively to Figs. 13 and 14, so to say to CONTAIN predictions.
When experimental data are looked at (Figs. 15-19) a remark must
be done. Even though not too abrupt changes are observed, there
were some slope variations along the time which broke down the
parallelism seen in CONTAIN calculations among elements of the
same parti'cles, reflecting the agglomeration influence. The
quasi-constancy of the concentration decay in CONTAIN can be
attributed to the assumptions taken in the input deck concerning
initial sizes and density.

As in the actual reactor case, the main aerosol depletion
mechanism in the containment was settling. In Appendix III it is
demonstrated that taking very simplifying assumptions (i.e. no
particle growth and absence of other deposition phenomena
different from sedimentation) the elemental airborne
concentration can be roughly calculated and its relative error
respect to CONTAIN estimations is no greater than 11%. Although
the first of these hypothesis seems to suggest the unimportance
of agglomeration in CONTAIN calculations it is not really so. The
results obtained in Appendix III show that although the growth
rate by agglomeration was slow, it is necessary to accurately
estimate the system evolution both in terms of airborne mass and
size. This is reinforced as compared to experimental data.

Even though it has been implicitly supposed so far, it is
convenient to remark that the prevailing conditions in the vessel
prevented the particle growth by steam condensation. Thus, the
aerosol size changes in Fig. 14 are consequence of either the
diversity of diameters of the different incoming particles or
their agglomeration. The initial curve rise of Fig. 14 was caused
by the injection of bigger particles than Si ones. Such growth
was halted at roughly 20 min as a result of the smaller incoming
"fuel particles". During 5 min both effects compensated each
other up to, eventually, the last one prevailed and the AMMD
decreased since 25 min to the end of injection period. At times
greater than 40 min the AMMD increased by agglomeration till the
sedimentation became more effective, removing the largest
particles and making the AMMD get down.

In Appendix IV very eas.y rate expressions for the different
agglomeration mechanisms accounted for are derived based on the
MAEROS formulation and taking several assumptions. Through its
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use it was found that among the three coagulation mechanisms
accounted for (brownian, gravitational and turbulent) brownian
and gravitational effects could be disregarded and that the ruost
significant was the turbulent one (in particular, the inertial
component).

4.2.3.b. CONTAIN - experiment discrepancies.

CONTAIN overestimated the suspended mass at the end of the run.
During the depletion phase the element slopes were rather similar
to test ones, so that such a deviation in the suspended mass
should come from the injection phase. Certainly, at the end of
the injection period CONTAIN suspended mass was higher than the
test one.This observation seems to be the key to understand the
settling overestimation and the píate out underprediction in
CONTAIN results.

Agglomeration rate constant is directly proportional to particle
concentration squared. The overestimation of this variable at
the end of the injection led to overpredict the particle size
and, therefore, an enchancement of settling took place at the
expense of decreasing píate out rate during the subsequent phase.
Therefore,the key fact to rationalize CONTAIN deviations is
essentially related to the injection period.

The most significant shortcoming of CONTAIN was its inability to
calcúlate the peak structure showed by test results (Fig. 21).
The experimental data were drawn from the nucleopore filter
measurements [5] . Two causes can be given to explain it: aerosol
removal and leaks (impactor intakes).

A low efficiency of removal processes during injection phase
could be a consequence of two factors: the non-accurate
assessment of the wall-gas temperature differences (driving forcé
of thermophoresis)and the estimation of a too long diffusive of
a too long diffusive boundary layer (ó) . In spite of the
potential inaccuracy of the wall-gas temperature differences
during the early times of the transient, particles did not come
into the vessel till 18.5 min so that it is unlikely to be
relevant. On other side, the CONTAIN default valué of 5 is
cióse to the lower bound given in the literature on the subject
for equivalent conditions, so that it does not seem to be the
cause either. In addition, the major process was settling and
the slowness of agglomeration prevented it to reach that high
rates needed to cause those sharp concentrations reductions.

From the previous paragraph flow to impactors seems to arise as
the only way to justify observations. Assuming that flow to
impactors was a linear process of aerosol concentration (k.N),
taking into account that the constant rate was given [5] and
that the durations of impactors intake was 2 min, it was readily
calculated that the concentration nearby the impactors intake
pipes should have been about 100 times greater than that
measured by nucleopore filters. Namely, an abnormally high
particle concetration there should have been cióse to the
impactor location. This striking finding could be caused by
inconsistencies in nucleopore filter measurements.
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CONTAIN modelling relies upon the hypothesis of homogeneous
partióle density in each cell, so that the presumed inhotnogeneity
in particle distribution could have caused its leaks
underestimation, which eventually would be the reason of the
suspended mass overestimation at the end of the injection phase.

5. PARAMETRIC STUDIES.

This section is focused to analyze deeply some aspects of the
agglomeration process. In order to do that a set of parametric
studies were performed to examine the potential impact of
undertainties in some input data (particle size, shape and
density and turbulent energy dissipation rate) as well as to
weigh the effect of agglomeration in the scenario.

To follow the discussions below, the main body of the results are
presented in form of comparative plots of the AMMD and the
suspended concentrations of some representative elements (respect
to the base case) . Additionally, Table X is included to show the
final mass distributions of all the elements in the cases
calculated'along with the base case and the experimental data.

5.1. No aqglomeration.

This parametric study is aimed at weighing the impact of
agglomeration on the FALCON scenario. In the base case this
phenomenon was on, now it is deactivated keeping each particle
its identity all over the run.

In the Figures 22 and 23 it can be seen the straightf orward
consequence of making nuil the agglomeration rate: the increase
of the suspended mass of the elements and the drop of aerosol
size at times longer than about 25 min. The relative increment
of the airborne concentration of all the elements was roughly the
same; this fact points out the effect of agglomeration in terms
of intermixing of the different partióles defined. On the other
side, the AMMD evolution showed that when agglomeration is off
no particles growth occurred and at times longer than about 25
min sedimentation becomes effective and the AMMD curve decreased
as a result of the biggest particles removal.

In Table X it can be seen that the most remarkable variations
found out respect to the base case were: the lost of efficiency
of the sedimentation and the enhancement of wall deposition. In
addition it can be noted that the larger the particles the lesser
the impact of preventing agglomeration. So, Ag and In elements
were more weakly affected as long as others exhibiting smaller
initial particle diameters (i.e. boron) almost multiplied by two
the depleted mass on the vertical walls and diminished the
settled ma?s in a factor of about 1.25.

Therefore, the impact of the agglomeration on the FAL-ISP 1
results is noticeable. The small particle diameter change caused
by agglomeration made its effect be much lighter on the biggest
particles than on the others in terms of mass distribution. From
the results here obtained it caá be settled that even though
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agglomeration is not a fast process as for partícle growth it
largely influences the scenario frora a qualitative point of view.

5.2. Particle shape.

The goal of this parametric study is to evalúate how influencing
on the results obtained in the scenario under analysis the
partióles shape is . In order to do that certain valúes were taken
for the different shape factors. As long as the dynamic shape
factor, x, uses to range from 1.0 to 2.0 [7], the coagulation
shape factor, y, can extend its domain up to valúes around 8.0
[10] . To get a representative picture of the shape factors effect
a set of parametric calculations were performed in which x w a s

1.5 and y took three valúes 3.0 (SHAPE1), 5.0 (SHAPE2) and 7.0
(SHAPE3).

In a condensing atmosphere the assumption of spherical partióles
is seen as adequate. However, in the dry conditions existing in
FAL-ISP 1 it is accepted that the particles shape may influence
both their coagulation and their mobility. To account for these
dependences the so called shape factors are introduced in the
formulation of the phenomena.

Figures 24-29 show the element suspended concentration and the
AMMD of the cases calculated. Through them it can be seen that
the bigger y the more significant impact. In sight of the
experimental data the SHAPE2 case seemed to be the closest to the
reality.

All the three cases found a faster aerosol removal from the
atmosphere than the base case did; this means that the effect of
increasing y (enhancing agglomeration and, henee, settling) is
more important that the decrease of particles mobility because
of the non-spherical shapes (x>1.0). This could be seen as well
in the AMMD plots, where it was observed that a more efficient
agglomeration (y rise) resulted in a sharper particle growth
reaching higher particle AMMD earlier than it did for lower y,
and causing a more intense aerosol removal also earlier. At the
injection phase the lower valúes of AMMD in comparison to the
base case were due to the effect of x in this variable
computation.

As can be seen in Table X, as the coagulation shape factor was
increased the mass distribution of the elements deviated from
that experimentally measured, overpredicting the settled mass and
underpredicting the wall deposited mass.

Therefore, this parametric study indicated a clear dependence of
the results obtained in the FAL-ISP 1 analysis on the assumptions
taken as for the particles shape. Nevertheless, the results
obtained indicate that the best choice for particle shape factors
is 1.00; so to say, particles should not have been too different
from spheres.
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5.3. Turbulent energy dissipation density.

This parametric study was devised to look at the impact of an
increase in turbulent energy dissipation rate (eT) . In order to
do that, it was given a bounding valué of 0.02 m2s"3 (20 times
greater than the default valué in CONTAIN), already used in
previous studies [10] (TURB1). Additionally, taking into account
the synergism between the shape factors and eT another
calculation was carried out (TURB2) with y and x different from
1.0 (y=3.0 and x = 1-5).

Along this FAL-ISP 1 analysis it has been shown that turbulent
agglomeration played an important role in the scenario.
Furthermore, it is widely known that eT introduces uncertainty in
the global evaluation of the agglomeration rate.

In Figures 30-33 it is readily noted the synergistic interaction
mentioned above. A hardly noticeable variation was observed
respect to the base case in TURB1 (Figs. 30 and 31); unlike this,
an outstanding quantitative impact occurred when the turbulence
was increased considering non-spherical partióles (TURB2), as can
be seen in the Figures 28 and 29.

Focusing the attention on TURB2 it can be stated that, as
expected, the greater eT the higher agglomeration rates and,
subsequently, the element suspended concentration decay was
accelerated respect to the base case, overestimating the actual
drop slope in some cases (i.e. Ag) and still underestimating it
in others (i.e. Cd).

The AMMD evolution experienced a remarkable change in its
behaviour. The enhancement of turbulent agglomeration made the
AMMD to grow continuously up to reaching a máximum of roughly 2.0
/¿m at 65 min. Therefore, the particle growth dominated over the
rest of processes beyond the injection period and then the larger
particle size attained (in comparison to the base case) made
fáster the aerosol removal by settling.

Looking at the final mass distribution (Tab. X) it was found that
the eT increase caused a displacement of the valúes away from the
experimental results, enhancing settling (already overestimated
in the base case) and getting down the wall deposition.

From the results here presented it is evident that the
uncertainty in the turbulent energy dissipation rate could
influence largely the results obtained when no spherical
particles are assumed. As said in section 5.2., calculation
results indicate the convenience of assuming spherical particles.

5.4. Particle size.

The goal of this study is to assess the effect of the particle
size data uncertainties on the results obtained.

The input deck definition of the particle size was done based on
the PRC data [5]. However, another option existed: to consider
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the size distribution parameters found in sepárate effects tests
with control rod and fuel rods [3] . Both alternatives are
presented in Table XI.

The fact of reducing the Ag/In particle diameter resulted in an
increment of the suspended mass of both elements since most of
Ag was introduced as Ag/In. Unlike this, Cd was submitted to two
opposite changes that of Cd/Cs/I partióles and that of Cd/Ag/In
ones, both of similar intensity; the net effect was indeed
negligible. The most remarkable change occurred in B and Cs
suspended masses which grew about 3 0% from the base case valué
because of the significant diameter reduction undergone by Cs/B
partióles. All these effects can be seen in Figure 34.

In Figure 3 5 the AMMD shows that when the particle diameter range
is enlarged because of the particle size of some particles is
remarkably got down (Cs/B) the agglomeration process effect is
more noticeable. So, at the end of the injection period there
existed a difference of about 20% between both cases, whereas 50
min later,such difference was only of about 9%; namely, as long
as in the base case the particles grew at a rate of 2 10"3 pimmin"1

from 40 to 90 min, in the parametric case such rate was more than
2.5 times greater (5.1 10~3 ¿¿mmin"1) . This was caused by the
reduction of settling efficiency as long as the turbulent
component of agglomeration almost held the same rate as in the
base case.

Regarding the element mass distribution (Tab. X), the major
changes were also noted in B and Cs, which reduced in about 10%
their settled masses and increased their vertical wall depleted
masses in about 60% respect to the base case valúes. When
compared to the experimental data (Tab. XII) it was observed in
general a closer approximation than in the base case.

Summarizing, the size effect on the scenario is remarkable, so
that the uncertainties in the input deck concerning size
distribution data can have a meaningful impact on the results
obtained. This study seems indicate that better results are
obtained by taking the suggested size parameters given in [3]
than by deriving them from the PRC data.

5.5. Particle density.

This study is led to know how important particle density is on
the final results obtained with CONTAIN for FALCON scenario.
FALCON scenario is particularly suitable to estimate the impact
of the density uncertainty because of the main removal process
is settling and the most effective agglomeration mechanism is the
inertial component of the turbulent one.

CONTAIN code assumes a default valué of particle density of 1000
kgm"3. This may be a good approximation when condensing
conditions prevalí; however, that is not the case of FAL-ISP 1
which could be said a "dry" scenario. An estimation of the
particle density of the FALCON scenario based on the element
densities and masses yielded to 4500 kgm"3. However, taking into
account the voids of the spherical particles clusters, it is
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typically assumed that the actual density is 50% of the
theoretical one (2250 kgm"3) [10] .

In addition to the base case two cases were carried out, one with
4500 kgrrf3 and the other with 2250 kgm'3. As the same trends have
been found in both cases the discussion below refers only to 2250
kgm"3 case, because of its greater similarity to the experimental
results. Nevertheless, the 4500 kgm"3 parametric case results are
filed and available if required.

As can be seen in Figure 3 6 all the elemental suspended masses
were significantly reduced coming the results closer to the
experimental valúes (this was particularly relevant for Ag) .
However, this improvement of code results . was only apparent
because the mass distribution onto surfaces (Tab. X) was even
further away from the experimental data than in the base case.
On the other side, the AMMD evolution (Fig. 37) showed clearly
the predominance of sedimentation rate over the agglomeration
one; so to say, the fast particles settling prevented them to
grow.

Therefore, the density uncertainty can have a certain influence
on the results obtained. However, the bias of increasing the
density would work yielding to more significant deviations from
the experimental evidences. This suggests that 1000 kg m"3 could
be a suitable valué for density. Both this and the convenience
of simulating particles as spheres could be interpreted as a
result of the particles hygroscopicity, which allows particles
to absorb steam from atmosphere even at low levéis of relative
humidity.

6. CONCLUSIONS.

In general it can be said that CONTAIN predictions were
consistent with the experimental data. This similarity is worthy
to be pointed out because of the great deal of approximations and
assumptions needed to build up the input deck. They concerned
parameters as important as the element distribution in particles,
the initial size distribution, the initial thermal
characterization of the vessel and so on.

In particular, a set of specific conclusions can be drawn from
the preceding sections:

& FAL-ISP 1 thermal scenario was controlled by
conduction through the walls of the vessel. This can
be understood as a consequence of several factors:
the unexistance of complex thermohydraulic phenomena
(i.e. condensation onto the particles), the large
ratio area/volume (unrepresentative of LWR
containments) and the thermal resistance of the
insulator which surrounded the vessel.

s The vessel atmosphere was subsaturated. Concerning
the steam inlet in the vessel, CONTAIN assessments
showed that steam probably entered the vessel as
saturated steam.
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ff The most significant aerosol removal process was
found to be settling, which was consistent with the
experimental observations. ONTAIN , however,
overestimated the suspended and the settled masses
and underpredicted the leaked and plated masses.

ff The similarity between the data and the calculations
during the depletion phase pointed the aerosol
phenomenology during the injection period as the
main source of discrepancies.

ff CONTAIN withdrawal from the test data suggested that
there should have been a certain degree of
inhomogeneity in the FALCON atmosphere in terms of
particle concentration. This statement is based on
the reliability of nucleopore filter measurements
and the assumption of a controlled sampling
flowrate.

s Agglomeration was an essential phenomenon to
understand FAL-ISP 1 phenomenology, despite its
small quantitative effect. The most efficient
contributor of agglomeration mechanisms to particle
growth was the inertial turbulent one.

e A sat of parametric studies showed that the
assumptions taken concerning particle features in
the base case were mostly consistent. Thus the most
accurate approximation was achieved when considering
spherical particles of 1000 kg m"3 of density. This
could be interpreted as a consequence of particles
hygroscopicity.

The particle size distribution suggested by sepárate
effect tests was seen to be a better choice than
that derived assessed from PRC data.

In summary, CONTAIN was able to predict within an acceptable
accuracy the aerosol phenomenology accurred in the FALCON vessel
during the FAL-ISP 1 experiment.
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TABLE 1 SUMMARY OF FAL-ISP 1 CONTAINMENT CALCULATIONS

No

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

ORGAN-
ISATION

AEA
(Winfrith)

AEA
(SRD)

BARC

CIEMAT

NUPEC

PNC

UPM

AEKI

PSI

ECN
Petten

CODE

CONTAIN

ITHACA

ÑAUA Mod 5

CONTAIN

MACRES

CONTAIN

MELCOR

NAUA-HYGROS

ARES

MELCOR

USER

Ellicott

Ketchell

Venkat Raj

Herranz

Himi

Mochizuki

Alonso

Vertes

Jaeckel

Spoelstra



TABLE II. Major Events During the Injection Phase.

Time
(min)

0

3
10
12
14
18
18
20
21
26
27
40

6

5
5
5

-

Event

1
Helium gas ON, flowrate =
Induction furnace power =
Floor heater power = 0.5
Induction furnace power =

= 4 l.min^1

= 2 kW
kW
= 4 kW

Steam/boric acid ON, flowrate = 0.59 crr̂ min"1 f
Induction furnace power =
Induction furnace power =
First control rod sample
First fuel sample failure
Induction furnace power =
Steam/boric acid OFF
Induction furnace power =

= 6 kW
= 8 kW
rupture
; (estimated)
= 10 kW

= 15 kW
Helium OFF, induction furnace OFF

This flowrate corresponds to a hydrogen (H2) production rate
of 1.64 10"3 mol.min"1 if it is assumed that 5% of the water
was converted to hydrogen by the steam/zircaloy reaction.

TABLE III. Material Properties.

Material

Stainless Steel

Insulator

P
(KgnT3

8020 .

96.

)

0

0

502 .

837.

!,

08

00

k

15

0.

.1

037

TABLE IV. Final Distributiou of Elements in the Contaimnent,

Element

Cs

I

Cd

In

Ag

B

Si

Walls/Floor

0 .1932

0 . 3555

0 . 1468

0.1799

0.0380

0.2510

0.64 70

Floor

0 .70

0 .58

0 .72

0 .81

0 . 88

0 . 67

0 . 50

Walls

0 . 137

0 .206

0 . 106

0.145

0. 033

0 . 168

0 . 324

Leaked

0 .155

0 .208

0 .172

0 .046

0 .077

0 . 162

0 .211



TABLE V. AMMD and GSD of Partióles

Group

Si

Cs/B

Cd/Cs/I

Cd/Ag/In

Ag/In

AMMD

1.511

1.179

1.292

1.803

2 .163

GSD

1.51

1.59

1.59

1.57

1.61

TABLE VI. Valúes of Kk for Different Materials

Material

Control rod material

Fuel material

I
(s-

1.23

6.31

1.27

6 .89

10"3

IO"4

10"3

10"4

1110

1560

1230

1560

Time
(s)

< t <

< t <

< t <

< t <

1560

2310

1560

2400

TABLE VII. Numeric Valúes of Thermalhydraulics Variables

Time
(min)

0

10

20

30

40

90

140

190

240

290

325

T
•"•gas

(°C)

58 . 95

58 .89

57.80

56 . 77

56 .07

50.70

47 .25

44 . 30

41 .73

39 .54

37.67

Ptot

(bar)

1.150

1.302

1.456

1.585

1.719

1.664

1.632

1.599

1.562

1.546

1.507

(bar)

0 .011

0 .011

0 .032

0 .049

0 . 048

0.047

0 . 046

0 .045

0 .044

0 . 043

0 . 042

(bar)

1.138

1.290

1.430

1.552

1.687

1.632

1.601

1.568

1.535

1 .516

1.478

RH (%)

6 .05

6.06

11.06

15.37

15 . 73

19 .74

23 .00

26 .21

29.27

32 . 54

35 .08



TABLE VIII. Gas and Wall Temperatures.

Time
(min)

0

10

20

30

40

90

140

190

240

290

325

Tgas

58 . 9

58 .8

57.8

56.7

56 .0

50 .7

47.2

44 .3

41.7

39.5

37.6

Tnorth

62 .6

60.2

58 .5

57.1

56.0

50 .8

47.1

44 .1

41.5

39.3

37.9

Tsouth

56

55

55

55

54

50

46

44

41

39

37

.0

.8

.4

. 1

. 6

.3

.9

.0

.5

.3

. 9

Teast

57.

56.

56.

55 .

54.

50 .

47 .

44 .

41.

39.

37.

7

8

2

5

8

3

0

0

5

3

9

Twest

56

56

55

55

54

50

46

44

41

39

37

.8

.3

.8

.3

.7

.3

.4

.0

.5

.3

. 9

Tfloor

60

58

57

56

55

50

47

44

42

39

38

.4

.7

.5

.4

.4

.9

.5

.5

.0

.8

.3

Troof

61

59

58

56

55

50

47

44

41

39

37

.5

.5

.0

.7

. 7

.7

. 1

. i

.5

.3

. 9

TABLE IX. Calculated and Experimental Elements Airborne
Concentration.

Time
(min)

20

33

40

80

140

220

320

Case

CONT
Exp

CONT
Exp

CONT
Exp

CONT
Exp

CONT
Exp

CONT
Exp

CONT
Exp

Concentration xlO"6 (kgnT3)

Si

69.1
77. 0

68.0
68.0

64. 1
53 . 0

39.6
28 . 0

20.6
16 . 0

8 .7
11.0

3 .6
6 .4

B

0.0
1.8

6 .5
2 .0

9 .3
2 . 7

6 .1
1 . 5

3 .4
0 .8

1.5
0.0

0 . 6
0 .2

Cd

3 .0
77 . 0

169 . 9
40 . 0

202 . 9
43 .0

122 .2
17.0

63 .3
6 .0

26 . 8
1. 9

11 .3
0 .7

Ag

2.8
5 . 1

78 .3
43 . 0

83 .8
55.0

42.5
20 .0

19.5
7.0

7.3
2.6

2 .8
1 .4

In

0 .5

16 .8

17.5

9 .0

4 .2

1 .6

0 .6

Cs

0. 0
81 . 0

216 . 9
104 . 0

311. 9
129 . 0

204 .7
75. 0

113 .1
33 . 0

50 . 6
15. 0

22 . 2
8 . 7

I

0.0
5 .4

19.6
6.6

24.5
14 .0

15.7
7.5

8 .5
5 .0

3 .7
0.0

1. 6
0 . 0



TABLE X. Calculated and Experimental Final Mass Distribution.

Locación

Wall

Floor

Leaked

Case

Base
Density
Coagulación
Size
Turb 1
Turb 2
Shape 1
Shape 2
Shape 3

Experimental

Base
Density
Coagulation
Size
Turb 1
Turb 2
Shape 1
Shape 2
Shape 3

Experimental

Base
Density
Coagulation
Size
Turb 1
Turb 2
Shape 1
Shape 2
Shape 3

Experimental

Si

.075

.059

.114

.073

.071

.020

.033

.017

.011

.324

.841

. 893

.741

.846

.851

.943

.908

.948

.962

.500

.041

. 031

. 045

.04 0

.040

.031

. 038

. 030

.025

.211

B

.095

. 089

.178

.161

.090

.023

.039

. 019

. 012

.168

. 820

.877

.650

.728

.839

.964

.921

.972

.988

.670

.031

. 024

. 037

.035

. 030

.018

.026

. 017

.013

.162

Cd

. 072

.060

. 119

.072

.068

.017

.030

.014

. 008

.106

.854

.901

.743

.856

.864

.958

.922

.963

.977

.720

.030

. 023

. 035

.029

.029

.020

.027

.019

.015

.172

Ag

. 046

.033

.065

.053

.043

.011

.020

. 010

. 005

.033

.914

. 951

.862

. 901

.920

. 977

.952

.980

.990

.880

.027

.019

. 029

.027

.026

.020

. 025

. 018

. 015

.077

Ir.

.047

.035

.068

.053

.045

.012

. 021

.010

. 006

.145

.908

.946

.853

.899

.914

.974

. 948

. 977

. 988

.810

.027

.020

.030

.027

.027

.020

.025

. 019

.015

.046

Cs

.092

.085

.170

.142

.088

.022

.037

.018

. 011

.137

.822

.873

.654

.749

.835

.956

.913

. 964

.980

.700

.031

.024

.037

.034

.030

.019

.026

.017

.013

.155

I

.088

.079

.157

.094

.083

.021

.036

.018

.011

.206

.847

. 899

.695

.839

.860

.976

.934

.983

.999

.580

.032

.025

. 038

.032

.031

. 020

. 027

. 019

. 014

.208

TABLE XI. Options of Size Distribution Parameters

Particle

Cd/Cs/I

Cd/Ag/In

Ag/In

Cs/B

Si

Case

Base
Size

Base
Size

Base
Size

Base
Size

Base
Size

MMD
(jun)

1.29
1.15

1 . 80
2 .00

2 .16
2 . 00

1.18
0.30

1.51
1.51



TABLE XII. Experimental-Calculated (Size r\.rametric Case)
Element Mass Distribution.

Element

B

Cs

I

Cd

In

Ag

Si

Case

Experimental
Base

Experimental
Base

Experimental
Base

Experimental
Base

Experimental
Base

Experimental
Base

Experimental
Base

Floor

.648

.728

.706

.749

.553

.839

.697

.856

.789

.899

.884

. 901

.465

.846

Walls

.153

.161

.135

.142

.193

.094

.105

.072

.146

.053

.028

.053

.251

.073
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Fig. 3. Experimental suspended concentrations
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Flg. 5. Gas inlet flows
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Fig. 7. CONTAIN gas temperature vs. t ime
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Fig. 8. CONTAIN pressures vs. t ime
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Fig. 9. CONTAIN wall temperatures vs. time
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Fig. 10. CONTAIN relative humidity vs. time
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Fig. 11. Comparison of Tgas (CONTAIN) to the
experimental data
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Fig. 12. Comparison of RH(CONTAIN) to the
experimental data
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Fig. 13. CONTAIN suspended elemental concentrations
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Fig. 14. AMMD and GSD evolution predicted by CONTAIN
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Fig. 15. Control rod elements concentration
(experimental—predicted comparison)
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Fig. 16. Fuel elements concentration
(experimental-predicted comparison)
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Fig. 17. Boron concentration
(experimental—predicted comparison)
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Fig. 18. Silicon concentration
(experimental-predicted comparison)
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Fig. 19. Size partióle evolution
(experimental—predicted comparison)
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Fig. 22. Suspended airborne concentration.
No agglomeration case
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Fig. 23. AMMD and GSD evolution.
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Fig. 24. Suspended airborne concentration.
Particle shape case (SHAPEl)
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Fig. 25. AMMD and GSD evohition.
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Fig. 26. Suspended airborne concentration.
Particle shape case (SHAPE2)
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Fig. 27. AMMD and GSD evolution.
Particle shape case (SHAPE2)
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Flg. 28. Suspended airborne concentration.
Partióle shape case (SHAPE3)
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Flg. 29. AMMD and GSD evolution.
Particle shape case (SHAPE3)
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Fig. 30. Suspended airborne concentration.
Turbulent energy case (TUPB1)
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Fig. 31. AMMD and GSD evolution.
Turbulent energy case (TURBl)
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Fig. 32. Suspended airborne concentration.
Tnrbulent energy case (TURB2)
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Fig. 33. AMMD and GSD evolution.
Turbulent energy case (TURB2)
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Fig. 34. Suspended airborne concentration.
Particle size case
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Fig. 35. AMMD and GSD evolution.
Particle size case
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Fig. 36. Suspended airborne concentration.
Density case
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APPENDIX I. Mass input influence on the vessel gas
temperature.

In order to asses the influence of the mass injection into the
vessel, several approximations can be taken: perfect vessel
isolation from the environment; thermal equilibrium among
atmosphere and walls (no heat transmission from atmosphere);
máximum mass flow rate (12.6-26.0 min time interval) . All of
these assumptions tend to maximize the influence of gas input on
the vessel temperature. In such conditions the variation of the
internal energy of the gas is given by:

= y
" dt

where m and Cc are the mass and the specific heat of air,
respectively; ^ is the mass flow rate and Ex, the energy
associated to the incoming gases (He and H2O;v)) . As the steam is
considered superheated, He and H,O,V) specific energies can be
approximated through the ideal gas theory as:

E.: {Jmol'
1) = C Ar; (1.2)

The subindex i may be dropped from this expression because both
gases were introduced at the same temperature and Cp is derived
from the Kinetic theory of ideal gases (Cc=5/2 R).

Therefore, the equation above can be rewritten as,

m d ̂ gas = ATY £, (1.3)
o t ¿-J "

where CD(air) and Cc. have disappeared because of air can also be
considered an ideal gas. The factor AT is the difference between
the inlet gas temperature and a reference one (298.15 K) .
Integrating this equation yields:

^ i (1-4)
m

m is the mass of air in the vessel and it is of the order of 10"1

Kg; AT is roughly 55 K, so that

T ~ To + 5xl0
2J3 l1 (1.5)

So to say, the impact of gas input is controiled by the amount
of gas injected. As in the case of FALCON it is of the order of
10"3 Kgs"*, one can disregard such influence in order to
rationalize the gas temperature evoiution during the injection
period.



APPENDIX II. A simplistic approach to the thermal behaviour of
bhe vessel.

In the following tables the thermal resistances of the conduction
and convection transfer are shown. The gas-wall (hgw) and wall-
environment (hwe) heat transmission coefficients were estimated
for several temperature differences. Such valúes were deduced
from the application of a turbulent natural correlation1 to the
FALCON scenario and resulted in the following expression,

h <= 11. 311 Al7, 1/3 II. 1)

considering that the environment temperature was 298.15 K; as for
Taa3, 333.15 K and 303.15 K were chosen as bounding limits.

AT=O . 5

AT = 1 . 0

AT = 2 . 0

AT=3 . 0

K

K

K

K

h~. „ ~ 1 . 6

0

0

0

0

l / h g w

3 (AT)'"

. 7 7

. 6 1

. 4 8

. 4 2

(m2KW^)

h_ iax~l . 6 8 (AT) *

0 . 7 5

0 . 59

0 . 47

0 . 4 1

l / h w e

(nTKW"1)

h ~ l . 69 (AT) '"

0 . 7 4

0 . 59

0 . 4 7

0 . 4 1

A/K

2 . 703

As the thickness of stainless steel was so thin (10~3) and its
conductivity is more than two orders of magnitude greater than
that of the insulator, it was assumed the unexistance of
stainless steel; namely, T'w>;_=TWil (notation of the graph below) .

From this table it can be concluded that the heat transmission
through the walls was the limiting mechanism of the transfer in
the FALCON scenario and, henee, the most important conditioning
factor of the T,3S evolution. The upper and lower portions have
not been taken into account because of their surfaces are much
smaller than the central portions.

The walls of the vessel can be grouped depending on its higher
or lower internal face temperature than the gas one at the
beginning of the injection phase. The sketch below shows a simple
picture of the thermal state for these two groups :

:McAdams W.H.; "Heat Transmission". McGraw-Hill Book
Company, INC. (19 54)
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This picture shows graphically a meaningful fact as for the
relative orientation of the heat removal from the vessel. As long
as the convection at the outer surface was always directed
towards the environment, the situation at the inner part of the
vessel depended on the grouping shown above. Thus, some walls
(north, floor and roof, T_<TW) caused initially a certain heating
of the atmosphere through convection from their internal
surfaces, as long as others (south, east and west, Tg>Tw) acted
as a heat sink of the gas since the beginning of the transient.
This way the cooling rate of the former group was fastest than
that of the second becoming at the end of the injection period
all the temperatures (included the gas one) within a 1 K
amplitude range.



APPENDIX III. Aerosol phenomenolocrv assessment.

The simplicity of the scenario modelled allows to take some
assumptions that along with the basic aerosol principies provide
a straight way of rationalization of the major observations
presented in the section 4.2.

In general, the suspended mass evolution of an aerosol system
(M(t)) can be described by:

Af( t) = Mo e'
RAc (III. 1)

where Mo is the suspended mass at a specific time chosen as
origin, R is the decay constant and At is the time increment
between the time corresponding to Mo and the time to be
evaluated. Usually Rís'1) is formulated as the sum of several
terms:

R = J^ R. (I II. 2)

being R. defined as,

R. = — vs (111 . 3 )

so to say, R. (s~*) is equal to the velocity of a removal process
(v.) affected by the ratio of the total surface (A) and volume
(V) of the vessel.

Adapting the equation III. 1 to the FALCON study carried out, one
obtains for each particle (a):

Ma(t) = Moa e - £ * "
A í (III. 4)

If one element is distributed between two kind of partéeles its
suspended mass at time t can be written as,

Mx(t) = M* e^^í?:ilAc + M*n e~^-P;f)át: (III. 5)

This expression implies an important assumption: the a and the
/3 particles keep their identities all over the run; namely, they
do not interact with any other particles so that their initial
diameter are constant along the time. The final meaning of this
assumption is the little influence of the particle growth due to
agglomeration on the particles behaviour.

Foliowing a step further another hypothesis can be done: all the
removal processes are negligible except for settling. The absence
of steam condensación onto walls suggest to disregard
diffusiophoresis as long as other phenomena as diffusion and
thermophoresis, are usually unimportant in connainment scenarios.
This approximation converes the equation III. 5 into:



Mx = M'* + M' .111.6)

Applying the expression III. 6 to the elementa under study and
taken Mo as the element suspended mass at the end of the
injection, one obtains the valúes appearing in the table below
where they are compared to those predicted by CONTAIN.

CONTAIN

Eq.
(III.6)

Error

CMD (/im)

3

1

Si

. 61

.38

+ 3 . 5%

0 . 92

0 .

1 .

-10

0 .

B

68

70

. 9%

61

Concentrat:

Ag

2

0

+ 2

1

75

42

8%

09

Cd

11 . 1

14 . 3

-1. 6%

0 . 67
0 . 98

Lon

0

0

+ 2

1
0

x 105

In

. 60

.13

.7%

. 09

. 98

(kgm~

Cs

21. 85

52 .45

-9 . 8%

0 . 61
0 .67

3)

I

1.61

3 .19

-6 .4%

0 .67

Two remarkable facts can be noted in this table. On the one hand,
the relative errors of the valúes estimated by the equation (III.
6) are low enough to consider that the approximations done are
acceptable (the signs mean valué over (-) or below ( + ) the
CONTAIN result). On the other, the overprediction of the element
deposition or the underprediction is closely connected with the
diameter taken in the formula of the terminal settling velocity
used:

Ppgd
2

18r|
(III.7)

The diameters used were the geometric ones (d=) defined at the
beginning of the injection and they should be presumably
different at 40 min. However, the important factor responsible
of the deviations noted was the assumed constancy of size.
Through the agglomeration process the initial distribution of
particles will tend to an overall do intermedíate of those
assumed given the relative contribution to the total mass of
small (dg<0.7 /¿m) and big particles (dg~l ¿i

m) •

Therefore it has been demonstrated that the raain depletion
process in the scenario under study was settling and that, even
though the quantitative influence of agglomeration could be
disregarded because of the slow growth rate it provokes, from a
qualitative point of view it is necessary to be considered in
order :o rationaiizí :urate.v :he svstem evolution observed.



APPENDIX IV. Relative importance of aqqlomeration mechanism.

The total agglomeration rate can be approximated grossly by the
sum of the brownian, the gravitational and the turbulent
components1:

P (w^s-1) = PB + Pc + p r (IV.1)

MAEROS code [2] (CONTAIN module for aerosol analysis) has
individual formulae for each of these partióle interactions:

P3 = 271 (Di + IV. 2)

= €-J (yidi ^ " VT IV.3

V¡ -.4)

w h e r e ,

—

V2 = I V . 6 )

To derive simple expressions a set of hypothesis can be taken:

ff Dynamic (xJ and coagulation (yj shape factors are unity.

Correction factors (C_, F) are unity as well.

Particle density is the default valué in CONTAIN (pp = 1000
kgtrTJ) .

«*•

Turbulent dissipation rate ) is 10""

These assumptions and the consideration of the equation of the
diffusion coefficient (DJ , the gravitational coagulation
efficiency (e) and the settling velocity (vTl) ,

KT
C. (IV. 7)

' -Will iams M.M.R.; " N u c l e a r A e r o s o l B e h a v i o u r Dur.ing R e a c t o r
A c c i d e n t s " . P r o g r e s s i n N u c l e a r Energy , Vo l . 2 3 , n 2 p p .
101-108 (1990)



e =
Td,. + d,)2 dAd, IV. 8!

vTi = c. (iv.9;

allow to rewrite expressions IV.2 to IV.4 in a very simplified
way exclusively dependant on the gas phase and on the particle
diameter (di) -.

P s " 3
2 KT
3 T,

12r\
iv. 11:

r 1 1/2

(d, + d,)2Q 1 / 2 iv.12:

where,

Q =
120

d,) 2 + 1 .62xlO3 (—?) 1/3 IV. 13

Considering that the gas properties do not change remarkably
between 298.15 K and 333.15 K, the factors affecting partióles
diameters can be estimated and the equations above rearranged and
approximated as:

1.5x10"-
dd

~ 2 .25x l0 7 d¿ \d¡ - d i IV.15)

1.93xio5(d, , - d, IV.16!

So far all the approximations done have been general. Now, the
different particle diameter terms are to be assessed under the
FALCON conditions. The Figure 12 shows that the size particle
distribution varíes only siightly, so that we could assume that
the geomecric diameter of particles are bounded between 1.0 and
2 . 0 ixxvi, so that being d1 the mi ni mam particle diameter and d. the
máximum one it seems an acceptable approximation that



d,- ~ 2d,

Thus,

(di + c

dM,

- Sdf

2 d]

(d¿ + dJ-)
2|di - dj

Therefore, the equations IV.14 to IV.16 can be bounded between
the following limits:

~ 1 C 16 - 1C - 1 5

i o "17 - icr1¿

- io"14 - 10" 1 2

These valúes show that the main coagulation mechanism in the FAL-
ISP 1 vessel scenario was the turbulent one, being the
gravitat ional and the brownian ones much less effective. The
slight predominance of brownian coagulation over the
gravitational is consistent with other previous studies2. It must
be underlined that this conclusión is not altered by the existing
uncertainties concerning particle size and density.

:Bam:ord G.u., Kecchell N., Dunbar I.H.; "Aerosol Mass
Deposición: The Importance of Gravit^cional Agglomeration".
J."Aerosol Sci. , Vol. 23, Supp. 1 (1992).
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