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Abstract

Decontamination of fission products bearing bubbles asthey passthrough aqueous pools becomes
a crucial phenomenon for source term evaluation of hypothetical risk dominant sequences of Light
Water Reactors. In the present report a peer review and assessment of models encapsulated in SPARC
and BUSCA codes is presented. Several aspects of pool scrubbing have been adressed: particle
removal, fission product vapour retention and bubble hydrodynamics. Particular emphasis has been
given to the cióse link between retention and hydrodynamics, from both modelling and experimental
point of vie\v-. In addition, RHR and SGTR sequences were simulated with SPARC90 and BUSCA-
AUG92 codes, and their results were compared with those obtained with MAAP 3.0B. As a result of
this work, model capabilities and shortcomings have been assessed and some áreas susceptible of
further research have been identified.

"Estudio y evaluación de los modelos de retención de partículas en lechos acuosos"

Herranz. L.E.: Escudero, M.J.; Peyrés. V.: Polo, J.; López.J.
119 pp. 35 figs. 73 refs.

Resumen

La descontaminación de burbujas portadoras de productos de fisión a su paso a través de lechos
acuosos es un fenómeno crucial en el cálculo del término fuente durante hipotéticas secuencias
accidentales dominantes del riesgo en reactores de agua ligera. En este docuemnto se presenta una
revisión y evaluación de los modelos existentes en los códigos SPARC y BUSCA. Se han estudiado
diversos aspectos: eliminación de aerosoles, retención de vapores de productos de fisión e
hidrodinámica de burbujas. Especial atención se ha concedido a la relación entre retención e
hidrodinámica, tanto desde el punto de vista de los modelos como desde el experimental. Además,
las secuencias RHR y SGTR se han simulado con las versiones SPARC90 y BUSCA-AUG92. y
sus resultados han sido comparados con los obtenidos con MAAP3.0B. Como resultado de este
trabajo, las capacidades y las debilidades de los códigos se han ponderado, y se han identificado varias
áreas que requieren una continuación del esfuerzo investigador.
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EXECUTIVE SUMMARY

Decontamination of particle-bearing bubbles as they pass through pools was considered as
a key issue susceptible to be addressed within the Source Term Project of the Third
Framework Programme. A joint effort among different organizations was done to improve
understanding of such a complex phenomenology. CIEMAT contribution to this work was
split into two phases. The former, called review and assessment, was aimed at defining a
suitable test matrix on pool scrubbmg. Among activities performed, it can be mentioned:
plant assessments, literature surveys, model comparisons and sensitivity studies. The latter,
called enlargement and development, was aimed at performing an experimental plan, based
on previous studies, which provided relevant data and allowed code validation under
representative conditions. In this report the main results obtained during the review and
assessment phase are reponed.

The work done was divided in several áreas: plant assessments, hydrodynamic influence on
retention, hydrodynamics and retention models analysis and evaluation of fission product
vapour models. Particular attention was drawn to pool retention capability of submicron
particles.

Pool scrubbing calculations with SPARC and BUSCA codes under representative conditions
of RHR and SGTR sequences were carried out. Based on boundary conditions assessed by
using MAAP code, low DFs were consistently predicted by both pool scrubbing codes and
PSA code. The most efficient mechanism removing fission producís from the gaseous stream
to the pool were dependent on specific sequence conditions, input profile of fission producís
into the pool, particle nature and code formulation. In RHR sequence both codes agreed
that most of the mass was retained due to condensation at the entrance of the pool during the
first time period. In SGTR sequences both codes predictions also coincided as well in that
the major removal mechanism was impaction at the entrance of the pool for soluble particles;
however, for unsoluble particles BUSCA estimated entrance impaction as the most important
mechanism whereas SPARC assigned most of the scrubbing during bubble rise through pool
(i.e., inertial mechanisms and sedimentation).

Sensitivity studies to weigh scenario uncertainties were carried out on particle size and
submergence. Uncertainties in particle size were seen to be of much influence on DFs in both
SPARC and BUSCA, while submergence uncertainty was not predicted to be crucial for any
of these scenarios. Nonetheless, SPARC simulation of an additional particle absorption at the
vent exit as gases are vented through small orifices showed that DFs could rise below a
certain submergence. This observation, closely linked to the SPARC approximations, would
need to be verified by experiments.

A set of parametric studies was performed with SPARC and BUSCA to assess DF sensitivity
to hydrodynamic variables such as globule diameter and shape. bubble diameter and shape,
swarm rise velocity and bubble velocity. These analyses pointed out that the major
hydrodynamic variables influencing aerosol retention were particle diameter and swarm rise
velocity. In both cases. DF showed an exponential decay shape.

A thorough review of available literature on hydrodynamics impact on retention in pool
scrubbing tests was performed. A classification of experiments according to particle nature
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and size, steam fraction and submergence was done in order to rationalize decontamination
factors in terais of hydrodynamic parameters exclusively. The major observation drawn from
this comparison exercise was the impossibility of evaluating bubble hydrodynamic effect on
DF in most of the experimental programmes revised due to the lack of hydrodynamic data
or the uncomplete tests specifications in literature. An attempt to compare those programmes
with similar hydrodynamic features was made; however, it was quite limited by differences
in other relevant parameters such as inlet aerosol size distributions. Nonetheless, based on
few data it can be stated that: particle removal is enhanced if gas flows into the pool as a jet
rather than in bubble regime and aerosol retention is also increased when using a multiorifice
injection device.

SPARC and BUSCA hydrodynamic models were peerly reviewed to point out the most
significant differences between SPARC and BUSCA formulation, as well as their
experimental and/or theoretical basis (particular importance was given to applicability
ranges). This comparison was quantitatively done by using a stand-alone code encapsulating
all the correlations in SPARC and BUSCA codes. The modeis examined were: globule
diameter, globule break-up phenomenon, swarm regime, bubble diameter and shape and
bubble rise velocity. It was found that hydrodynamic models of pool scrubbing codes show
several weaknesses. First, they all are based on the bubbly regime and no extensión is
included for other rise regimes (i.e., churn turbulent flow). Second, some of mese models
are remarkably different in SPARC and BUSCA in both their basis and their numerical
results. In this regard, bubble parameters such as size and shape are particularly relevant due
to their influence on retention mechanisms. Besides, there exist specific phenomenona, such
as break-up globule phenomenology , jet injection regime or the "wall effect", that are poorly
characterized and should be further investigated and included in codes to make them capable
to accurately simúlate actual accident scenarios (i.e. SGTR or RHR).

SPARC and BUSCA retention models were compared and calculations were carried out to
quantitatively weigh the main differences found. A great deal of discrepancies were found
in equations and the way of assessing parameters and variables involved in models. However,
the most important ones were those caused by different code approaches to specific
phenomena: depletion by steam condensation, absorption during globule formation and
centrifugal deposition during swarm rise.

SPARC assumption of an instantaneous gas-liquid thermal equilibrium has two important
consequences: inmediate removal of a fraction of particles proportional to the volume of
steam condensed, if condensing conditions exist, and an instantaneous growth of soluble
particles which will make inertial mechanisms more efficient. On the contrary. BUSCA
calculates the gas-liquid evolution to the equilibrium and, consequently, formulates a removal
rate by condensation (i.e., diffusiophoresis and Stefan flow) and by thermophoresis that are
effective till gas-liquid equilibrium is reached. The calculations carried out to weigh removal
efficiency of steam movement to bubble interface, showed that SPARC largely overpredicts
it respect to BUSCA results.

Additional contributions at the injection are considered in SPARC if the gas comes into the
pool through small orífices: settling. centrifugal deposition and diffusion are modelled while
globule is setting up and. eventually. detaches. BUSCA does not simúlate these phenomena.
SPARC models each mechanism mentioned in a different way depending on the stage of the
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process: globule expansión or detachment. The analyses perforraed revealed that centrifugal
deposition while globule expansión was the most efficient depletion mechanism. The global
efficiency of all these phenomena can be comparable or even greater than that of the
impaction mechanism.

SPARC and BUSCA depletion models during bubble rise-up are based on the same equation.
Nonetheless, SPARC simulation of non-spherical bubbles makes estimation of the curvature
radius and of the angular part of the superficial gas velocity be dramatically different from
that of BUSCA, which assumes spherical bubbles. Through plots representing retention
constant versus particle size, it was realized that the higher bubble eccentricity the larger
retention minimum displacement between both codes, being SPARC much more sensitive
than BUSCA to bubble shape variations.

Experimental observations pointed out that small partióles (d< 1/xm) were hardly retained in
pools. However, this statement is subjected to those specific boundary conditions prevailing
in those experiments. Retention mechanisms weakly dependant on particle size, such as
diffusiophoresis or thermophoresis, can remove submicron particles efficiently. Likewise, as
seen in the above figure, diffusion is the dominant retention mechanism for small particles
during bubble rise and its remo val rate constant can reach significant valúes. In addition,
injection flows expected during accident sequences can be high enough to cause particle
depletion at the entrance of the pool by inertial mechanisms. Henee, submicron particle
retention is strongly dependant on boundary conditions during pool scrubbing, so that it
cannot be considered nuil a priori. Calculations performed with SPARC and BUSCA under
sequence boundary conditions showed a significant fraction of submicron particles retained
in the pool.

A comparison of SPARC and BUSCA models concerning gaseous iodine absorption by pools
was done. Both SPARC and BUSCA models are based on the penetration theory for gas
diffusion. Nonetheless, the re are substantial differences between these models referred to
iodine species accounted for and to boundary conditions chosen to solve the gaseous diffusion
equation which governs iodine transport from the bubble to the pool. SPARC simulates
molecular iodine (I2) and methyl iodide (CH3I) behaviour. On the contrary, BUSCA only
considers I2. Concerning boundary conditions, on one side BUSCA imposes that iodine
concentration in the aqueous bulk is nuil, whereas SPARC assumes that a chemical
equilibrium is attained in the liquid phase; on the other, the surface curvature is taken into
account in a different way in each model.

Gaseous iodine removal models were evaluated against experimental results of UKAEA
(Diffey). The results showed that SPARC reproduced the same trends recorded in the
experiments: pool absorption efficiency increases at low iodine concentraiions and low air
fraction in inlet gas. Unlike this, BUSCA did not show any sensitivity to iodine concentration
due to the above mentioned model assumption.

Besides model assessment. model constraints to simúlate expected situations during accidents
postulated were discussed in all the pool scrubbing aspeets: hydrodynamics. aerosol removal
and fission product vapours absorption. It was stressed the importance of phenomena not
accounted for such as: churn turbulent regime, surfactants presence, wall effect. entrainment.
radiolytic iodine chemistry, and so on. Likewise, current model weaknesses were underlined.
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In this regard some of the most remarkable were related to: the jet injection regime, the
primary bubble decay, the retention caused by injection through small orifices, the bubble
shape consideration in the centrifugal depostion model.

Finally, it should be emphasized that an experimental programme based on the main
observations and results from these studies and on the identification of relevant phenomena
for Source Term Assessments was defined and carried out as another part of CIEMAT
contribution to the Source Term Project of the Third Framework Programme of the European
Union.
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1. INTRODUCTION.

The transport route taken by the fission products released from the core during hypothetical
accident sequences in a nuclear reactor often cross an aqueous bed in which a phenomenon
of retention occurs, partly mitigating the source term. The scenarios associated with these
retention processes may vary considerably depending on the type of reactor and the sequence
under consideration, as a result of which a wide range of different bounding conditions is
established. Thus, and bearing in mind the predominant sequences of risk in pressurized
water reactors (PWR)1, different aqueous retention systems may be encountered, among
which the following may be singled out: the pressurizer relief tank, in TMLB type sequences;
the steam generator secondary side, in SGTR sequences; or the auxiliary building in the V
sequence. In boiling water reactors (BWR), the fission products reach the pressure
suppression pool along two different flow routes, venting and quencher, depending on the
type of sequence and the moment at which the transport takes place. Outstanding examples
of the predominating sequences of risk contemplating this scenario are those corresponding
to the SBO and ATWS damage states.

The retention capacity of water pools is usually expressed in terms of the decontammation
factor, this being defined as the quotient between the mass injected and the mass escaping
from the pool. This is conditioned both by the geometric and thermohydraulic conditions of
the aqueous and injection systems and by the physiochemical characteristics of the fission
products released. There are different calculation tools capable of predicting the
decontammation factor. Among these, special mention might be made of the SPARC
(Suppression Pool Aerosol Removal Code) and BUSCA (Bubble Scrubbing Algorithm)
codes. Both are currently in the validation and development stage.

The main objective of the present work is to analyze and compare the models of the SPARC-
90 and BUSCA-AUG92 codes, by way of their response under prototype accident conditions.
With this aim in mind, a study has been made of the range of applicability of the
correlations, scenarios representative of predominating sequences of risk in PWR reactors
have been evaluated, the formal differences in the overall formulation of the codes and the
specific formulation of the models have been researched and their quantitative repercussions
have been weighted. As a result of the work, analogies and discrepancies have been
established between SPARC-90 and BUSCA-AUG92 in the different áreas simulated:
hydrodynamics, particle retention and the absorption of fission product vapours. On the basis
of the above and of revisión of the databases carried out in each case various uncertainties
have been defined, study of which might constitute future Unes for research.

The structure of the present document is briefly described below. Chapter 2 presents the
results of the SPARC-90 and BUSCA-AUG92 codes for the RHR and SGTR sequences,
which are the main contributors to risk in PWR reactors. Chapter 3 describes the influence
of hydrodynamic phenomena on retention capacity, by means of sensitivity analysis and
revisión of the main experimental programmes. Chapter 4 analyzes the different models for
the estimation of hydrodynamic parameters. Chapter 5 presents an analysis of models of
particle retention in the injection and rise zones, along with sensitivity analysis of particle
growth models and a qualitative assessment of the importance of submicron particles in the
retention capacity of aqueous beds. Finally. Chapter 6 deals with the analysis and evaluation
of volatile iodine compound vapour retention models. Attention should be brought to the fact



that the present report is eminently analytical and discussion-oriented in its approach, as a
result of which the models are described only briefly, except in those cases which are not
considered in detail in previous studies of the subject2.

This work is part of the contribution made by CIEMAT in the área of Pool Scrubbing to the
Source Term project of the Third Reinforced Action of the European Union.



2. ACCIDENT SEOUENCES.

Probabilistic safety analyses have underlined the important contribution made by aqueous
beds in the retention of the fission producís and aerosols released from the core of a nuclear
reactor in the event of an accid^nt1. In particular, studies carried out at the Sizewell B plant
indícate the existence of aqueous volumes through which radioactive materials are transponed
in the predominating sequences of risk in PWR reactors3. This is the case of the RHR and
SGTR sequences.

This chapter presents the results obtained using the SPARC-904 and BUSCA-AUG925-6 codes
in the simulation of the scenarios corresponding to the aforementioned sequences. The
bounding conditions were taken from estimates performed using the MAAP 3.0B7 The
predictions made by the three calculation tools are compared in terms of the decontamination
factor and the main retention mechanisms. Finally, an analysis is made of the sensitivity of
the results provided by SPARC-90 and BUSCA-AUG92 to variation of certain parameters.

2.1 FUNDAMENTAL APPROACHES.

The point of view adopted for the analyses performed rests on two fundamental approaches:
restriction of the materials to be considered to molybdenum oxide (MoO2), cesium iodide
(Csl) and cesium hydroxide (CsOH), and their treatment as aerosols. The first of these
approaches is based on the fact that these compounds amount to more than 95 % of the total
mass entering the liquid sink, without counting the noble gases. The second is backed by
primary circuit transport studies8 and by the intrinsic properties of the compounds9.

The methodology adopted in discussing the results consists of the following: discretization
of the total time in which mass arrival in the liquid volume oceurs and application of the
concept of the decontamination factor (DF). In this study a distinction is made between
various types of DF: overall (DF0), species total (DF¡T) and species partial (DF¡j). The two
first correspond to the following formulations:

(1)
mt'1

where i = Csl. CsOH and MoO2 and j covers the number of time subintervals defined.

Given the extraordinary importance of the size of the particles entering the aqueous volume,
it should be pointed out that this variable was not available in the calculations performed
using MAAPJ. In order to overeóme this shortcoming, the decisión was taken to adopt a
characterization identical in this respect for all the compounds and then to study the



sensitivity of the results to possible alterations. The base case assumed was a lognormal
distribution of AMMD 1 ¿an and GSD 1.5.

2.2 RHR SEQUENCE.

An RHR sequence is characterized by a derivation from containment due to rupturing inside
the auxiliary building of one of the pipes linking this plant zone to the reactor coolant system
(RCS). A brief description of this sequence and of the bounding conditions associated with
retention in the liquid volume is presented below, along with the estimates generated by
SPARC-90, BUSCA-AUG 92 and MAAP 3.0B for this scenario.

2.2.1 Description.

The initiating event is rupturing of one of the residual heat removal (RHR) system pipes at
the discharge side of the pump located in the auxiliary building, with the system activated
during approach to cold shutdown conditions. Despite the safety injection flow provided
from the refuelling water storage tank (RWST), the loss of coolant via the break (60 kg/s)
leads to depletion of RWST inventory and to flooding of the auxiliary building. The
decrease of the primary water level below the RHR nozzles causes vibrations in the system
pumps and, eventually, failure of these components. The water remaining in the primary
heats to boiling, leading to core uncovery and meltdown. Table 2.1 shows the most
important events occurring and their development in time7.

Table 2.1 Timing of RHR sequence

Time (h)

-4.0
0.0
1.0
6.1
9.3
13.5
13.5
16.2
18.8
19.0
19.3

Event

Normal reactor shutdown
RHR pipe rupture
Safety injection
RWST inventory depletion
Failure of RHR system
Uncovery of upper part of core
Initiation of injection from the accumulators
Initiation of core meltdown
Failure of reactor vessel
Initiation of corium-concrete interaction
Termination of corium-concrete interaction

According to Table 2.1. reléase of the fission products and aerosols to the pool formed in
the auxiliarv building occurs as from 13.5 h.



2.2.2 Bounding conditions.

The bounding conditions of greatest relevance from the point of view of aqueous bed
retention were taken from ref. [7] and are shown in Figure 2.1. This figure includes four
graphs: (a) pool temperature, (b) depth of water above the injection point (submergence), (c)
mass flow of carrier gases across the break, and (d) aerosol and fission product entry rate.

In Figure 2.1(a) it may be seen that the water in the auxiliary building reaches boiling
conditions at approximately 20.0 h (p ~ 1 bar), this situation being maintained to the end
of the sequence. As a result of this, submergence gradually decreases (Fig. 2.1 (b)).

Gas flow is uncertain at 13.5 h (no MAAP valué exists at this time). Nevertheless, the
intense flashing expected in the core as from 11 h will lead to high flows rich in water
vapour. This allows us to assume that the conditions existing at 13.5 h will be similar to
those at 11 h, in terms of composition and flow rate (Fig. 2.1 (c)).

Figure 2.1 (d) allows two fundamental observations to be made with respect to the entry of
aerosols and fission producís in the auxiliary building. The first is the almost complete
injection of molybdenum dioxide (MoO2) during the period between 13.5 and 18.8 h. The
second is the arrival of most of the volatile fission producís, such as cesium iodide (Csl) or
cesium hydroxide (CsOH) in two time intervals: 13.5 - 18.8 h and 60.0 - 80.0 h. This
laíter is the result of revaporization from the circuit.

It should be pointed out that the high gaseous flows at the outlet of the RHR pipe give rise
to a jeí injection regime during periods of significant ingress of materials in the pool. As
will be seen in chapters 3 and 5, this favours retention in the aqueous bed.

2.2.3 Results analysis.

The total time of reléase of materials to the pool formed in the auxiliary building spans from
13.5 to 93.5 h. With a view to analyzing retention in the aqueous bed, íhis period has been
divided into five subintervals:

I
II
III
IV
V

13.5 -
18.8 -
30.0 -
40.0 -
80.0-

18
30
40
80
93

.8

.0

.0

.0

.5

h
h
h
h
h

Injection was assumed to occur via a horizontal vent. There were two reasons for this. On
the one hand, íhe diameter of the break (0.40 metres) was larger than that typical for
injection vi classical pressure suppression pool quenchers; on the other, the influence of
adopting other assumptions could be checked in analysis of the SGTR sequence.

The most important results are shown in Table 2.2. It may be observed that the MAAP
predictions in terms of DF3 and DF¡T are situated between those corresponding to SPARC
(upper limit) and those provided by BUSCA (lower limit). This bounding is a formal issue-,
since in reality the closeness of the MAAP estimates to those for SPARC is appreciably



greater than to BUSCA. This apparent analogy between MAPP and SPARC contrasts with
the considerable discrepancy shown during the period between 13.5 and 18.8 h. In spite of
this, the DF¡T valúes of both codes are remarkably alike, due to the influence on the DF¡T of
subsequent time periods in which the predictions (DF¡j) are similar.

Table 2.2 Decontamination factors estimated by MAAP, SPARC and BUSCA for
RHR

MAAP10J1

SPARC

BUSCA

Csl
CsOH
MoO2

Gsl
CsOH
MoCs

Csl
CsOH
MoO,

DF¡j

I

35.6
36.3
59.9

3400
3800
153

3.3

II

2.7
2.7
1.7

2.6
1.9
1.02

1.05
1.05
1.05

III

3.0
3.1
2.0

2.8
2.1
1.02

1.1
1.1
1.1

IV

1.9
2.1
-

2.3
2.4

-

1.2
1.2
-

V

1.2
1.2
-

2.8
3.0

-

1.2
1.2
-

DF¡T

3.4
3.1

44.1

4.7
3.6
58.4

1.7
1.5
3.2

DFG

4.7

5.6

1.9

Another similarity between MAAP and SPARC is their sensitivity to the nature of the
particles. While the results provided by BUSCA do not reflect any difference between
soluble aerosols (i.e, Csl, CsOH) and insoluble aerosols (i.e., MoO2), MAAP and SPARC
estimate higher valúes of DF¡j for Csl and CsOH than for MoO2 for time periods of more
than 18.8 h. During the ñrst time period, however, the behaviour of MAPP and SPARC is
contrary. SPARC calculates a DF¡' of around 3500 for soluble aerosols and of around 150
for insoluble aerosols, while MAAP predicts a lower DF for Csl and CsOH (~ 35.0) than
for MoO2(~ 60).

In view of the results and of knowledge of the main elimination mechanisms operating during
the first period, according to SPARC, it is postulated that this discrepancy might be the result
of the way in which the decontamination factor by initial condensation (Dfec) is estimated,
and of an increase in the efficiency of inertial impaction (DFimp) in the case of soluble
aerosols. On the one hand. the expression of DFCC in SPARC is affected by an arbitrary
factor of 3 (see Chap. 5). On the other, under favourable conditions the condensation of
water vapour on the soluble particles prior to calculation of DFimp increases its effectiveness.
The higher valué of DF for MoO2 during the initial period, with respect to that corresponding
to the soluble compounds in MAAP might be attributable, at least in part, to the difference
in the densities of the compounds, making MoO2 more susceptible to the influence of
impaction.

Table 2.3 shows the percentages of mass retained by the different mechanisms according to
the SPARC and BUSCA codes. The similaritv between the soluble aerosols in terms of



retention mechanisms allows one of them (Csl) to be adopted as representative. The column
headed Ret shows the percentage of mass retained with respect to the total injected. The rest
of the percentages refer to the total mass retained by condensation (Cond) and impaction
(Imp), as well as during rise (Rise). The valúes given in the table must be considered as
being approximate.

Table 2.3 Mass captured by the removal mechanisms for RHR

SPARC
BUSCA

Ret

78%
40%

Cond

60%
56%

Solubles (Csl)

Imp

30%
44%

Rise

10%

Ret

98.3%
69.2%

Insolubles (MoO2)

Cond

99.7%
66.9%

Imp Rise

~io-3% ~io-3%
33.1%

The estimates of DF¡T show that the mass retained according to the SPARC calculations are
higher than those for BUSCA, both for soluble and insoluble aerosols. Both codes predict
greater efficiency in the pool in the case of Mo02. This is due to the fact that practically all
the mass reaches the pool during the period between 13.5 and 18.8 h, an interval during
which condensation and impaction are highly efficient. Generally speaking, both codes agree
that condensation is the mechanism predominating in the elimination of particles, especially
insoluble particles, and that during the bubble rise period decontamination is of little
importance.

Figure 2.2 shows the distributions of aerosol sizes at the inlet and outiet of the pool during
the more relevant time periods. The mass reduction estimated by SPARC is higher than that
estimated by BUSCA for all particle diameters, such that in certain graphs it is confused with
the abscissa. It should be pointed out that both codes predict substantial retention of
submicron particles, both by entrainment of water vapour towards the pool and by the ir own
inertia. In other words, under the conditions existing during an RHR sequence, and
according to modelling of the scenario, particles smaller in size than 1.0 /¿m are efficiently
eliminated from the gaseous flow.

2.3 SGTR SEQUENCE.

An SGTR sequence is characterized by the double-ended break of one of the steam generator
(SG) tubes approximately 1 cm above the support píate. At the moment the break occurs,
the reactor is operating at power. A brief description of this sequence and of the bounding
conditions of the phenomenon of retention in the aqueous bed is presented below, along with
the estimates made by SPARC-90, BUSCA-AUG 92 and MAAP 3.0B for this scenario.

2.3.1 Description.

The rupturing of a steam generator tube causes loss of coolant from the RCS to the
secondary circuit. This leads to four protective actuations: opening of the relief valve on the
affected steam generator, reactor scram, closure of the mainsteam isolation valve and
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activation of the auxiliary feedwater system. RCS cooldown is initiated by depressurization
of the steam generators, but is not completed because of RHR failure. The initiation of core
uncovery and subsequent meltdown occurs as a result of coolant loss across the safety valve,
which remains open on the affected steam generator. Table 2.4 shows the most important
events of this sequence and the ir time of occurrence.

Table 2.4 Timing of SGTR sequence

Time (h)

0
0.15

0.50
2.6

' 26.9

28.5
30.3
34.2
70.0

Event

Opening of safety valve on affected SG
Reactor scram
Closure of mainsteam isolation valve
Activation of auxiliary feedwater system
SG cooldown
Rector cooling
Initiation of core uncovery
Disconnection of RCS pumps
Initiation of core meltdown
Failure of reactor vessel
Initiation of corium-concrete interaction
Failure of foundations

According to Table 2.4, the reléase of fission products to the SG secondary side occurs as
from 26.9 h.

2.3.2 Bounding conditions.

Figure 2.3 shows the evolution with time of the bounding conditions of greatest importance
for the retention of fission products and aerosols on the secondary side of the affected SG
(taken from ref. [7]). Submergence is not included because it remains constant at
approximately 7 m. Nevertheless, this valué is postulated and is, therefore, subject to
uncertainties.

Pressure is slightly higher than atmospheric (~ 1.3 bar), such that the temperature of the
aqueous bed (Fig. 2.3 (a) ) is at all times cióse to saturation.

Gas flow (Fig. 2.3 (b) ) presents a series of peculiar characteristics of great importance for
the phenomenon to be simulated. Initially, during the first few moments of reléase to the
secondary (~ 27.0 h). the gas is composed essentially of H2 (due to reactions between the
metal and water in the core). Later, at ~ 30 h, injection is initiated and continúes until ~
39 h. During the period between ~ 27 and ~~ 30 h total gas flow decreases suddenly and
eventually disappears. Subsequently. as from ~ 39 h, the ingress of gas from containment
is reinitiated in the aqueous volume of the SG; consequently, its fundamental component is
nitrogen (N;). with other gases produced by corium-concrete interaction, such as CO and
CO2. also present. Finally, it should be pointed out that the gas inlet flows are sufficiently
high as to ensure the existence of a jet regime at the point of injection.



The fission producís and aerosols (Csl, CsOH and MoO2) mainly reach the SG during the
period between 27.0 and 30.0 h (Fig. 2.3 (c) ). Only the MoO2 shows a substantial mass
increase between 39.0 and 40.0 h.

2.3.3 Results analysis.

According to the observations of the previous subsection, the period of reléase of materials
to the SG secondary side from the RCS is limited to two periods: 26.9 - 30.0 h and 39.0 -
40.0 h. A distinction has been made between the following time periods for discussion of
the results:

I
II
III

26
28
39

.9

.0

.0

-28
- 30
-40

.0

.0

.0

h
h
h

Given the small size of the break (0.01 m), it was decided to simúlate injection as though it
occurred via a quencher.

Table 2.5 shows the main results obtained.

Table 2.5 Decontamination factors estimated by MAAP, SPARC and BUSCA for
SGTR

MAAP10'11

SPARC

BUSCA

Csl
CsOH
MoO2

Csl
CsOH
MoO2

Csl
CsOH
MoO2

DF¡J

I

4.7
4.9
6.5

734.0
966.0
42.9

3.1
3.1
3.05

II

4.5
3.3
3.5

4.7
6.4
1.8

1.7
3.0
1.1

III

1.0
4.0
6.1

11.5
16.1
3.2

1.7
2.0
1.05

DF¡T

4.4
4.6
4.5

27.2
42.0
2.5

2.7
3.0
1.14

DFG

4.5

9.8

2.2

The predictions made by MAAP in terms of DF0 are located approximately in the centre of
the interval bound by those corresponding to BUSCA (2.2) and SPARC (9.8). Nevertheless,
examination of the valúes of DF¡T shows greater approximation to BUSCA in the case of
soluble aerosols (Csl and CsOH) and to SPARC in the case of insoluble aerosols (MoO2).
It should be pointed out that the estímate of the DFT for MoO; in MAAP is less conservative
than those provided by SPARC and BUSCA.

The discrepancy between the estimates provided. by SPARC from those corresponding to
MAAP and BUSCA is presumably due to two factors. Firstly, SPARC allows for the growth
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of the soluble particles prior to evaluation of the effects of impaction. Secondly, SPARC
includes an additional DF on the entry of gas into the pool which takes into account
elimination of the aerosols during the formation and reléase of the globule (DFqch) (see
Chapter 5). In the specific case of insoluble aerosols, the reason for the overestimate of
SPARC with respect to BUSCA k essentially due to the additional DF modelled, which
prevails over the higher DFimp provided by BUSCA in the case of insolubles.

The table shows that BUSCA is insensitive to the nature of the particles (soluble or insoluble)
when impaction prevails (26.9 - 28.0 h).

Table 2.6 shows the percentages of mass retained by the different mechanisms according to
the SPARC and BUSCA codes. The meanings of the headings is the same as in Table 2.3.
In this case the column for condensation has been omitted, since the composition of the input
gas does not allow this process to occur in any case. There is, however, a new column
(Qch), which takes Dfqch into account. As in the case of the RHR sequence, the similarity
of the results for Csl and CsOH allows either to be taken as representative of both.

Table 2.6 Mass capíured by the removal mechanisms for SGTR

SPARC
BUSCA

Ret

96.3%
62.8%

Solubles (Csl)

Imp Qch Rise

- 8 7 % - 5 % 8%
-88.5% - 11.5%

Ret

59.5%
12.5%

Insolubles (MoO2)

Imp Qch Rise

11.5% 31.5% 57%
60% - 40%

Comparison of the results allows a series of analogies and discrepancies to be established.
Of the former, the following may be underlined: greater retention of soluble particles than
insoluble and the consistency as regards weighting of the importance of the different
mechanisms affecting Csl and CsOH. The phenomenon mainly responsible for removal of
materials from the gas is impaction, the contribution made by phenomena such as inertial
deposition or sedimentation during rise being small (~ 10%). In any case, the effect of
DFqch is negligible.

The most outstanding discrepancies are: the greater decontamination calculated by SPARC,
which is more noticeable in the case of insoluble particles, and the varying participation by
the mechanisms eliminating MoO:. While BUSCA estimates a balanced contribution by
impaction and other processes acting during the rise period, SPARC gives the least
importance to impaction (— 10%) and the most to rise (
— 30% of the mass of insoluble material eliminated.

60%). DFqch is responsible for

Finally, Figure 2.4 shows the size distributions of the aerosol at the inlet and outlet of the
pool during the most relevant periods. The figure shows what has been said above in
relation to the DF's calculated by SPARC and BUSCA and the effectiveness of aqueous beds
for the removal of submicron particles.
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2.4 SENSITrVITY STUDIES.

Particle size is one of the fundamental variables determining retention in aqueous beds. The
information gleaned from MAAP as a result of the RHR and SGTR sequences did not contain
any data in this area7,8, as a result of which it was considered to be a variable whose
uncertainty warranted special attention with respect to its influence on DF. Likewise, the
lack of certainty associated with the elevation at which the rupture occurs (i.e., submergence)
in the case of SGTR was included in the analyses presented below.

2.4.1 Particle size.

The results of SPARC and BUSCA compiled in previous sections implied the possibility of
describing the particles entering the Hquid volume by means of a lognormal distribution of
AMMD equal to 1 /xm and GSD equal to 1.5. In order to analyze the influence of this
hypothesis, GSD was kept constant and AMMD was varied by two orders of magnitude (0.1
- 10 /¿m). Table 2.7 shows the predictions made by SPARC and BUSCA in terms of DF
versus AMMDjfor soluble and insolubles and the two sequences analyzed.

Table 2.7 SPARC and BUSCA predictions of DF as a function of particle size

Sequence

RHR

SGTR

AMMD

0.1 ¿un
1.0 /xm
10 /xm

0.1 /xm
1.0 /xm
10 /xm

Csl

SPARC

1.9
4.6

417.2

1.2
27.3

5.3 1021

BUSCA

1.4
1.7

141.2

1.0
2.7

8.8 103

CsOH

SPARC

1.5
3.6

348.0

1.2
42.0

1.11026

BUSCA

1.3
1.5

130.7

1.0
3.0

7 104

MoO2

SPARC

51.2
58.2

5.5 103

1.1
2.5

4.8 107

BUSCA

2.5
3.2

265.0

1.3
1.1

288.6

The variation of DF in the RHR sequence may be included within an order of 102.
However. it should be pointed out that according to both codes most of the growth in DF
occurs between 1 and 5 /xm, such that the range of sizes in which the DF should show
greatest sensitivity will correspond to 1 - 5 /xm. The valúes obtained by SPARC, BUSCA
and MAAP (Table 2.2), assuming that the phenomenology is consistently evaluated in the
three codes, would appear to indícate that the distribution adopted in the base case should not
be far from the predictions made by MAAP.

As regards the SGTR sequence, the increase in DF with size is much greater. The major
difference between the máximum valúes estimated by SPARC and BUSCA is to be found
fundamentally in the additional DF taken into account by SPARC when the gas enters the
water via small orífices (DFqu). Nevertheless, even if this effect is ignored, the sensitivity
of DF to size continúes to be appreciably greater in this case. The reason for this is that
while in the RHR sequence the initial process of condensation (particularly intense during the
period of greatest mass contribution) removes mass regardless of the radius of the particles,
in the case of SGTR this phenomenon does not occur, the processes which depend on the
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diameter of the aerosol (i.e., impaction, centrifugal deposition) being responsible for most
retention.

An important fact which may be observed in Table 2.7 is the different behaviour of soluble
and insoluble materials. In the RHR sequence, the MoO2 shows a DF variation range greater
than that for Csl and CsOH. In the case of SGTR, however, this situation is reversed.
There are two causes for these results. On the one hand, in the RHR sequence almost all
the MoO2 enters during a period in which impaction is of the greatest importance, while a
high percentage of the CsOH and Csl enter later, when this phenomenon is hardly of
relevance. On the other, in the case of the SGTR sequence, practically 100% of the CsOH
and Csl enters during a period in which size-dependent phenomena (i.e., impaction,
centrifugal deposition) are by far the more quantitative; a significant part of the MoO2, on
the other hand, enters the secondary side of the SG at moments when these processes have
lost effectiveness. The soluble and insoluble nature of the compounds also plays an
important role, with differences being reduced in the case of the RHR sequence and increase
in the case of SGTR.

In short, the uncertamty as regards the size of the particles entering the aqueous volume is
of unique importance as regards estimation of DF. This fact indicates the need to achieve
accurate characterization of the aqueous bed source terms and, therefore, profound
knowledge of the behaviour of aerosols and fission products prior to injection. Processes
having only a slight dependence on particle diameter (i.e., condensation, thermophoresis),
however, reduce this dependence.

2.4.2 Submergence.

In the studies presented in section 2.3, the same submergence was assumed in the three
codes, 7 m. This valué is, however, subject to uncertamty. The valúes of DF obtained on
reducing this parameter are presented below. The mínimum submergence accepted by
BUSCA under typical SGTR sequence condiuons was 2.5 m, such that the range of variation
covered was 2.5 - 7.0 m. In SPARC this was extended to 0.5 m. Table 2.8 summarizes the
results obtained and Figure 2.5 shows them graphically.

The valúes shown in the table indícate that the sensitivity of BUSCA to submergence under
SGTR conditions is very slight. This is due to the fact that in BUSCA, DF is determined
fundamentally by the decontamination occurring at the point of injection as a result of
impaction, with the retention occurring during rise contributing substantially less.

The variation of DF in SPARC shows a minimum at submergences of between 1.5 and 2.5
m. This change in DF tendency is due to a balance of degrees of importance between
increasing residence times in the pool and increasing gas circulation velocity during
formation of the globule. due to reduced hydrostatic pressure.

The reduction in submergence causes a shortening of the time during which the elimination
mechanisms act during bubble rise. Consequently. and as a result of this effect, a lower DF
is to be expected at lower submergences.
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Table 2.8 SPARC and BUSCA predictions of DF as a function of submergence for
SGTR

Submergence

7.0
4.0
2.5
1.5
0.5

Csl

SPARC

27.3
15.7
14.9
17.1
32.3

BUSCA

2.7
2.3
2.3

-
-

CsOH

SPARC

42.0
21.6
18.9
20.5
38.2

BUSCA

3.0
2.4
2.3

-
-

MoO,

SPARC

2.5
1.8
1.8
2.1
3.3

BUSCA

1.1
1.1
1.1
-
-

During the period of globule formation and stripping with small orifices, SPARC calculates
retention due to a series of mechanisms, with centrifugal deposition being especially
outstanding (see chapter 5). The speed at which the gas follows the internal flow lines
depends on hydrostatic pressure head. This dependence is the direct result of the
approximation to instantaneous thermal equilibrium assumed by SPARC at the pool inlet (see
chapter 5). With pool temperature constant, a decrease in pressure leads to an increase in
the content of steam in equilibrium, and consequently in the total flow of gas entering. As
a result of this effect, an increase in DF would be expected with reducing submergence.

The achievement of a mínimum in DF variation with submergence has a very important
implication: increasing pool retention capacity with decreasing height of water above the
injector below a certain limit. Nevertheless, it should not be forgotten that there is a cióse
link between this effect in the simulation of aerosol transpon in pools using the SPARC code
and the conditions estimated by MAAP for SGTR sequences. In other words, the credibility
of this observation is linked to the degree of truth of the hypothesis of thermal equilibrium
at the pool inlet. Assuming this to be met, it should be remembered that this phenomenon
would be associated with very high velocity injections via small size orifices. Likewise, it
would be favoured by high liquid temperatures and pressure cióse to atmospheric above the
surface.

Regardless of what has been said above, it may be stated that under the conditions prevailing
during SGTR sequences estimation of DF will not show strong sensitivity to uncertainties
regarding submergence.



14

2.5 CONCLUSIONS.

In the present chapter the results obtained by SPARC and BUSCA codes in the simulation
of pool scrubbing under RHR and SGTR sequences conditions have been presented and
compared with MAAP estimates. The major conclusions drawn from these studies are the
following:

The retention of fission producís and aerosols in aqueous beds constitutes a filtration
system in the sequences dominating risk in PWR reactors. This is the case for RHR
and SGTR.

Low decontamination factors were consistenly predicted by both pool scrubbing codes
(Le., BUSCA and SPARC) and PSA codes (Le., MAAP) during Steam Generator
Tube Rupture and Residual Heat Remo val bypass sequences.

The prevailing mechanisms of elimination are closely linked to the composition and
ingres-s rate of the particle-carrying gas. In both sequences the periods of greatest
contribution of materials to the pool coincide with intervals of injection under jet
conditions. This circumstance favours ineitial processes (Le., impaction and
centrifugal deposition) at the inlet to the aqueous volume. In the RHR sequence, the
richness of the entering flow in water vapour during the key interval of
decontamination makes initial condensation the main retention mechanism.
Consequently, in both sequences the importance of decontamination of the gas during
rise through the pool is slight, except in the case of insoluble compounds in the SGTR
sequence.

The uncertainty regarding the size distribution of particles entering the pool is of
great importance. This implies the need for accurate characterization of the aqueous
volume source terms, as a prerequisite for correct evaluation of retention.

The lack of determination as regards submergence in the SGTR sequence does not
lead to major changes in DF. Variations of up to an order of magnitude in the height
of the water above the injector give rise to a DF factor of hardly 2.0. This is due
to the importance of the pool inlet zone versus the rise zone in terms of DF.

The simulation made by SPARC of the scenario foreseen for SGTR sequences
underlines achievement of a minimum in DF with decreasing submergence. The
experimental demonstration of this fact would strengthen the hypothesis of
instantaneous gas-liquid thermal equilibrium on which SPARC is based, as well as the
actual existence of efficient retention mechanisms during globule formation.

Finally, attention should be brought to the fact that the validity of the results obtained
depends on the hypothesis and approximations assumed in the simulation of the sccenarios
analyzed and on the modelling capacity of SPARC and BUSCA. This is particularly relevant
in the case of the SGTR sequence, where the existence of a large number of tubes in the
vicinity of the break would influence the retention efficiency of the pool. The absence of a
model taking this disturbance (the "wall effect") into account is an important conditioning
factor as regards the accuracy of the analysis presented.
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3. RETENTIQN HYDRQDINAMICS.

The hydrodynamic phenomenology associated with aqueous retention systems affects
parameters which may ha ve an important influence on the decontamination factor. The most
important of these parameters are globule diameter and shape, bubble diameter and shape,
the rise velocity of the swarm of bubbles and the velocity at which individual bubbles rise.

The objective of this chapter is to identify the hydrodynamic variables of greatest relevance
from the point of view of the decontamination factor and quantification of their influence.
Two tasks have been performed in this respect: a sensitivity study using the SPARC-90 and
BUSCA-AUG92 codes, and a revisión of the most relevant pool scrubbing experimental
programmes from the hydrodynamic viewpoint.

3.1 SENSITIVITY STUDIES USING THE SPARC AND BUSCA CODES.

The objective of this analysis is to identify the hydrodynamic variables having the greatest
influence on'the retention capacity of aqueous systems and to establish the sensitivity of the
decontamination factor versus the ranges of variation of these parameters. The codes used
for this study were SPARC-904 and BUSCA-AUG9256.

3.1.1 Calculation matrix.

Table 3.1 shows the initial conditions characterizing the scenario simulated in this study.
Most of these conditions correspond to the scenario of the LACE-España12 experiments.
Table 3.2 shows the calculation matrix developed for the sensitivity studies. The cells not
containing numerical valúes in this table indicate that the valué of the corresponding
parameter is the one calculated by the code for the pool conditions established in Table 3.1.

The hydrodynamic parameters analyzed are: globule diameter and geometry, bubble diameter
and geometry, the rise velocity of the swarm of bubbles and the rise velocity of individual
bubbles. The range of variation of these parameters was established depending on the
characteristic valúes provided by analysis of the hydrodynamic models (see Chap. 4).

It should also be pointed out that while BUSCA contemplates different globule shapes, thus
estimating the a/b ratio in both the globule and the bubble, SPARC takes only bubble shape
into account. Consequently, the cases corresponding to different a/b ratios refer to the
globule and the bubble in calculations performed using BUSCA, and only to the bubble in
those performed with SPARC.
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Table 3.1 Initial conditions for the sensitivity analysis on hydrodynamics

Gas temperature: 150 °C
Gas pressure: 2.25 bar
Flow: 400 cc/s
Gas composition: air and steam (Mass fraction, 0.7 and 0.3)
Injector geometry: Horizontal
Diameter of orífice: 1 cm
Pool temperature: 25 °C
Pool pressure: 2 bar
Submergence: 2 m
Aerosol type and rate: Csl, 1 10"3 g/s
AMMD and GSD: 1 /¿m and 2.0

Table 3.2 Calculation matrix for the sensitivity analysis on hydrodynamics

Case

DI

D2

D3

Bl

B2

B3

VI

V2

Globule
Diameter

(cm)

1 - 15

1 - 15

1 - 15

Bubble
Diameter

(cm)

0.1 -5 .0

0.1 -5.0

a/b ratio

1.0

1.0

1.0

1.54

1.1 -4.0

1.4

Bubble
Velocity
(cm/s)

10-30

Rise
Velocity
(cm/s)

7 -200

Submergence
(cm)

200

200

50

200

200

200

200

200

3.1.2 Globule diameter and geometry.

Figure 3.1 shows the evolution of the decontamination factor with respect to globule diameter
for a submergence of 2 m (identical tendencies were shown at 0.5 m). The main observation
is the low degree of variation in DF with globule diameter. This is due to the fact that the
greatest decontamination occurs during rise of the gas through the pool in the form of
bubbles, such that changes in the size of the globule have only a slight influence on DF.
This is particularly clear in the evolution of the DF calculated using BUSCA: globule sizes
that do not lead to fractioning into bubbles ( < 3 cm) give rise to more abrupt variations in
DF, while rupture of the initial gaseous nucleus reduces the dependence of DF on globule
diameter. In spite of its having a quantitative influence on DF, the ratio of the axes does not
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alter the tendencies described above.

3.1.3. Bubble diameter and geometry.

Figure 3.2 shows the response of SPARC and BUSCA in terms of DF to variations in bubble
size. Regardless of the valué of the ratio of the axes, both codes show an exponential
decrease; in other words, there is a range of diameters in which the DF decreases suddenly.
Consequently, bubble size is a key hydrodynamic parameter in the remo val of aerosols from
the gaseous flow.

The dependence of DF on the ratio of the axes is shown in Figure 3.3. Taking into account
that the range of variation of a/b covers from 1.35 to 1.45 (see Chap. 4), a very slight
variation in DF may be appreciated with a/b and, in addition, the range of variation of the
DF in SPARC and BUSCA is very similar.

3.1.4 Rise velocity.

Rise velocity is another hydrodynamic variable to whose variation the DF is seen to be
particularly sensitive (exponential in nature), both in the case of SPARC and in BUSCA (Fig.
3.4). This dependence is function of the ratio between rise velocity and bubble residence
time in the pool (i.e., the actuation time of the elimination mechanisms).

3.1.5 Bubble velocitv.

The evolution of DF with respect to bubble velocity, with the a/b ratio fixed at 1.4, is shown
in Figure 3.5, which shows that in the range of variation considcred the bubble velocity
hardly affects to the DF.
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3.2 EXPERIMENTAL PROGRAMMES.

The sensitivity studies performed have pointed to the strong influence that hydrodynamic
phenomena may have on the final valué of the decontamination factor. In order to identify
empirical evidence of this influence, a revisión has been made of the main pool scrubbing
experimental programmes. The aim is, therefore, to establish a correlation between the
valúes of DF and variables such as bubble diameter or rise velocity. Table 3.3 summarizes
the main characteristics of the scenario simulated during the projects reviewed in this
analysis.

Table 3.3 Global aspects of the main experimental programmes on pool scrubbing

Programme

ACE

EPRI

POSEIDON

UKAEA

LACE-E

GE

EPSI

JAERI

Injected
Material

Csl, CsOH,
MbO

Csl, TeO2) Sn

I2 vapour

Cr/Ni, I2 vapour

Csl

Csl, EuO3

Csl

DOP

Aerosol Size
(/¿m)

> 1

< 1

0.06

> 1

<0.1/0.1-40

> 1

0.3-10

Injection
Regime

Bubble and Jet

Bubble

Not available

Jet

Bubble and Jet

Bubble

Bubble

Bubble

Ref.

2,6,13

2,6,14,15
16

2,6,17,18

2,6,19

2,6,12

2,6,20

2,6,21

2,6,22

Hydrodynamic
Measurements

No

Not available

No

No

Yes

Yes

No

No

The different experimental programmes show wide diversity as regards the initial conditions
and the substance injected, this posing some difficulty in comparison. In addition, there are
various additional difficulties from the point of view of hydrodynamics; only three of the
experimental programmes include an injection jet regime, and only in the LACE-España and
GE programmes were hydrodynamic measures taken. Also, and since in LACE-España
hydrodynamic analysis was limited to the bubbly regime, no hydrodynamic measures are
available for any of the experiments performed in the jet regime.

From the hydrodynamic point of view, the main observations and conclusions of the
experimental programmes included in Table 3.3 may be summarized as follows:

The ACE experiments are inappropriate for establishment of the role played by
hydrodynamics in the decontamination factor, since the thermohydraulic and
submergence conditions were different in each test performed.

Phase I of the EPRI experimental programme did not reveal any relationship between
the decontamination factor and flow, a parameter which directly affects the initial
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diameter of the globule. In addition, no information is available on phases 2 and 3
of this experimental programme.

The POSEIDON programme included study of the influence on DF of the diameter
of the injector and submergence; nevertheless, the absence of data on injection flow
does not allow quantitative conclusions to be drawn.

The experiments performed within the framework of the LACE-España programme
showed that the jet regime favours retention in the pool. In the bubbly regime, all
the tests showed similar hydrodynamic behaviour.

In the UKAEA experiments all the tests were carried out in the jet regime.
Nevertheless, it is not possible to correlate the tests in order to draw hydrodynamic
conclusions since the parameters studied influence other phenomena affecting the
decontamination factor.

The aim of the GE experimental programme was to evalúate the effect of bubble size
on the decontamination factor, as a result of which the tests were performed in the
isolated bubbly regime. Nevertheless, it was not possible to obtain a correlation
between DF and bubble diameter, mainly due to the fact that the diameter of the
bubble influenced parameters such as bubble shape and rise velocity, which affected
the DF in a different manner.

The EPSI experimental programme cast no light on hydrodynamic phenomena since
the aim was to study the influence on the DF of pool pressure.

No quantitative hydrodynamic conclusions were drawn from the JAERI experiments,
since the flow injected was unknown and no hydrodynamic parameters were
measured.

Consequently, and as regards the initial diameter of the globule, the EPRI experiments would
appear to be the most appropriate for evaluation of the impact of this parameter on retention.
This experimental programme included measurement of the decontamination factor depending
on flow, all other conditions remaining constant. Nevertheless, DF cannot be related to
globule diameter and in addition the hydrodynamic measures performed are unavaiiable.

Three experimental programmes analyzed the influence on retention of geometry and
injection regime: LACE-España, EPRI and POSEIDON. No quantitative conclusions may
be drawn from the latter, since no injection flow data are available. As regards the EPRI
programme, the results provided by all the different types of venting analyzed are equally
unavaiiable. Finally, the results of LACE-España showed greater retention for multi-orifice
injector configurations and the jet regime, as a result of which this is the only experiment
which provides backing for this observation.

The influence of bubble diameter in the rise zone was studied in the GE experiments; it
should be pointed out, however, that the tests were performed for isolated bubbles, this not
corresponding to the scenario expected in the predominating risk sequences.
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Given the absence of data on the influence of hydrodynamics on retention from the different
programmes, a comparison was made of these programmes. Attention was centred on Csl,
a compound which is often used experimentally. Table 3.4 shows the most relevant results
of the tests corresponding to the three experimental programmes: EPSI, ACE and LACE-
España. In this table the different tests have been ordered on the basis of submergence and
steam fraction. The results are shown in three blocks: decontamination factor,
characterization of the size of the Csl injected and hydrodynamic parameters. Only the
bubbly regime tests performed in LACE-España included hydrodynamic measures. The rest
of the valúes shown for other programmes are the result of applying SPARC correlations to
the test conditions.

The EPSI programme was performed in the bubbly regime. However, in addition to not
having the aerosol injected completely characterized, the thermohydraulic conditions differ
noticeably from the rest; vapour injection being the only component of the inlet gas favours
condensation, such that decontamination occurs mainly at a depth of less than 1 m.

In the ACE experiments.a multi-orifice injector was used and the injection regime was at the
limit between bubble and jet. Table 3.4 shows the different submergence location for these
tests with respect to LACE-España, which prevenís comparison of the two programmes.

Finally, the LACE-España programme includes representations of the different injector
configurations and injection regimes. As may be appreciated in Table 3.4, attention should
be brought to the fact that given similar injected aerosol morphologies and thermohydraulic
conditions in the pool, both the multi-orifice configuration and the jet regime appear to
strongly favour decontamination.
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X s=1.0

X, = 0.9

Xs = 0.6

X^O.4

X, = ().18-(>. 15

XH = 0.1

X., = ().O1

S = l m

EPSI > 3800
4.5 (*) 4.4

0.59
(a) 1.38

S = 1 . 4 m

ACE Al 47
2.6 6.54
1.9 0.72
(c) 1.46

S = 2 m

EPSI 3700
4.5 (*) 4.4

0.59
(a) 1.38

S = 2.5m

LACE 129/254
3.4 3.38
2.6 0.59

(a) 1.9

LACE 419/859
4.2 5.86
3.3 0.64
(a) 1.47

LACE 677
7.2 3.55
1.6 0.71
(a) 1.61

LACE 52/53
5.8 3.38
3.5 0.69
(a) 1.45

LACE 444/702
3.0 3.80
2.3 0.55
(a) 1.99

S = 2.5 m

LACE1273/291
3

4.1 4.22
1.8 0.70
(c) 1.45

S = 2 .5m

LACE 567/922
5.0 3.67
3.8 0.56
(a) 1.79

LACE 168/169
3.4 3.69
5.4 0.56
(a) 1.84

LACE 16/20
3.4 3.31
1.6 0.72
(a) 1.81

LACE 491/526
5.6 6.47
3.6 0.71

(b) 1.45

S = 2.5m

LACE 116/128
1.7 6.53
2.2 0.71

(b) 1.45

S=2.6m

ACEA3 220
2.7 6.42
2.0 0.72

(c) 1.46

S = 3 m

EPSI 3800
4.5 (*) 4.4

0.59
(a) 1.38

S = 4.6m

ACEA4 1300
2.8 6.12
2.3 0.67

(c) 1.43

ACEA2 1500
1.7 5.62
2.0 0.70

(c) 1.45

(*) MMR (Mass Median Radius) (a) Bubbly (b) Jet (c) Multihole
PROGRAMME D F

AMMI) <1¡;
di,

GSD a/b
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3.3 CONCLUSIONS.

The influence of hydrodynamics on the retention of partióles in aqueous beds is widely
recognized. This chapter has dealt with study of the above from two points of view: the
response of the available calculation tools and the experimental data obtained to date. The
main conclusions drawn are summarized below:

The hydrodynamic variables which, according to SPARC and BUSCA, have the
greatest influence of DF are bubble diameter and rise velocity. Likewise, there is
evidence of the importance of knowing how and when the transition from globule to
bubble occurs. It should be pointed out, however, that these results are linked to the
scenario simulated; thus, for example, if the gaseous flow were to have been taken
in the jet regime, the effect of both variables on DF would have been reduced.

Revisión of the main experimental programmes on retention shows an absence of
experimental data allowing the influence on retention of hydrodynamics to be
quantitatively evaluated.

There is experimental evidence of the importance of injection regime in retention.
The LACE-España series tests appear to indicate that the jet regime favours
decontamination of the gas. The importance of this high injection flow condition and
its currently scarce degree of characterization underline the need for in-depth
hydrodynamic study and consideration of its effect on particle removal phenomena.

The entry into the pool of gas via a quencher increases the efficiency of particle
absorption, as may be deduced from the LACE and ACE experiments.
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Figure 3.1 DF vs. globule diameter (SPARC and BUSCA)
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4. ANALYSIS QF HYDRODYNAMIC MODELS IN THE SPARC AND BUSCA
COPES.

As has been pointed out in the previous chapter, the hydrodynamic phenomenology
determines to a large extent the bounding conditions governing the process of
decontamination in pools. As a result, the calculation tools simulating these scenarios include
formulations that attempt to describe these processes as fully and as accurately as possible.

This chapter malees a comparative analysis of the hydrodynamic models included in the
SPARC and BUSCA codes. It also presents and discusses phenomena which are not included
in the codes, appearance of which in the accident scenarios brings additional uncertainties
to the theoretical results.

4.1 HYDRODYNAMIC MODELS.

The hydrodynamic phenomena included in the SPARC4 and BUSCA5 codes are: formation
of an initial globule, primary bubble decay, bubble diameter and shape, rise velocity and
bubble velocity.

The SPARC and BUSCA models are comparatively analyzed below. With this aim in mind,
a calculation programme was developed, containing the corresponding expressions of both
codes. Qualitative evaluation required that a suitable scenario be chosen. Table 4.1
summarizes the main characteristics of this scenario.

Table 4.1 Initial conditions for hydrodynamic model analysis

Pool temperature: 80
Pool surface pressure:

°C
1.2 bar

Injector diameter: 1 cm
Vapour molar fraction
Flow: 1 - 105 cc/s
Injection temperature:
Submergence: 2 m

: 0.5

150 °C

4.1.1 Globule diameter.

In the SPARC and BUSCA codes, the diameter of the globule is estimated from the globule
volume. This depends on the geometric and thermohydraulic parameters of the injection:
volumetric flow (Q), injector diameter (di), liquid density (p), surface tensión (o) and
injection rate (U). Table 4.2 shows the correlations for globule volume according to SPARC
and BUSCA.

The correlations shown in Table 4.2 are based on the EPRI experiments, with the exception
of the Ramakrishman correlation, which is theoretical in nature. They show strong
dependence on injection flow (Fig. 4.1), and a slight dependence on the conditions in the
pool, as a result of which the changes in density and surface tensión which may occur under
typical accident conditions are expected hardly to affect globule diameter. Correlation of the
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diameter of the orífice is limited to the characteristic ranges of each type of injector, and
differs depending on the correlation in question. While with horizontal venting the size of
the injector has a very slight negative effect, in the case of the quencher the influence
increases appreciably and is positive. The two EPRI and BUSCA correlations are very
similar (Fig. 4.2); in addition, correlation of the horizontal vent coincides with that of the
SPARC quencher at 20 °C and, in view of the weak temperature dependence of the latter,
may be considered equal in the temperature range of interest. Figure 4.2 also shows that the
Ramakrishman model coincides with the rest of the correlations at low flow.

As regards the ranges of applicability of the correlations in Table 4.2, it may be stated that
the only correlations applicable in the jet regime, according to the Weber criterion, are the
SPARC quencher and the two EPRI correlations. Nevertheless, under accident conditions
the flow range may exceed the upper limit of applicability as a result of which it would be
advisable to extend the study to include either the validation of these correlations or the
development of others. In addition, the range of applicability of the Ramakrishman model
is the range for which it has been validated.

Table 4.2 Correlations for globule volume

Notation

SPARC HVC2

SPARC DVC3

SPARC QVC4

EPRI HVC2

EPRI VVC5

Ramakrishman

Expression1

VG = 4/3TT[0.1607 We073 Eo*5d,3]
VG = 3.1 10"2 Q1-46 d,"0-19 p,0-23^-23

VG = 4/3TT[0.0167 We0616 Eo^d,3]
VG = 3.0 lO"3 Q1-232 d,0152 p , 0 " 6 ^ 1 1 6

VG = 4/3TT[0.6469 W e " Eo^d,3]
VG = 0.108 Q092 d,062 p , 0 0 4 ^ 0 4

VG - 0.1029 U^d,2-46

VG = 0.108 U095 d,238

VG = V" + Q t*
V": Volume at the end of expansión
t": detachment time

Range of Applicability

d, = 0.686 m
Xs = 0.33, 0.57, 0.82
Q - 3 - 70 l/s

d, = 0.15, 0.6 m
Xs = 0.17, 0.93
Q = 0.5 - 60 l/s

d, = 9.9 mm,
4 orífices
Xs = 0
Q = 1.7 . 8.4 l/s

40 < We < 4 106

40 < We < 4 106

Q = 1 - 80 cc/s
d, = 0.1378- 0.704 cm
¡i = 1 - 552 poise
p, = 0.987 - 1.257 g/cc

Ref.

15

15

15,
23

5

5

24

Code

SPARC
BUSCA

SPARC
BUSCA

SPARC
BUSCA

BUSCA

BUSCA

BUSCA

1 Weber number, We=p,d,U2/cr; Eótvos number, Eo=p,gd,2/ff
2 Horizontal Vent Correlation
3 Downcomer Vent Correlation
4 Quencher Vent Correlation
J Vertical Vent Correlation
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The BUSCA code includes the three SPARC correlations for the horizontal, downcomer and
quencher geometries; however, the treatment given by the two codes differs. BUSCA
introduces the inlet flow and allows globule diameter to evolve in accordance with the
thermohydraulic conditions of the pool (i.e., the processes of evaporation and condensation),
changes in hydrostatic pressure increasing or decreasing globule size. Tke SPARC code, on
the other hand, assumes that thermodynamic equilibrium is reached at the point of injection,
and consequently uses flow in equilibrium with the pool in its correlations. Given the abo ve,
and with the same correlation being used, the predictions of the two codes are expected to
be increasingly different the further the injection conditions are from equilibrium. Thus, in
the extreme case of steam injection (xs = 1) under the initial conditions shown in Table 4.1,
xs (equ) = 0.34, the predictions of the two codes will differ considerably. Nevertheless, the
different way in which SPARC and BUSCA achieve thermodynamic equilibrium affects other
processes which also influence the decontamination factor.

4.1.2 Rupture model.

The rupture models included in the SPARC and BUSCA codes are based on experiments
carried out by EPRI15. It may be observed in these experiments that the initial globule broke
into stable bubbles in a zone situated between the injector and a point located at a distance
equivalent to 10 or 12 times the initial diameter of the globule (rupture zone).

In spite of their common origin, the approach of the two codes to the phenomenon of rupture
is different. In SPARC, the diameter of the globule decreases linearly between the injector
an a point equivalent to 12 times the initial diameter of the globule, where stable bubbles and
smaller globules coexist,

A (1)d = ¿ (i _A__)
G Gl \2dGi

where dG¡ is the mitial diameter of the globule and x the height above the injector. In the
BUSCA model the rupture zone is practically the same, between 1 and 10 times the initial
diameter of the globule. Nevertheless, it should be pointed out that different predictions of
the diameter of the globule under extreme conditions may lead to different estimates of the
rupture zone, with respect to SPARC. Furthermore, unlike the SPARC model, the rupture
is not progressive but occurs when the diameter of the globule exceeds a certain critical
valué. Figure 4.3 shows graphically the different approach to rupture of each code15. Two
criteria are used to estimate this critical diameter: the Weber criterion and the Levich
criterion5.

The Weber criterion, derived from the EPRI experiments23, is based on two hypotheses:
independence between stable bubble distribution and pool conditions and ascending movement
of the bubbles at 24 cm/s. Formulation of the criterion, in terms of critical diameter, is as
per the following expression:
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i5~¿
The validity of this expression depends on the degree of truth of the approaches adopted.

The Levich criterion, which is theoretical in nature, establishes that the globule breaks when
its internal dynamic pressure exceeds the forces of surface tensión25,

(3)

where kf is a numerical constant relating to the friction between phases, taken to be equal to
0.5.

Figure 4.4 shows the evolution of the critical diameter depending on bubble velocity for the
two criteria included in BUSCA, and shows also that throughout the entire range of typical
velocities, the Weber criterion is reached before that of Levich. This observation is general
for the entire range of pool conditions, as demonstrated by the following equation:

(4)
dcr(Levich)

In other words, as Lmplemented in BUSCA, the critical diameter is determined by the Weber
criterion.

The differences between the SPARC and BUSCA models as regards the phenomenon of
rupture are due to ignorance of bubble size distributions in this zone, as a result of which it
is not possible to assess which of the two models is the more appropriate. The
phenomenology associated with globule rupture is little known, and there are no models
capable of predicting the characteristic parameters in the región situated between the injection
and the zone of fully developed flow. It has been found experimentally26'27'28 that the
máximum permissible range of stable bubble sizes should cover the entire volume of the pool
and would be between 1 and 5 cm. Moody2930 found, using basic principies, that the point
of rupture should be located at l/2do.

Finally, the influence of these models on the decontamination factor is closely linked to
submergence of the injection; nevertheless, the sensitivity studies showed that the DF
estimated by SPARC was more sensitive to the rupture zone. Thus, correct characterization
of the diameters in the rupture zone becomes important at low valúes of submergence, where
most of the decontamination would occur in this zone.

4.1.3 Rise regime.

The rise regime characterizes the rise velocity of the swarm of bubbles, this being related
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to the residence time of the gas in the pool. The SPARC and BUSCA models are based on
different correlations, which are summarized in Table 4.3.

Table 4.3 Correlations for swarm rise velocity

Code

BUSCA

SPARC -

Scenario

Ciuster

Ciuster

Plume

Undetermined

Expression1

General Electric model
vc = [1.2 g (a/l-a) d, (Q/ (gd,5)05)04]"2

Colder model2

vc = 2.221 4 0 3 [(1-a) + <x'/3/db°-
5 (Q/0.5812)1'5]

Sjoen model
vp = f(a, z, p0) M,
M,: Parameter of scale

vsw = [v(x=0) + v(x = s/2)]/2
v =[(Q + 5.33)/3.011 1O3]05 [1 - 3.975 104 x]

Ref.

29

6

6

4,31

1 a: Void fraction; db: Bubble diameter; z: Plume width; p0: Hydrostatic pressure at the injector;
s: Submergence

2 International system of units

The BUSCA code simulates two possible rise regimes. Figure 4.5 illustrates the differences
between the ciuster, plume and isolated bubble regimes32. Calvo et al.33 associate continuous
discharges (plume regime) with injections via the quencher and to MCCI type scenarios, and
discontinuous discharges (ciuster regime) with injections via large vents.

The General Electric model is based on the conservation of energy at the point of rupture,
and assumes that the ciuster formed following rupture of the globule is spherical and that the
point of rupture is located at half the initial diameter of the globule. The Colder model
considers that spherical bubbles are grouped in a cubic network of spherical geometry, the
interstitial spacing of which is equal to twice the diameter of the bubble; the bubbles ascend
at the Davies-Taylor velocity and rupture occurs at twice the diameter of the globule. In
spite of their different approaches, both models have similar dependencies on rise velocity.
The Sjoen model is the result of a study of the reléase of oil and gas in seabed drilling
platforms and is based on formulation of mass conservation, momentum and energy equations
in two-phase flow conditions. The SPARC model is based on experiments performed by
General Electric for different injector configurations, orifice diameters, submergences and
flows. Figure 4.6 includes the experimental data for a horizontal vent of 6 inches in
diameter, where wide dispersión between the experimental points and adjustment of the
correlation may be appreciated.

As regards the dependencies of the different correlations, although the Colder model depends
on bubble diameter, as implemented, its uses globule diameter in its place; this may be
related to orifice diameter, as a result of which the dependencies of the two ciuster models
are similar. Furthermore, although the three BUSCA correlations depend on void fraction,
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this is assumed to be constant at a valué of 0.5. The Sjoen correlation introduces an
additional dependence on submergence for estimation of the hydrostatic pressure at the
injector. Finally, in both codes the rise velocity depends on equilibrium flow with the pool;
this is calculated at two different points depending on the code, at the pool half distance
(SPARC) and at the injector outlet (BUSCA).

Figure 4.7 shows the rise velocity obtained with the different correlations versus flow. There
is an interval of convergence at around 1000-10000 cc/s, in which all the correlations except
the Colder correlation approximate. At lower flows the behaviour of the predictions of the
codes is different: in SPARC the velocity remains constant and is greater than that estimated
by BUSCA. At flows of above 10000 cc/s, the predictions diverge progressively.
Furthermore, the Colder correlation predicts a higher rise velocity than that estimated by the
General Electric model, by a factor of approximately 2. This behaviour reflects the
importance of defining the rise regime, since the different rise velocity predictions may lead
to estimates of the decontamination factor of orders of magnitude of difference.

4-1.4 Diameter of the stable bubble.

The diameter of the stable bubble is the characteristic diameter of bubble distribution in the
zone of stability, and is situated between the point at which the bubbles appear and the
surface of the pool. As regards determination of this parameter, the SPARC and BUSCA
codes are based on phase 1 of the EPRI hydrodynamic experiments6-15'23. This experimental
programme was performed in two parts, in the first an analysis was made of the bubble
distribution for the injection of non-condensables (the basis of the BUSCA model), in the
second different mixtures of steam and non-condensables were injected (basis of the SPARC
model). The initial conditions of both phases are summarized in Table 4.4.

Table 4.4 Initial conditions for the EPRI phase I experiments

Parameters

Orífice diameter
Pool temperature
Pressure
Gas composition
Steam fraction
Flow

Injection of
non-condensables

9.9. 12.7 and 20.2 mm
Ambient
Ambient

He, Air, H2

-
0 - 6 g/s

Injection of mixture of
Non-condensables-steam

9.9 mm
10 and 90 °C

Ambient
Steam-Non-condensables

0 - 1
2.2 l/s

In the EPRI experiments it may be observed that the thermohydraulic conditions of the pool
do not influence bubble diameter. The evolution of the mean diameter versus steam fraction
is reflected in Figure 4.8, which shows a slight decrease in mean diameter with this
parameter. indicating that most of the steam condensed prior to rupture of the globule.
Nevertheless, it was also observed that the role played by the steam fraction with respect to
bubble diameter is subject to uncertainties.
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The SPARC model depends exclusively on the fraction of non-condensables at the pool inlet,
and assumes that the estimated bubble diameter remains constant in the zone of stability (in
the EPRI experiments it was observed that in this zone the distribution of the bubbles
remained constant with height). Thus, the average diameter of the volume is estimated by
the following correlation:

J n re 1 n(-0.2285 + ./0.0203 + 0.0313 - O fSTl

a6 = 0.6810 v M v*5'

According to this correlation, the diameter of the bubble would be bound by 0.561 cm (x .̂
= 0) and 0.681 (xDC = 1).

The BUSCA model is based on the EPRI experiments performed using non-condensables,
assuming that the initial diameter of the bubble following rupture is approximately 0.72 cm;
this valué represents the mean of the experimental results for mean volume diameter for
different flows, orífice diameters, submergence and injected gas, given the proximity of these
measures. Thus, on the basis of this initial diameter the BUSCA code estimates the evolution
of bubble diameter depending on the processes of condensation/evaporation and on the
changes in hydrostatic pressure during rise.

For analysis of the ranges of bubble diameter variation, two extreme cases were chosen in
the BUSCA model: máximum evaporation (pools cióse to saturation with injection of non-
condensables) and máximum condensation (cold pools with injection of steam). The results
are shown in Figures 4.9 and 4.10, respectively, where it may be appreciated that the
diameter of the bubble may increase up to 3 cm at the surface of the pool, in the máximum
evaporation case, or decrease to 0.43 cm in the máximum condensation case. Thus, the
estimates provided by BUSCA may give a bubble diameter in the stable zone in excess of
the rupture criterion (which is contrary to the experimental observations on which the model
is based), without allowing rupture to oceur in this zone. Nevertheless, there are several
models similar to BUSCA for determination of the evolution of isolated bubble size27'29'34,
which lend support for the treatment given by BUSCA in extreme thermohydraulic conditions
cases. In spite of everything, and in view of the fact that the bubble is considered to be in
isolation, there are uncertainties associated with bubble interaction in a plume.

As regards the decontamination factor, the possible variations in estimating bubble diameter
with the SPARC code alter the estimation of DF within the same order of magnitude. The
variations in the BUSCA estímate, on the other hand, imply changes of more than an order
of magnitude in DF estimation.

4.1.5 Bubble shape.

Bubble shape is an important parameter because of its relationship with the área of transfer
between the bubble itself and the pool, which may vary with shape for a given equivalent
diameter. The SPARC code assumes that the bubble is ellipsoid. BUSCA, on the other
hand, includes various possibilities: spherical, ellipsoid, spherical cap with different
semiangles and spherical cap with ñxed semiangle.

In the SPARC code, and bearing in mind that a single geometry is considered, the área is
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determined on the basis of bubble size and on the ratio between máximum and mínimum
bubble diameter (a/b). Calculation of the a/b ratio is based on the data from the EPRI
experiment6 (Fig. 4.11), from which the following correlation was obtained:

a/b = 0.84107 + 1.13466 db - 0.3795 d\ í6)

The validity of this correlation is limited to the conditions of the experimental measures:
plume rise regime and diameters between 0.15 and 1.5 cm; bubbles of less than 0.15 are
considered to be spherical (a/b = 1) and those exceeding 1.5 cm ha ve an a/b of 1.47.

In the BUSCA code there are two options available for the determination of shape: user
selection or according to the Grace shape map2635. The a/b ratio is calculated only in the
cases of spherical cap geometry with variable semiangles and ellipsoid geometry. The
expression for this estímate is based on experimental measures for isolated bubbles36 (Fig.
4.12):

a/b = 1 £o<0.8

a/b = 0.8526+0.22498 £o-0.569110~2£o2+0.48610~4£o3 0.8<£o<38.5

a/b = 3.85+7.647210~5(£o -38.5) 38.5<£o<2000

a/b = 4 2000<£o

where Eo is the Eótvos number. However, although the correlation extends to Eotvos
numbers higher than 2000, it may be appreciated in Figure 4.12 that most of the
experimental points are located at Eo < 10.

In the BUSCA code, and given that various bubble geometries are included, the área of
transfer may vary depending on shape for a given size and a/b ratio. In the case of the
spherical cap, both the área of the curved surface and that of the fíat surface depend on size
and semiangle (determined by the a/b ratio). The ellipsoid case is treated similarly to the cap
geometry but with a fixed semiangle (135 °), as a result of which the área of the curved
surface does not depend on the a/b ratio, while the área of the fíat surface, which depends
on the overall surface of the bubble, is determined by size and a/b ratio. In the case of
spherical geometries and caps with fixed semiangles, the área of transfer depends only on
bubble size.

Figure 4.13, which shows the variation of the a/b ratio with bubble diameter, in accordance
with the SPARC and BUSCA correlations, shows that the possible variations in bubble
diameter according to the BUSCA model imply major changes in the a/b ratio.

4.1,6 Bubble rise veiocity.

The veiocity at which an individual bubble rises with respect to the water determines the
veiocity of gas circulation inside the bubble, a parameter which influences the deposition rate
of the mechanisms of diffusion and impaction for particle retention. The SPARC and
BUSCA models for the estimation of individual bubble rise veiocity are semi-empirical in
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nature. Table 4.5 summarizes the different models.

Table 4.5 Correlations for bubble velocity

Code

SPARC

BUSCA

ub
ub

ub
ub

ub

ub

= 7.876 (a/p[)"4

- 1.40713 Ub(dfc

= 1.003 (gr)"2

= f(Re,p,,íi,a,g)

= 2/3 (g Rc)"7

= [asin e - e(l -

Expression

<0.5) db
049275 db

-N. _max

_ ^ -jnax

e2)"2] / e3 (gb)"2

< 0
> 0.

.5 cm
5 cm

Author

Haberman-Morton
y Zuber-Findlay

Wallis

Davies-Taylor

Wairegi

Ref.

37, 38, 39

38, 40

41

42

Rf-: Radius of curvature, r: Equivalent radius, r"1** = 2.33 (a/gp,)"2, e: eccentricity, b: vertical semi-axis

The three correlations of the BUSCA code are limited to the isolated bubble regime, as a
result of which they do not take into account variations in bubble velocity due to the
influence of the rise regime. In addition, the Davies-Taylor and Wairegi correlation implies
additional limitations. The Davies-Taylor correlation is valid for large spherical cap bubbles
with diameters in the range 1.4 - 7.25 cm. The Wairegi correlation, which is a correction
of the former for ellipsoid caps, requires conditions which cannot exist in water pools
without contaminants.

Furthermore, although it is not at all clear how the SPARC correlation was obtained, its
basis (work by Zuber-Findlay) includes the possible effect of rise regime.

Figure 4.14 shows the evolution of rise velocity versus bubble diameter for the different
SPARC and BUSCA correlations. The SPARC correlation fits with the experimental data
provided by Haberman-Morton38 for isolated bubbles of air in puré water, this indicating that
the influence of the rise regime is not over important. The Davies-Taylor and Wairegi
correlations show similar behaviour for an a/b ratio of 1.5; however, although the Wairegi
correlation is not much influenced by shape (Fig. 4.15), the Davies-Taylor correlation shows
strong dependence on the a/b ratio (Fig. 4.16), and is much closer to the SPARC correlation
for large bubble sizes and high a/b ratios, which is only to be expected since large bubbles
tend to have flattened shapes. In addition, the Davies-Taylor correlation approximates that
developed by Wallis for large bubbles with a/b ratios of around 2, the result of coincidence
in the formulation of both correlations for this range.

Finally, in addition to the differences between the correlations used by SPARC and BUSCA
for calculation of rise velocity, there is another difference as regards the formulation of the
two codes. Bubble shape does not alter rise velocity in the SPARC code, while in BUSCA
rise velocity changes with the a/b ratio and with shape.
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4.2 LIMITATIONS OF THE MODELS.

The complexity of the hydrodynamic phenomena expected in aqueous beds in the event of
an accident limits simulation using current calculation codes to a large extent. On the one
hand, most of the existing formulation consists of correlations; in other 'vords, its validity
is related to the range of conditions for which it has been developed. In this respect,
emphasis should be laid on the current lack of an expression describing the behaviour of gas
entering the injection zone at very high Weber numbers. The interest of these'regimes lies
in their observation in sequences of dominating risk (see Chap. 2). On the other hand, there
are possible accident phenomena and bounding conditions which are not modelled. The
following are especially noteworthy in this respect: Churn Turbulent Flow, the wall effect
and the presence of tensoactive materials and contaminants.

As regards the rise regime in pools, the majority of authors make a distinction between
Churn Turbulent Flow and Bubbly Flow37'3843. Churn Turbulent Flow may be understood as
being a transitionary regime between Bubbly Flow and Droplet Flow with the surface
velocity of the gas exceeding an order of magnitude of 0.1 m/s. This is characterized by:
non-stationary, chaotic flow patterns with a high degree of agitation; large irregular bubbles
accompanied by a swarm of smaller bubbles; and the coalescence and disappearance of large
bubbles. These properties contrast with those found in Bubbly Flow as regards essential
aspects such as rise velocity, average bubble size, etc. In particular, Figure 4.17 shows rise
velocity correlated with void fraction; it may be appreciated that there is a large dependence
between the two variables in the turbulent regime, unlike the case of Bubbly regimes where
variation is much smoother. In other words, a precise description of Churn Turbulent Flow
would require the introduction of void fraction as a variable in pool scrubbing codes.
Preliminary models are currently being developed which might be included in calculation
tools such as BUSCA43'44'4546. This would appreciably increase the capacity of pool scrubbing
calculation codes.

In the event of an accident, an enormous amount of materials (i.., fission producís, structural
materials, organic compounds, etc.) might reach the aqueous volumes of the systems. From
the point of view of the effect of this on the properties of the water relating to
hydrodynamics, these substances may be classified as tensoactive compounds and
contaminants. The contaminants alter properties of the médium such as density and
viscosity. Experimental studies have shown that a reduction is rise velocity due to the
presence of contaminating agents was especially important in bubble size ranges of 0.5 - 20
mm (Fig. 4.18). The effect of contaminating agents is especially important in the case of
ellipsoid bubbles, where both the shape of the bubble and its rise velocity may be
modified26'47. Finally, revisión of the multitude of experiments performed in this área has
provided expressions for the estimation of bubble rise velocity in the presence of
contaminants3447. The influence of tensoactive compounds in hydrodynamic phenomenology
is particularly interesting. This type of compounds contains hydrophilous and hydrophogous
groups in the same molecule, such that in aqueous solutions they tend to join at the available
interfaces in order to eliminate the hydrophobe groups from the solution48. Examples of such
compounds are found in a wide range of complex organic compounds. Levich23 made a
theoretical study of the effect of tensoactive compounds on bubbles of 0.01 cm, concluding
that the increase in surface tensión led to these bubbles acting as rigid spheres and thus
introducing a delay factor in rise velocity; for larger bubbles the tensoactive compounds may
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either be located in local zones of the bubble surface, also contributing to reduction of rise
velocity, or be eliminated due to the rapid movement of the fluid.

Finally, in certain accident sequences he gaseous flow carrying the radioactive materials
enters a liquid médium whose continuity is altered by the presence of solid surfaces. The
possible mteraction between these and the injected gas is known as the "wall effect"35'45. In
the SGTR sequence, with thousands of tubes submerged in the SG secondary side, this
phenomenon is highly probable. The main consequences of the wall effect are: aiteration of
bubble shape (axial elongation) and modification of rise velocity. The fact that SGTR is a
dominating risk sequence and the great importance of this phenomenon in this scenario
underline the advisability of developing an including a model for the above.
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4.3 CONCLUSIONS.

The hydrodynamic scenario simulated by SPARC and BUSCA is based on the estimation of
certain parameters. This chapter has made a comparative examination of the formulations,
their ranges of applicability and the ir response to certain scenarios. The following
conclusions ha ve been reached in this study:

The SPARC and BUSCA codes include correlations for the prediction of initial globule
diameter, these having been experimentally demonstrated with different configurations
and injection conditions. Nevertheless, in spite of their wide range of applicability,
these do not cover the high flows typical of accident sequences (jet regime).

The hydrodynamic phenomenology associated with the globule to bubble transition is
poorly characterized. This fact, the consequence of lack of information on this
process, is clear from the different approaches adopted by SPARC and BUSCA in
simulation of the rupture zone. Thus, in SPARC the degradation of the globule into
bubbles'occurs linearly, while in BUSCA this occurs suddenly and depending on
criteria of stability. There are scenarios in which decontamination occurs mainly in the
rupture zone. In these scenarios, the decontamination factor might be heavily
influenced by the evolution of the system in this región.

BUSCA applies two stability criteria to globule rupture: the Levich and Weber criteria.
However, the latter prevails under all conditions, thereby leaving the Levich criterion
as a condition that may never be reached.

BUSCA estimates rise velocity on the basis of the type of venting. Thus, the different
velocities calculated may significantly affect the decontamination factor. SPARC, on
the other hand, bases its formulation on a correlation obtained experimentally,
applicable to different injection configurations and conditions. In this respect, the large
uncertainties associated with the SPARC ccrrelation for this variable points to the
advisability of distinguishing rise velocity depending on vent type.

The diameter of the bubble is one of the most critical points for calculation of the
decontamination factor. The different thermohydraulic approaches used by SPARC and
BUSCA lead to different estimates for this parameter. In SPARC, bubble diameter is
calculated by means of an experimental correlation which depends on the composition
of the inlet gas and is independent of the thermohydraulic evolution of the pool.
BUSCA, on the other hand, starts from an experimental diameter and modifies it
depending on the processes of condensation/evaporation occurring in the pool.

The way in which bubble shape is dealt with in SPARC and BUSCA varíes
considerably. This is manifested both in estimation of the ratio of axes and in
subsequent influence on retention mechanisms.

The SPARC and BUSCA codes deal with rise through consideration of the bubble
regime. Nevertheless, there are uncertainties associated with determination of the rise
regime which will occur in the pool. The Churn Turbulent Flow may be appropriate
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for characterization of pressure suppression pools, as a result of which both the
diameter and the velocity of the bubble may be considerably modified.

The influence of tensoactive agents and contaminating substances on hydrodynamic
phenomenology has been widely demonstrated through experiments. As a result, there
is a correlation for rise velocity and bubble shape. Determination of the importance
of this phenomenology in accident sequences may support the inclusión of these
formulations in the SPARC and BUSCA codes.

In certain accident sequences the wall effect is highly probable. The main
consequences, alteration of bubble shape and velocity, support the advisability of
developing and including in the codes a model for this effect.
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5- PARTICLE RETENTION MODELS.

The partióles suspended inside bubbles crossing fluid beds undergo processes of elimination
that transport them to the liquid volume. Among these processes the following may be
underlined: impaction, sedimentation, centrifugal deposition, diffusion, diffusiophoresis and
thermophoresis. Two zones are distinguished as regards analysis of the influence of the
above on particle retention: injection and rise. In the first, the most relevant bounding
conditions are related to the initial characteristics of the gas. In the second, however, the
phenomenology of the aerosols depends on the behaviour and status of the gas in movement
towards the surface of the pool.

This chapter includes analysis of the particle elimination models in SPARC-904 and BUSCA-
AUG925'6- as well as a study of their importance in terms of relative contribution to the
decontamination factor. Special attention has been paid to submicron partióles, due to the
apparent criticity of their retention12. Finally, this analysis has been extended to include
particle growth models, in view of the cióse link of this phenomenon to the retention
mechanisms. -

5.1 INJECTION MECHANISMS.

The models included in the SPARC-90 and BUSCA-AUG92 codes in relation to the
decontamination factor at the point of injection are presented below, along with a sensitivity
analysis for these models.

5.1.1 Models.

Particle retention at the point of injection may be broken down into two contributions. The
first is applicable to an injection mode and is made up of condensation, inertial impaction and
thermophoresis. The second, included only in SPARC, is specific to injection vía small
orifices. Table 5.1 shows expressions of the decontamination factor for the different
retention mechanisms at the injection, according to the models used by the two codes, and
Table 5.2 shows the different expressions for estimation of the decontamination factor
associated with injector type.

Mention should be made of the different thermohydraulic approaches used by the codes and
their repercussion on particle retention by condensation. Firstly, SPARC assumes
thermodynamic equilibrium at the outlet of the injector, while BUSCA estimates
condensation/evaporation in the bubble throughout the entire period of gas rise in the pool.
Secondly, the calculation of retention by condensation in SPARC is affected by an arbitrary
factor of 3 (Table 5.1).

The concept of additional DF in SPARC is based on the existence of an interval of time
between the initiation of gas ingress in the pool and its rising movement through the liquid.
SPARC considers this period to be divided into two stages: expansión and detachment4.
During both, three processes take place: sedimentation, centrifugal deposition and diffusion.
As a result, DFqch may be written as follows:
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DFqch = DFexpDFdet

aec
i- = n ^ e x p ^det = n

i i

Table 5.1 Removal mechanisms at the injection zone

(1)

Mechanism SPARC BUSCA

Condensation

dm£

~~dt
•v

}

DF = 3-

DF = e

Inertial impaction

DF =
1-Eff DF =

SPARC model

1
1-Eff

Eff=f1(/SU

Eff -
DF =

SUPRA model (Ref. 49)

—±— Eff=f?
1-Eff 2 ' 2dx

Thermophoresis Not modelled
K ;
KgSb

DF = e v

In the case of inertial impaction, the Stokes number is estimated differently by each code,

5tic {SPARC) = P p L / p Stic (BUSCA) = P D P

iS\xd- 18 1 . 6 10~ 4
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Table 5.2 Removal mechanisms of the injection device in SPARC model

Mechanism Expansión Detachment

Sedimentation
2dG

Centrifugal
impaction u r i

16 n^p-i DFdif - e

Diffusion

4p2

5.1.2 Sensitivity analysis.

Sensitivity studies have been carried out in order to determine the relative importance of each
mechanism in particle retention at the point of injection, the variables of influence used being
pool temperature, injection flow, particle size and the solubility or insolubility of the aerosol
injected. The initial conditions established by the analysis scenario are shown in Table 5.3,
the calculation matrix being included in Table 5.4.

Table 5.3 Initial conditions for the injection sensitivity analysis

Pool temperature: 353.2 K
Pressure : 1 atm
Submergence: 2 m
Inlet gas temperature: 423.2 K
Inlet gas pressure: 1.25 atm
Injection volumetric flow: 400 cc/s
Composition of injected gas (mass fraction): 0.9 of N2, 0.1 steam
Orifice diameter: 1 cm
Injector type: Quencher
Aerosol injected and rate: Mo02, 10~6 kg/s
AMMD and GSD: 1 fxm y 1.5
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Table 5.4 Calculation matrix for injection sensitivity analysis

Case

TI

Cl

C2

C3

Flow (cc/s)

400

400

3000

400

Solubility

Insoluble

Insoluble

Insoluble

Soluble

AMMD (pm)

1.0

0.1
1.0
5.0
10.0

0.1
1.0
5.0
10.0

0.1
1.0
5.0
10.0

T(°C)

298.2

353.2

353.2

353.2

xs

0.9

0.1

0.1

0.1

Table 5.5 includes the results for the decontamination factor estimated by SPARC and
BUSCA, broken down by mechanism, for each of the cases included in the calculation
matrix.

Table 5.5 Injection sensitivity analysis results

Case

TI

Cl

C2

C3

AMMD
(/xm)

1.0

0.1
1.0
5.0
10.0

0.1
1.0
5.0
10.0

0.1
1.0
5.0
10.0

SPARC
Impaction

1.00

1.00
1.00
1.01
1.23

1.00
1.00
1.68
8.67

1.00
1.00
3.37
33.10

BUSCA
Impaction1

SPARC
SUPRA

1.00

1.00
1.00
1.02
1.36

1.00
1.00
2.01
13.01

1.00
1.00
1.02
1.36

1.00

1.00
1.00
1.07
2.27

1.00
1.00
6.32
44.86

1.00
1.00
1.07
2.27

SPARC
Condensation

29.60

1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00

BUSCA2

Cond + Therm

2.39

1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00

SPARC
Quencher

1.00

1.01
1.02
1.28
1.96

1.01
1.11
2.72
5.98

1.00
1.03
1.28
1.94

1 Results of the two models in BUSCA for estimation of impaction, the SPARC model and SUPRA
code model.

2 Decontamination factor corresponding to the mechanisms of condensation and thermophoresis, until
thermal equilibrium is reached.
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The results of Table 5.5 show that the retention due to impaction predicted by the two codes
increases with particle size and injection flow. Under the conditions established, submicron
particles are not retained by impaction. Nevertheless, in chapter 2 it was shown that at high
injection rates impaction became a very efficient mechanism, even for submicron particles.
Of the two models included in BUSCA for estimation of inertial impaction, the model taken
from SUPRA predicts a higher DF than that taken from SPARC.

Retention by condensation depends on the steam fraction and the thermohydraulic conditions
of the pool. The BUSCA results show greater conservatism in this respect (it should be
pointed out that the formulation of the SPARC code for retention due to condensation affects
the DF by an arbitrary factor of 3). The SPARC code assumes that the first process to
opérate following injection is condensation, thus allowing the soluble particles to grow, under
suitable conditions, promoting the effect of impaction on retention with respect to soluble
particles. In the BUSCA code, on the other hand, the first mechanism to act is inertial
impaction and, consequently, no sensitivity is shown to the solubility of the aerosol injected.

Finally, the additional decontamination predicted by SPARC for injections via small orífices
(quencher) increases with aerosol size and injection flow. This occurs during the stage of
globule expansión, centrifugal impaction being the mechanism responsible.

5.2 MECHANISMS IN THE RISE ZONE.

Analysis of the elimination mechanisms in the rise zone is based on study of the retention
constant, whose relationship to DF is expressed by means of the following:

DF = e^

1 A
 ( 2 )

where i refers to each individual phenomenon contributing to particle deposition. This
constant of overall retention may be broken don into the individual time constants associated
with each retention mechanism, comparative analysis of which will determine the relative
importance of each mechanism as regards overall retention.

5.2.1 Models.

During the bubble rise period, the SPARC code considers four. retention mechanisms:
gravitational sedimentation, inertial deposition, diffusion and diffusiophoresis. In estimating
the constant of each mechanism for each particle size it assumes that the bubble is ellipsoid
and divides its surface área into 20 zones. In each, it calculates vectorially he total retention
velocity. As a result, the total constant of retention for each particle size is determined by
the following:
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i J ¥

~ xi\
= 27rr.fi ĉos<p 7=1,20 <p =(-£ , ^ f ) (3)

2 2

cos2(p; sin2(p.

where i refers to the mechanism and j to the área subinterval.

The BUSCA code considers the same mechanisms as SPARC and also adds thennophoresis.
In addition, it includes four possible bubble geometries: spherical, ellipsoid, cap with fixed
semiangle (55°) and cap with variable semiangle. Also, and except for the case of spherical
bubbles, it distinguishes between curved and fíat surfaces, where different mechanisms
opérate. AJÍ retention mechanisms are considered for the curved surface, whereas for fíat
surfaces only sedimentation, diffusiophoresis and thennophoresis are considered. The
constant of total retention for each particle size is estimated by means of the following:

_ c c c c c
K C ~ ~ Kg + Kdph + Kdif + Kth + Kimp

K
P -

On the fíat surface each K¡P is defined as follows:

and on the curved surface by the following:

V
(5)

c
K,- =

V
í u; sincpdcp

The critical angle, 6C which appears in (6) is determined on the basis of the balance between
the velocities of the different mechanisms on the curved surface. This angle represents the
threshold angle below which the net deposition rate will be zero or negative.

Table 5.6 presents the expressions of each code for estimation of the deposition rate of each
of the mechanisms.
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Table 5.6 Deposition velocity in the rise zone

Mechanism

Sedimentation

Impaction

Dimisión

Diffusiophoresis

Thermophoresis

SPARC

2

Ug 18n

wimp D

v-N e

dm

*dph

X + X
nc

BUSCA

PpgC
,2

18^X

2.25 £/¿u

p o *

R

i \

M " 1 5 ( ^ ^

c */

dt V

M ms A

8 b

5.2.2 Sensitivity analysis.

In order to compare the retention models included in the SPARC and BUSCA codes for the
rise zone, simplified calculation tools have been developed. These calcúlate the constants
of retention of each mechanism and total retention depending on particle size, in accordance
with the formulations of SPARC (SPC-M) and BUSCA (BSC-M). The fundamental
hypotheses are as follows;: simulation of the bubble at an arbitrary point in the pool rise zone
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(Le., the bubble does not undergo any displacement in the liquid bed); and equilibrium
between the bubble and the pool.

The processes of diffusion, sedimentation and centrifugal deposition are then analyzed.
Calculation of thermophoresis is prevented by the hypothesis of thermal equilibrium.
Diffusiophoresis is independent of size and plays an important role only under conditions
cióse to saturation, when the bubble approaches the surface.

Table 5.7 shows the most significant variables of the calculations performed: temperature,
bubble diameter, a/b ratio and density. The pressure was taken to be equal to 2 bar.

Table 5.7 Calculation matrix for rise zone sensitivity analysis

CB

PR 1
P R 2
PR3
PR4

T(K)

373.2

298.2

db (cm)

0.5

1

a/b

1

4

pp (g/cm3)

1

4.51

Figures 5.1 and 5.2 show the results obtained for the base case. It may be appreciated that
for small particles diffusion is the predominating mechanism, its intensity decreasing as
particle size increases. The effectiveness of inertial deposition and sedimentation, however,
increases with particle size, these being the prevailing processes for particles of the order of
miera. This differing sensitivity with size leads to achievement of a minimum of retention
at KT (Fig. 5.3), the situation being different in SPARC (0.5 ¡xm) and in BUSCA (0.7 ¿un).
This slight displacement is due to the higher diffusion rate calculated by BUSCA and to the
underestimate of deposition by inertial mechanisms.

Both codes use the theory of penetration to estímate diffusion rate. Consequently, the
discrepancies in the constant of retention in the range of submicron particles are the result
of the different way in which evaluation is performed for the variables on which diffusion
rate depends (Le., exposure time). Expression of the velocity of impaction, on the other
hand, is different in SPARC and BUSCA, the former giving higher results. This will be
commented on in detail below.

Figure 5.4 shows the different dependence of retention on temperature (a), bubble diameter
(b), the a/b ratio (c) and particle density (d) during rise time. The influence of the
temperature is very slight and is fundamentally restricted to diffusion rate through the
diffusivity effect.

Both codes show an approximately inverse dependence on bubble diameter. This is due to
the area/volume fraction affecting all the mechanisms.
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Variation in bubble shape ha? an enormous impact on the valué of the constante of retention,
and in particular on the constant of centrifugal deposition. The SPARC code is more
sensitive to shape than BUSCA, the mínimum of retention being displaced to valúes of less
than 0.1 ptm. In spite of there being slight differences in the estimation of K% y K¿, the
fundamental discrepancy between the two codes i related to impaction velocity.

BUSCA estimates impaction velocity assuming that the bubbles are spherical and larger than
5 mm in size. SPARC, on the other hand, considers ellipsoid bubbles. This divergence in
approach leads to fundamental differences in formulation: the use of the radius of curvature
in the impaction velocity denominator in SPARC, and of equivalent radius in BUSCA, and
consideration in SPARC to a gas circulation velocity hose angular part depends on bubble
shape.

us = ty(<p,a,¿0 (16)

as opposed to a surface velocity independent from eccentricity in BUSCA50,

us = 1.5t/tsin<p (17)

The influence of use of the radius of curvature instead of the equivalent radius predominates
over different formulation of the angular part.

Mention should be made, however, that, as seen in chapter 4, SPARC does not calculates
a/b ratios higher than 1.4. This means that the deviations between the results provided by
SPARC and BUSCA discussed in previous chapters would decrease if eccentricity were not
imposed.

5.3 PARTICLE GROWTH.

Soluble particle growth by steam condensation takes on special meaning in the case of pool
scrubbing, where the tendency towards equilibrium favours saturation ratios cióse to the unit
inside the bubble. The resulting change in particle size and density affects retention
considerably. This section includes an analysis of the behaviour of the models of steam
condensation on particles included in SPARC-904 and BUSCA-AUG925'6. In this respect, a
series of sensitivity analyses have been performed on one of the most important variables:
pool temperature.

The particle growth results provided by SPARC and BUSCA are affected not only by
discrepancies in formulation but also by differences in the numerical treatment of the process
in particular, and of the associated thermohydraulic in general. As regards formulation, both
codes are based on the modified Masón equation51; nevertheless, different calculation patterns
may be appreciated in the evaluation of parameters such as the Van't Hoff factor, which is
input data in BUSCA and temperature-dependent in SPARC. To this type of differences,
intrinsic to the equation itself, should be added the thermohydraulic limitation of growth
evaluated in SPARC. Of the two approaches, kinetics and thermodynamics, the code applies
the more restrictive.
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The numerical treatment of growth may influence the results. SPARC uses the classical
resolution method based on discretization of the size intervals52 and the application of
integrated equations. BUSCA, on the other hand, uses the moving grid technique5 based on
tracking of the evolution of particles of mass m¡, solving the system of differential equations.

To all these differences should be added the way in which the codes perform their
thermohydraulic balance, which will provide rates of evaporation and condensation of water
vapour from the surface of the bubble, different in each case. This fact undoubtedly affects
calculation of growth rate.

Analysis of the growth models in the SPARC and BUSCA codes has been performed by
estimating particle size distribution at the inlet and outlet of the pool for two extreme pool
temperature conditions, assuming that no retention mechanism acts on the particles and
imposing in both cases the same time for residence in the pool. Table 5.8 shows the initial
conditions of the sensitivity studies. Figure 5.5 shows the inlet distribution and outlet
distributions predicted by both codes for the two temperature cases, while Table 5.9 presents
the AMMD and GSD valúes for each distribution.

Table 5.8 Initial conditions for growth sensitivity analysis

Pool temperature: 372.5 - 298.2 K
Pressure : 1 atm
Submergence: 2 m
Inlet gas temperature: 373.2 K
Inlet gas pressure: 1.25 atm
Injection flow: 100 cc/s
Nitrogen fraction: 0.999
Steam fraction: 0.001
Orifice diameter: 1 cm
Orientation: Horizontal
Aerosol type and rate: Csl, 10*6 kg/s
AMMD and GSD: 2.5 /xm y 1.5

Table 5.9 Inlet and outlet AMMD and GSD for growth sensitivity analysis

Inlet

SPARC-372.5 K

SPARC-298.2 K

BUSCA-372.5 K

BUSCA-298.2 K

AMMD Qim)

2.5

16.37

3.67

16.63

13.78

GSD

1.5

1.1

1.5

1.5

1.5
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The results of the sensitivity analysis show an increase in size with temperature, with SPARC
showing the greatest sensitivity to variations in temperature. IN BUSCA, on the other hand,
the outlet distributions in both cases are quite similar. The different growth shown by the
particles under identical conditions would, all other things being equal, produce greater
decontamination by sedimentation and impaction in BUSCA, this difference increasing in
subcooled pools.

The different sensitivity shown by the two codes is due fundamentally to estimation of the
difference in the saturation ratio inside the bubble and at the surface of the particle. This is
mainly due to the aforementioned differences. Except in the case of temperature influence
on the Van't Hoff factor, the impact of which is slight, it is difficult to weight the effect of
each discrepancy. It should be pointed out, however, that in view of the calculation scheme
used in SPARC, nodalization of the pool under subcooled conditions may ostensibly affect
the results.

5.4 SUBMICRON PARTICLES.

The size distribution of the aerosois transponed to aqueous volumes under accident conditions
plays an important role in the retention capacity of these systems. This distribution is
conditioned by the phenomena affecting the material released in the primary circuit. Thus,
the competition existing between the processes of nucleation and condensation of fission
product vapours on structural surfaces, and the chemical reactions that the fission producís
may undergo, mean that the particles transported may vary considerably in composition, size
and morphology53. In the LOFT LP-FP-2 experiment, it was concluded that the particles
reaching containment carne from fission producís condensated in liquid aerosois of submicron
size54. Nevertheless, the uncertainties associated with the transpon and deposition of
particles in the primary circuit make it difficult to accurately define the size distribution and
physiochemical characteristics of the particles transported to containment. Consequently, an
approximate range of sizes of 0.1 - 10 ¿im55 is established for aerosois in containment.

The percentage of submicron particles in the material passing through an aqueous bed may
have a considerable effect on the decontamination factor. In this respect, an analysis has
been performed of the sensitivity of the decontamination factor in pressure suppression pools
depending on particle size, the result encountered being that retention efficiency is minimum
for sizes of between 0 . 1 - 1 ¿im36. Likewise, various theoretical calculations made of this
minimum in retention estímate it to in the range 0.1 - 0.2 ¿im49'57. Furthermore, in the
LACE-España experimental programme it was observed that the decontamination factor
decreased considerable in the case of submicron partióles.12.

However, both the theoretical estimates and the experimental evidence of the low efficiency
of aqueous volumes for the retention of submicron particles are limited either to the
approaches adopted in calculation or to the bounding conditions of the scenario simulated in
the experimental programmes. Thus, in the calculations described in chapter 2, and under
the high pool inlet flow conditions characterizing the two sequences analyzed, RHR and
SGTR, the retention of submicron particles estimated by the SPARC and BUSCA codes was
significant.

' 6 '

This apparent discrepancy leads to rationalization of submicron particle retention on the basis
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of retention mechanisms and the bounding conditions characterizing the aqueous bed. As
regards the retention mechanisms, a distinction may be made between processes independent
from particle size (e.g., condensation, diffusiophoresis and thermophoresis) and those
depending on the parameter (e.g., diffusion, impaction and sedimentation). The former may
indirectly affect retention of submicron particles as a result of their growth, under suitable
conditions, with the subsequent promotion of particle size-dependent mechanisms. With
respect to the bounding conditions the different inlet flows to the aqueous volume select the
predominance of certain mechanisms over others. Under low volumetric flow conditions,
diffusion processes predomínate, as a result of which the retention of submicron particles is
small, because of the low capacity of this mechanism for particle deposition. Under high
volumetric flow conditions, however (e.g., jet regime with We of the order 106- 107), the
inertial mechanisms may be effective, this considerably affecting even the submicron
percentage of the particle distribution. This was seen in chapter 2, where the high gas flow
characterizing the sequences analyzed promotes the removal of particles by inertial
impaction.

S.5 LEMITATIONS OF THE MODELS.

The limitations of the SPARC and BUSCA codes as regards retention processes are caused
both by the approaches and hypotheses adopted in deriving the equations governing these
codes and by the non-consideration of phenomena which may take on some importance under
certain circumstances. Both these aspects are dealt with briefly below.

Retention in the injection zone is posed successively by both codes. In other words,
attenuation of the aerosol mass occurs due to the consecutive actuation of various
phenomena. This approach contrasts with the simultaneity of the mechanisms during bubble
rise. Although this fact does not impact the final valué for the decontamination factor in the
injection zone, analysis of the absolute efficiency of each process depends on the population
of particles influenced. Consequently, use of an incorrect phenomenological sequence might
lead to inadequate interpretation of the scenario. In this sense, weighting of the suitability
of the SPARC approach with regard to the instantaneous achievement of thermodynamic
equilibrium between the gas and the liquid is of exceptional importance. The implications
of this hypothesis are various :preference for condensation in ordering of the elimination
mechanisms, immediate growth of the soluble particles and simplification of subsequent
thermohydraulic estimates. In other words, this assumption implies prioritization of the
retention mechanisms at the injection and alteration of the bounding conditions (particle size
and density) of special relevance to subsequent elimination processes. Consequently,
experimental confirmation of this approach would suggest that it is suitable, and therefore
that it should be adopted in other tools such as BUSCA or SUPRA. Otherwise, the results
provided by SPARC in condensing scenarios should be carefully analyzed.

According to SPARC, the entry of gas in aqueous volumes vía small orífices might lead to
the activation of additional particle elimination mechanisms. This effect is based on the
intervention of sedimentation, diffusion and centrifugal deposition during the formation and
subsequent detachment of the globule from the injector. Although the current SPARC
formulation is subject to uncertainties, it has been observed that its relative contribution may
be relevant for certain scenarios.
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As pointed out in section 5.2.2, during bubble rise centrifugal deposition is one of the most
important mechanisms. Both SPARC and BUSCA are affected by certain limitations in their
formulation. The SPARC expression has been developed for ellipsoid bubbles and might be
applicable to spherical bubble, but not to the case of the cap. BUSCA, however, uses the
spherical bubble approach for surface velocity, such that it would not be capable of suitably
dealing with either ellipsoid bubbles or elliptical caps. This fact underlines the advisability
of extending the range of applicability of these equations with regard to shape. Nevertheless,
the situation is not equivalent in the two cases. While in SPARC the limitation to ellipsoid
bubbles is a general hypothesis of the code, in BUSCA it would be linked ordy to the specific
expression of surface velocity.

Bubble shape may undergo fluctuations during rise, especially if this occurs with Churn
Turbulent regime. Such oscillations would cause an ulerease in the efficieney of the inertial
elimination mechanisms, due to the changes in the direction that would oceur in the velocity
of internal gas circulation.

A phenomenon which acts against retention and which is not currently considered is
entrainment. There are simplified calculations for BWR Mark I reactors which demónstrate
the iirelevance of this phenomenon as regards the factor of total decontamination.
Nevertheless, it would be advisable to undertake detailed analysis of such calculations in view
of the progress made in this field, as well as its extensión to other bounding conditions (Le.,
PWRs).
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5.6 CONCLUSIONS

The conclusions of the study of models relating to the capture of aerosols in pools and
included in the SPARC and BUSCA codes are presented below, in the same order as dealt
with in the chapter.

The elimination mechanisms acting in the injection zone may make an important
contribution to overall retention in aqueous beds. These mechanisms become
increasingly important with increasing particle size or under high flow conditions
(when inertial impaction is highly efficient), as well as under conditions favouring
condensation following injection. It should also be pointed out that increasing
retention in the injection zone implies a considerable reduction in the importance of
the rise zone.

The different thermohydraulic approaches adopted by SPARC and BUSCA, and the
order in which the mechanisms opérate may lead to differences in the estimates made
by both models. Thus, the thermodynamic equilibrium approach adopted by SPARC,
along with condensation being considered the first mechanism, affects the growth of
soluble particles, promoting the effect of impaction in comparison to the estimates
made by BUSCA.

The main mechanisms of elimination at the point of injection are condensation,
quencher and inertial impaction. The quencher one is incorporated in SPARC code
as an additional decontamination for injection via small orifices; centrifugal impaction
in the globule expansión zone is the mechanism responsible for this additional
retention.

The different mechanisms of retention in the rise zone show strong dependence on
particle size. Diffusion governs the retention of smaller particles, while gravitational
sedimentation, and mainly centrifugal deposition prevail in the micron range.
Consequently, there is a particle size for which total retention shows a mínimum;
depending on the bounding conditions and the model used, this minimum is situated
in size ranges of 0.1-1

The different approaches used by SPARC and BUSCA for centrifugal deposition
makes the sensitivity of the two codes to bubble shape quite different. In addition,
particle density and bubble shape influence the mechanisms of sedimentation and
impaction in a proportional manner; diffusion, which is independent of density, tends
to decrease with increasing bubble size. Finally, under the conditions studied the
temperature of the pool does not appear to be an influencing variable.

The SPARC and BUSCA codes possess a similar model for estimation of particle
growth; nevertheless, the two codes show different sensitivity to pool temperature.
This varying sensitivity is ftmdamentally the result of the effect of the different
approaches adopted by the codes for thermohydraulic estimations associated with the
saturation ratio inside the bubble.
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The retention of submicron particles depends to an extraordinary degree on the
conditions of the scenario. On the one hand, diere is experimental evidence and
theoretical studies which demónstrate the low capacity of aqueous beds as regards the
retention of submicron particles. On the other, the high inlet flows to the aqueous
volume may promote the intervention of inertial mechanisms on submicron particles
and, in the case of high flows (jet regime), the retention of such particles may reach
important levéis.
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6. THE RETENTIQN QF IQDINE VAPOURS IN AQUEQUS SYSTEMS.

During a nuclear accident, it is possible for part of the fission producís to reach the aqueous
beds in the form of steam. This requires the phenomenology associated with the absorption
of vapours in liquids to be simulated in the pool scrubbing calculation tools. Iodine
compounds are especially important because of their potential radiological impact.

This chapter includes an analysis of the retention of volatile iodine species in aqueous beds.
Firstly, the importance of these species and their contribution to the source term are
qualitatively evaluated. There then foliows a revisión of the available experimental datábase
and analysis of the iodine vapour retention models included in the SPARC and BUSCA pool
codes. Finally, the code models are evaluated by means of sensitivity calculations and with
respect to the experimental databases, and an analysis of the limitations of these models is
presented.

6.1 EVALUATION OF THE IMPORTANCE OF IODINE VAPOUR RETENTION.

The experimental measures performed during the first test of the Phebus-FP (FPT-0) series
indicated that most of the fission producís reach containment in the form of aerosols58.
Nevertheless, it is thought that up to 10% of the iodine entering tite containment my do so
in gaseous form59. A kinetic study performed by the ORNL revealed that the source term
for iodine in containment was mostly cesium iodide (Csl)8. Given the high temperatures that
are reached in the core región during the accident, the iodine species tend to be released in
vapour state; the iodine vapours interact with the médium depending on the thermohydraulic
conditions, the surface available for deposition and residence time in the primary circuit.

The Phebus FPT-0 experimental measures reveal that fission product vapours may condense
easily in the primary circuit, because of the temperature gradient existing in this circuit
during an accident sequence. In addition, fission product vapours reaching a pool at
temperatures lower than the saturation temperature of the component in the vapour state will
condense as a result of homogeneous nucleation, and also heterogeneous if vapour ingress
is accompanied by particles, at the outlet of the injector, small particles forming inside the
globule of gas60.

Furthermore, a large part of the fission product vapours deposited on the structures of the
primary circuit might revaporize during the final stages of the accident. Studies performed
using the MAAP code for the RHR sequence have revealed the importance of this
phenomenon3. Thus, revaporization would imply a delayed source of fission product
vapours. Nevertheless, in certain sequences, such as the V sequence, in which there are long
pipes for transpon, the large temperature gradients might cause recondensation of the
revolatilized vapours61.

The retention of iodine vapours in pools impües an increase in the concentration of iodine
non-volatiles in the pool water, such as iodide (T). The chemical reactions induced by
radiation may transform part of this inventory into volatile iodine species, molecular iodine
(I2) and methyl iodide (CH3I), part of which would be transported to the atmosphere. The
presence of subsequent gas bubbling might promote this transport to the atmosphere due to
an increase in the liquid-gas transfer área, thus establishing a process inverse to
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decontamination.

There are still important uncertainties as regards the chemistry of the primary circuit and the
processes of nucleation9'53'62, as a result of which only a qualitative view may be provided
as regards the importance of vapours in letention pools. However, both revaporization and
the possible transpon of iodine to the atmosphere due to gas bubbling, both subject to major
uncertainties, might give importance to the processes of vapour retention in aqueous systems.

6.2 EXPERIMENTAL PROGRAMMES.

There now follows a revisión of various experimental programm.es of relevance in relation
to the transport of iodine vapours in water pools.

6.2.1 Main observations.

Table 6.1 contains a summary of the main characteristics of the experimental programmes
reviewed.

Table 6.1 Summary of the experimental programmes on iodine retention in water
pools

Organization

PSI
(POSEIDON)

UKAEA

UKAEA

ORNL

ORNL (GE)

Author

S. Güntay

J.J. Hillary et al.

H.R.Diffey et al.

L.E.Standford
C.C. Webster

D.P. Siegwarth
M. Siegler

Ref.

17

19

63

64 65

66 67
68

Gas Injected

Rate not available

Steam (kg/s) : 0-3.992
Air (kg/s): 0-3.311

% Air/Steam: 0.01-0.1

% Air: 0 y 2
Steam (kg/s): 0.025-

0.075

Air-Steam

Injector

Vertical
d,: 0.5-9 mm

Vertical
d,: 10 cm

Vertical
d,:3 and 50

mm

Vertical
d,: 1.72 cm

Vertical

Submergence
and

Temperature
(°Q

l - 4 m
T : 21, 40, 60

61 and 30.5
cm

T: 10

6 and 50 mm
T: 28 y 50

1.22 m
T: 10- 38

1 - 4 ft
T: 32.2 - 66.6

The different experimental programmes on the retention of iodine vapours have shown that
the decontamination factor depends on geometric and physiochemical parameters, on the
species of iodine injected and on the presence of certain impurities and chemical additives
in the pool.
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As shown mainly by the POSEIDON17 and ORNL (General Electric)66'67'68 experiments, the
most relevant geometric parameters are submergence of the injector and the diameter of the
orífice. Submergence increases the residence time of the gas in the pool, and consequently
the decontamination factor17. Injection via small orifices contributes to the formation of
smaller bubbles, thus increasing the transfer surface and DF17.

Especially outstanding among the physiochemical parameters are the steam fraction in the
inlet gas, the temperature of the pool and the mass of iodine injected, variables which are
studied in several of the experimental programmes shown in Table 6.1. The presence of
sufficient water vapour in the inlet gas for the thermohydraulic conditions in the pool to
promote condensation of part of this vapour contributes to elimination of part of the iodine
present inside the gas, as was concluded in the UKAEA (Hillary19 and UKAEA (Diffey)63

experimental programmes. For its part, temperature has a complex influence, since it affects
diffusion, the coefficient of partition, the chemical reactivity of iodine and, under certain
favourable conditions, may promote evaporation inside the bubble. Consequently, the effect
of temperature on DF depends on the balance of all these processes which are affected by
temperature. 'Nevertheless, in the ORNL (General Electric) experiments, the DF of CH3I
was seen to decrease with increasing temperature66'67'68. Finally, the chemical reactivity of
iodine in the liquid phase, which depends to a large extent on the mass of iodine present,
may under certain conditions affect the retention of iodine in the pool63.

Of the experimental programmes shown in Table 6.1, a distinction may be made as regards
the ORNL programme6463, which examined the transpon of iodine dissolved in the pool by
the subsequent bubbling of a gaseous mixture. In all the tests it was found that the mass
released to the atmosphere was less than 1.8% of the mass injected.

Furthermore, the volatility of the iodine species injected has a considerable influence on DF,
as was shown by the UKAEA (Diffey)63 and ORNL (General Electric)66-67'68 programmes.
CH3I is a highly volatile species and has a very low coefficient of partition in the temperature
range 25-150 °C, as a result of which its retention by aqueous system is of low efficiency.

The role played by chemical additives has not been widely explored. Nevertheless, mention
might be made of the UKAEA (Diffey)63 and ORNL66'67 experiments, which showed that
certain chemical additives in the pool might favour chemical reactions tending to decrease
the volatility of the system, thus increasing the decontamination factor.

Finally, the UKAEA (Diffey) experimental programme might be underlined as being the best
suited for evaluation of the models of the codes with respect to experimental data, mainly due
to the availability of sufficient data for input to the SPARC and BUSCA codes. For this
reason, this experimental programme is described in greater detail below.

6.2.2 UKAEA (Diffev) experiments.

Diffey et al. performed a series of experiments at the UKAEA with a view to investigating
the retention in pools of the most important iodine species, from the point of view of accident
conditions. T this end they used two different experimental tacihües. The objective of this
experimental programme was to investigate the following: the elimmation of iodine species
by varying the proportion of inlet air, the effect of injector size, steam velocity, the content



75

of air in the flow and submergence (Tables 6.2 and 6.3).

In bofh facilities, the decontamination factor showed a clear increase with steam fraction for
molecular iodine and hydrogen iodide (Figs. 6.1 and 6.2 respectively). The decontamination
factor for methyl iodide is lower than 10 and shows only a slight influence as regards the
steam fraction in the inlet gas.

Table 6.2 Experimental conditions in the UKAEA small-scale facility

Steam velocity: 34 m/s
Air/steam mass fraction: 0.01 - 0.1
Pool geometry: 10 1 volume
Injector geometry: 3 mm diameter, vertical injection
Submergence: 6 cm
Pool temperature: ~ 28 °C
Species and-mass injected: I2, CH3I y HI, 10"8 - 10"4 M in final concentration

Table 6.3 Experimental conditions in the UKAEA large-scale facility

Steam velocity: 275 m/s
Air/steam mass fraction: 0.1
Pool geometry: 500 1 volume
Injector geometry: 50 mm diameter, vertical injection
Submergence: 50 cm
Pool temperature: 50 °C
Species and mass injected: I2, CH3I, 10"8 - 10"4 M in final concentration

The main conclusions which may be ürawn from the UKAEA (Diffey) experimental data are
as follows:

The retention of molecular iodine in water pools depends on air flow, the final
concentration of iodine in the pool and its chemical reactivity. Dependence on air flow
refers basically to the proportion of air in the inlet gas.

The concentration of iodine in the water has an important influence on the
decontamination factor. At low concentrations (< 10"6 M), an important fraction of the
iodine reacts with the water or with impurities giving low volatility compounds and
contributing to increasing the coefficient of partition, and consequently DF.
Nevertheless, some of these reactions are reversible (e.g., hydrolysis), as is shown by
the loss of iodine dissolved in the water by partition vía the surface. For their part the
impurities may increase the chemical reactivity of the iodine.

The temperature of the pool is another variable, of great influence; it affects the
coefficient of partition in equilibrium, the kinetic constants of the chemical reactions
and the coefficient of diffusion of the species injected.
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The condensation of steam increases the rate of transfer to the pool in the small-scale
facility but has little effect in the case of the large-scale facility. This may be due to
greater turbulence in the air bubbles in the large-scale facility and to the fact that the
larger submergence of this installation affects residence time.

The evolution of the concentration of CH3I in two different cases shows the same
behaviour once the source of the species has ceased, an exponential drop that shows
that the CH3I is rapidly lost from the water in the pool by partition to the atmosphere
as a result of its high volatility.

The use of certain chemical additives in the pool may increase the decontamination
factor.

6.3 IQDINE VAPOUR RETENTION MODELS.

The models relating to the retention of iodine vapours and included in the SPARC and
BUSCA codés are described below. Likewise, the most relevant parameters for both models
are established and the sensitivity analyses are presented.

6.3.1 SPARC.

In the SPARC code, the retention of I2 and CH3I is formulated by estimating the
decontamination factor for each species. Retention is considered to occur in three different
regions: in the priman/ circuit, at the outlet of the injector and in the bubble rise zone4.
Given that the ñrst zone refers to the primary circuit and is optional, the model formulated
for the other two zones will be described.

In the injection región the entry gas is assumed to instantaneously reach equilibrium with the
thermodynamic conditions of the pool; under conditions of sufficient water vapour at the
inlet, this may lead to condensation of part of this water vapour and, therefore, to the
retention of part of the iodine released. The decontamination factor for I2, due to the effect
of early condensation, is defined as being the ratio existing between the molar fraction of
non-condensables under equilibrium conditions and the molar fraction of non-condensables
in the entry gas:

eq

DF - Xnc
ecJ> x

(1)

eq = 1 - —
P

where ps and p are the saturation pressure at the pool temperature and total pressure,
respectively.

The decontamination factor for CH3I as a result of the effect of early condensation is defined
as follows:
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DFec,CH3I = 7q

C - Xm n (2)
1 - lBHr

RTp

where R is the constant of ideal gases; T is the temperatura of the pool; Q is the density of
the pool and Hc^y is the coefficient of partition of CH3I, defined as follows:

(3)= i
10 ("1 3 8 8-8 9 / r +

Quantitative analysis of expression (2) shows that the early condensation decontamination
factor for CH3I is very cióse to the unit. The effect of early condensation on the retention
of this species is offset to a large degree by its high volatility, as a result of which its hardly
contributes to the decontamination of CH3I.

In the bubble rise región, retention is assumed not to be applied to the fraction of gas
associated with the globule; the decontamination factor is defined by the following
expression:

DF. = - i = L,CHJ

where fg and fb are the fraction of gas in the globule and the bubble, respectively, and DFb

is the decontamination factor of the bubble

DFb - e

with db being the diameter of the bubble, t the time and </>¡the volumetric diffusion flow of
each species

where Vd', is the overall velocity of diffusion, 0¡ a factor accounting for vaporization and
Sb the surface of the bubble. The overall diffusion rate is estimated on the basis of the
theory of film penetration, assuming a double layer (gas-liquid) at the interface and applying
a correction factor to diffusion rate in the gas phase to account for the fact that the
concentration at the interface is not zero.
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v- _ v- s " llh : _ T rH r (7)

where V'dg is the diffusion rate of species i across the gas in the bubble, [ i ]g is the
concentration of species i inside the bubble and [ i ]g

int is the concentration of this same
species on the gaseous side of the gas-liquid interface; this is estimated on the assumption
of mass conservation:

i = I2,CH3I (8)

where H¡ is the coefficient of partition at the interface for each species and [i],**1 is the
concentration inside the aqueous phase.

The factor 0¡_ which accounts for vaporization, may have an important influence on the
decontamination factor and is related to the quotient of evaporation rate versus overall
diffusion rate. Its valué is situated between 0 (if the rate of evaporation is five times that of
diffusion) and 1 (when there is no evaporation). If both rates (evaporation and diffusion)
were strictly the same, the diffusion flow would be only 20% of that which would exist under
the same conditions in the absence of evaporation.

As regards I2, SPARC considers that its concentration inside the aqueous phase is that
corresponding to chemical equilibrium. In this respect the Eggleton model69 has been
implemented:

3279.3

/2(g) **/2(Q kx = 1.388210"3 e T

1370

/,(/) + T ** I¡ k, = 7.7606 e T

-7148
T (9)/,(/) + H2O ** H* + /" + HOI k3 = 1.042310"" e

-1748

I2(F) + H2O <- H2OI* + I' kA = 4.227110'9 e T

5462.8 _ 1.87376106.

H2O - H+ + OH' k5 = 1.5653110"13 e T T*

There is, however, no chemical model for CH3I in the aqueous phase.

The coefficient of partition at the interface is given by the quotient of the total concentration
of iodine on the aqueous side of the interface versus the equilibrium concentration in the gas
phase:
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u f0T u fOT

H, = ^ L _ = . M _ (10)
u2rs

q u2t
q

6.3.2 BUSCA.

The BUSCA code possesses a model for the estimation of the decontamination factor of I2

in water pools; unlike SPARC, BUSCA includes only this species in its model. The
decontamination factor is given, depending on the shape of the bubble, by the foUowing5'6:

2n1 / 2 ( Í /T)3 / 2
 C . • ,LL_¿— Spherical cap

DF = e^ Spherical Bubble

where:

3 1
P = 1 - —eos® + —cos3$

2 2 (13)
= (— + — COS#)1/2(1 - COSÍ»)

3 3
i _ J i

" *2Qr(H + ( V

with t being residence time, $ the semiangle of the bubble, He, the Henry constant (reverse
of the coefficient of partition) and D, and Dg the coefficients of diffusion in the liquid and
gaseous phases, respectively. The equilibrium coefficient of partition inside the liquid is
estimated by interpolation with temperature, according the Max Furrer data70.

While in SPARC thermodynamic equilibrium is assumed to exist between the gas and the
pool, the DF estimated corresponding to initial condensation, in the BUSCA code the process
of condensation is estimated throughout the entire rise period. Furthermore, BUSCA
considers that the process of diffusion contains two different contributions: diffusion via the
curved surface of the cap and diffusion across the fíat surface of the base of the bubble.
Thus, the concentration of I2 inside the bubble is given by the following:
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¿-{CV\ = -Fc - FB (14)
dt

where F c and FB are the flows of the species across the curved surface and the base of the
bubble, respectively, generated by resolving the diffusion equation for each surface. The
diffusion equation for the base of the bubble assumes that: diffusion across the fíat surface
does not depend on rise velocity, there is no concept of interface and concentration in the
aqueous phase is zero:

8Cr
— = D,

dz
cL(z=0,t) = He'

lC(t)
c£(z-W) = 0

cL(z,t=0) = 0

where z is measured vertically and downwards from the base of the bubble. The diffusion
equation for the curved surface is given by the following:

de, de, d~c,
s ds n 3n lu

ds n 3n ldn2

cL(n-oo) «. 0

cG("~-°°) " C(í)
co(n=Q) = HecL(n=0)

dcr de,
s dn "-0 ' dn U=o

where un and us are the normal and tangential components of bubble velocity, respectively.
The diffusion equation for the curved surface and its bounding conditions reveáis certain
differences with respect to formulation of the fíat surface. These centre mainly on
consideration of the interface and the influence of bubble rise velocity. Analogously,
attention may be brought to the hypothesis of considering a zero concentration of iodine in
the aqueous phase. In this way, correction of equations (13), (14) and (15) gives the final
expression for the decontamination factor (expression (11)).

6.3.3 Sensitivitv analvsis.

Reviev»' of the experimental programmes on the retention of vapours in pools showed that
variables of a physiochemical nature, such as the temperature of the pool, the mass of iodine
injected and the fraction of steam in the inlet gas, might have a large influence on the
decontamination factor. Consequently, the sensitivity analysis for the SPARC and BUSCA
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codes has been limited to these variables.

6.3.3.1 Calculation matrix.

The initial conditions for sensitivity analysis correspond to the scenario of the LACE-España
experimental programme12, which was representative of the scenarios typical of the sequences
dominating risk (Table 6,4).

Table 6.4 Initial conditions for iodine retention sensitivity analysis

Inlet gas temperature: 150 °C
Inlet gas pressure: 2.25 atm
Pool temperature: 25, 100 °C
Pool surface pressure: 1.973 atm
Pool volume: 3.53 m3

Volumetric inlet flow: 400 cc/s
Submergencer 200 cm
Diameter of orífice: 1 cm
Injection time: 1 hour
Iodine flow and final concentration: 9.8 10"7 mol/s (lO"6 M), 9.8 10'5 mol/s (KV4 M)
Air flow: 0.752 g/s (no steam), 0.226 g/s (air/steam)
Steam flow: 0.327 g/s

6.3.3.2 SPARC results.

The overall decontamination factor estimated by SPARC is shown in Table 6.5. The pH of
the pool was estimated at between 4.8 and 6.2 for I2 and at between 6.1 and 7.0 for CH3I.

The main observations that may be made with regard to the retention of I2 are as follows:

Given the temperature and the final concentration of iodine in the pool, the
decontamination factor increases when there is a sufficient quantity of water vapour
present in the inlet gas to favour the process of condensation.

At high final concentrations of iodine (10~4 M), the decontamination factor decreases
with increasing temperature, while at low concentrations (1CT6 M), the behaviour is the
reverse (i.e., the decontamination factor increases with increasing temperature).

Given the proportion of air in the inlet gas and the temperature, the decontamination
factor increases with low final concentrations of iodine (ÍCT6 M).
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Table 6.5 SPARC results for iodine retention sensitivity analysis

Case

11
12
13
14
15
16
17
18

011
012
013
014

Gas Injected

Air
M

n

n

Air/steam
M

11

TI

Air

Air/steam

Species

CH3I

T (°C)

100
100
25
25
100
100
25
25

100
25
100
25

Concentration
(M)

10^
10"6

1O4

10"6

10-4

10-6

ío-4

10-6

10-6

"
11

M

DF

32.86
56796.00

550.93
3800.00
117.63

194150.0
0

1275.70
8803.10

1.39
4.05
1.67
6.25

With regard to CH3I, the main observations which may be made in relation to the results
provided by SPARC are as follows:

In all cases, the decontamination factor for CH3I is particularly small and decreases
with increasing temperature.

The presence of water vapour in the inlet gas hardly affects the decontamination factor.

The presence in the injected gas of sufficient water vapour leads to rapid condensation at
the outlet of the injector, and to thermodynamic equilibrium with the pool. This initial
condensation has a series of implications as regards the decontamination factor. On the one
hand, the condensation of steam entrains part of the iodine present in the gas, this
representing the first stage of decontamination. On the other hand, the diameter of the
bubble decreases as a result of steam condensation, thus increasing the ratio between área and
volume, and with it the decontamination factor. In addition, the presence of water vapour
inside the bubble alters other parameters during the rise period; the diffusion rate in the gas
increases and the rise velocity of the swarm of bubbles decreases, this increasing the
residence time of the gas in the pool. These variations also contribute to increasing of the
decontamination factors in the cases of air/steam injection.

In the description of the SPARC model, it was seen that decontamination of iodine species
is governed by diffusion inside the bubble. The diffusion rate is proportional to a factor in
which the concentration of the species at the interface plays a vital role. The different
bounding conditions applied to I2 and CH3I lead to wide variations in the predictions for both.

In the case of L, the chemical reactions occurring in the aqueous phase may alter the
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bounding conditions. Among these reactions, attentionmay be brought to hydrolysis, which,
under certain conditions of pH, concentration and temperature, is capable of transforming
a large part of the I2 into non-volatile species. In the case of low concentrations (1CT6 M),
hydrolysis considerable reduces the concentration of iodine in the aqueous phase and also
leads to an Increase in the coefficient of partition at the interface. This leads to a large
reduction of the concentration on the gaseous side of the interface, which in turn leads to a
high decontamination factor. With increasing pool temperature, the efficiency of the
hydrolysis ulereases, and with it the decontamination factor. In the case of high
concentrations (10"4 M), however, the amount of I2 remaining in equilibrium is substantial,
as a result of which the transport of mass across the interface is not so effective, this leading
to a greater accumulation of iodine on the gaseous side and to a lower decontamination
factor. With increasing temperature, the effect of hydrolysis cannot counteract the reduction
of the coefficient of partition, and the decontamination factor decreases.

Finally, and as regards CH3I, this species does not undergo any chemical reaction and its
coefficient of partition is very low (reflecting its high volatility). Thus, the decontamination
factor is in all cases very small and decreases with temperature. In addition, early
condensation hardly influences the initial decontamination factor, as a result of which the
slight increase in this parameter which occurs in the case of air/steam injection should be
attributed to the smaller size of the bubbles, condensation effeets and increasing diffusion
rate in the gas phase and gas residence time in the pool, the effect of steam inside the
bubbles.

6.3.3.3 BUSCA results.

The BUSCA model includes a single species of iodine, I2, in its retention model, as a result
of which the calcuiations for BUSCA are limited to those cases in the calculation matrix in
which the injected species was I2. The results provided by BUSCA are shown in Table 6.6.

Table 6.6 BUSCA results for iodine retention sensitivity analysis

Case

11
12
13
14
15
16
17
18

Gas Injected

Air
•i

M

ti

Air/steam
II

TI

II

Species

I2

T (°C)

100
100
25
25
100
100
25
25

Concentration
(M)

ío-1

lO"6

10^*
io-6

ío-4

io-6

io-4

io-6

DF

3371
3369
12970
12880
10540
10720
37600
39630

The main observations that may be made with respect to Table 6.6 are as follows:

The decontamination factor increases by a factor of approximately 3 in the cases of
air/steam injection, with respect to the injection of air alone.
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The final concentration of iodine has practically no influence on the decontamination
factor.

The decontamination factor decreases with increasing pool temperature.

The BUSCA code estimates steam condensation throughout the entire rise stage, the effect
of which leads to an increase in the decontamination factor. In addition, the simplicity of
the bounding conditions imposed in the BUSCA diffusion equations (cL(t, oo)^0) lead to the
predictions not depending on concentration. Finally, the increase in temperature leads to a
reduction of the coefficient of partition regulating mass transport across the interface, and
consequently to a reduction in the decontamination factor.,

6.3.3.4 Discussion.

The results provided by SPARC and BUSCA show large discrepancies. Firstly, the BUSCA
predictions, unlike those provided by SPARC, are not sensitive to the final concentration of
iodine. Secondly, in comparison with SPARC, BUSCA considerably overestimates the
decontamination factor, in all cases except low concentration and high temperature. These
differences arise mainly as a result of the different approaches of the codes with respect to
two points: estimation of the concentration of iodine on the gaseous side of the interface and
the geometric treatment given to the bubble.

There are three differences as regards this last point: consideration of the gas-liquid interface
curve in BUSCA, as opposed to the fíat interface assumed in SPARC, división of the surface
of the bubble into a curved and a fíat part in BUSCA, and the different modelling of the
phenomenon of diffusion for each part of the surface in the BUSCA model. These are
presumably the reason for the quantitative discrepancies between the predictions made by
SPARC and BUSCA.

As regards relationships with the concentration at the gaseous interface, BUSCA estimates
this on the basis of the coefficient of partition of molecular iodine, while in SPARC it
depends on the chemical reactivity of the iodine in the aqueous phase and on the coefficient
of partition of the liquid system. The high reactivity of the liquid phase in the cases of low
concentration and high temperature leads to a higher decontamination factor.

Finally, both codes predict a very similar increase in the decontamination factor in the case
of air/steam injection (a factor of the order of three); this leads to agreement between the
codes as regards estimates of the effect of condensation, in spite of their different approach
to the process.

6.4 EVALUATION OF THE MODELS.

The UKAEA (Diffey)63 experimental programme has been used by different authors to
evalúate models. The experimental data relating to the small-scale facility have served for
the evaluation of the vapour retention model in the SPARC code71. although the results of
the code do not figure in the reference documentation. Likewise. in evaluation of the
SUPRA model. the small-scale facility experimental data for CH3I were used49. The results
provided by SPARC and BUSCA are presented and discussed below, in relation to the
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experimental data of UKAEA (Duffey). Likewise, an overall analysis of the models of the
two codes is presented, with reference to their limitations.

In the UKAEA (Diffey) experimental programme, I2 and CH3I retention tests were performed
using the two experimental facilities. In view of the differences in temperaoire, and certain
geometric parameters, between the tests carried out in each facility, a calculation matrix has
been developed including the experiments for both Ínstallations, in order to increase to the
extent possible the range of conditions to be evaluated. This calculation matrix required two
approaches: in the large-scale facility measures were taken i a time interval of 20-60 minutes,
since injection time was not available, this being assumed to last 60 minutes. The data on
mass iodine injected were given indirectly on the basis of the range of final concentrations
in the pool; in view of the amplitude of this range, the extremes were included in the matrix.
Table 6.7 shows the calculation matrix for evaluation of the models.

Table 6.7 Calculation matrix for iodine retention model assessment

Species

% air/steam

Final concentration of iodine
in the pool (M)

SMALL-SCALE FACILITY
Injection time 30 minutes

I2

1 10

Low Conc. High Conc.
4.0 10"8 - 1.6 10-6 2.5 10"6 - 1.6 10"4

CH3I

1 10

5.0 10-9 - 4.0 10"6

LARGE-SCALE FACILITY
Injection time 60 minutes

Species

% air/steam

Final concentration of iodine
in the pool (M)

I,

1

Low Conc.
4.0 10"8 - 1.6 10-*

10

High Conc.
2.5 10-6 - 1.6 10a

Table 6.8 shows the predictions relating to the decontamination factor in SPARC and
BUSCA compared with the experimental results for each of the cases in the calculation
matrix.
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Table 6.8 SPARC and BUSCA results versus the experimental data from UKAEA
(Diffey)

Case

IA1

IA2

IA3

IA4

IA5

IA6

IA7

IA8

Species

I,

I,

h

I,

CH3I

CH3I

I,

I:

% air/steam

1

10

1

10

1

10

10

10

[IJ (M)

4.0 10-8

1.6 10"*

4.0 10"8

1.6 10"6

2.5 10"*

1.6 10-1

2.5 10^

1.6 10-4

5.0 10-9

4.0 10"6

5.0 10-9

4.0 10'6

4.0 lO'8

1.6 10"*

2.5 10'6

1.6 10-1

T(°C)

28

28

28

28

28

28

50

50

SPARC
DF

516.4

375.6

53.3

39.0

351.7

277.0

36.5

28.8

1.07

1.07

1.067

1.067

3691.8

35.6

18.2

2.7

BUSCA1

DF

-

-

-

-

-

-

729.6

731.0

731.1

786.9

DFExp

2120

232

390

29

3.72

1.59

908/1695 :

11

' The results of the BUSCA code are liraited to the cases for the large-scale facility, since there is a lower
limit of 0.25 m for submergence in the pool.

2 The two valúes represent two intermedíate experimental points in the concentration range, probably measured
at different iodine concentrations in the pool.

The experimental data shown in Table 6.8 represent experimental measures of the
decontamination factor for a given concentration of iodine in the pool, this being an
intermedíate valué in the range of concentrations analyzed. The absence of data on the exact
valué of iodine concentration corresponding to each measurement led to the preparation of
two cases for each point in the experiment, corresponding to the two extremes of the given
iodine concentration.

As shown by the results included in Table 6.8. the decontamination factor of I2 estimated by
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SPARC had the same tendency as the experimental data from the small-scale facility, this
decreasing by approximately an order of magnitude with increasing proportions of air in the
inlet gas, and increasing in the case of low concentrations. In addition, the decontamination
factor shows greater theoretical-experimental agreement in the cases of high final
concentration. As regards CH3I, the decontamination factor estimated by SPARC is
practically equal to the unit.

As regards the results referring to the large-scale facility, SPARC predicts the same tendency
as shown by the experimental data (Le., the decontamination factor is greater in the cases
of low iodine concentration). BUSCA, on the other hand, predicts a practically constant
decontamination factor with iodine concentration, but shows good agreement in the case of
low concentration.

Given the uncertainties associated with the wide range of iodine concentrations in the pool,
these results are of little use for code validation; nevertheless, and at the qualitative level,
the tendencies predicted by the two codes may be compared and rationalized. In SPARC,
the chemical reactions formulated in the liquid phase affect both the concentration of iodine
in the pool and the coefficient of partition at the interface, as a result of which its predictions
are highly sensitive to the mass injected. BUSCA, on the other hand, assumes the
concentration of iodine in the pool to be zero, as a result of which it predicts a high
decontamination factor regardless of the mass injected.

6.5 LEVIITATIONS OF THE MODELS.

The approaches and hypotheses on which the gaseous iodine retention models are based in
SPARC and BUSCA are responsible for the accuracy of the estimates performed. However,
this is even more important as regards the effect on their capacity to simúlate foreseeable
accident situations. Certain of the limitations presented by these models are presented below,
for application to other scenarios difierent from those analyzed in the previous section.

In certain sequences dominating risk, in both pressurized water reactors (SGTR) and boiling
water reactors (TB1), the gas flow passes through the pool after retention of a fraction of
the more volatile fission producís (i.e., iodine, cesium, telerium) has occurred. The resulting
gamma radiation field allows a part of the iodide present to oxidize to molecular iodine.
Furthermore, the ingress of a multitude of compounds of varying origin implies large
uncertainties as regards the pH of the pool, this being a determining factor for the inventory
of molecular iodine in the liquid phase.

The importance of the scenario described in the previous paragraph is related to its potential
for increase of the source term. Gaseous bubbling in a contaminated pool increases the
surface área for liquid-gas interchange and, therefore, leads to a reduction in the efficiency
of the aqueous bed as a final sink.

The BUSCA code does not contémplate this situation. Implementation of the I2 diffusion
model from the bubble is based on the zero concentration of this species in the liquid. This
bounding condition prevents reproduction of the "reverse diffusion" phenomenon (i.e.,
transport of iodine from the Hquid to the bubble.
The SPARC code, on the other hand, is not limited to single-direction gas-liquid diffusion.



88

In other words, it allows I2 to accumulate inside the bubble at the expense of the transfer
occurring in the liquid. SPARC, however, ignores two fundamental facts: the effect of
radiation on the total dissolved mass and the presence of other factors other than the chemical
transformation of I2 or the presence of CsOH and RbOH as pH conditioning factors.
Consequently, and in spite of its having a wider scope than BUSCA, in the situation posed
it is to be expected that the estimates provided by this code will be inaccurate and not
necessarily conservative.

It is important to underline the fact that the two limitations indicated above regarding
radiolytic chemistry and pH extend beyond the scenario described. Thus, even in the case
of the mass of iodine entering in the aqueous bed doing this in the form of iodide, the
radiation would be capable of generating molecular iodine susceptible to being transferred
to the gas phase.

This revolatilization takes place both in the presence and the absence of late bubbling
through the pool72. In addition, the pH influences both the radiolytic reactions and the
thermal reactions8 (Le., I2 hydrolysis). That is to say that it is an essential condition for an
acceptable approach to be achieved with respect to the bounding conditions governing the
retention of iodine species in aqueous volumes.

Due to its not including a chemical model, the BUSCA code is equally affected by these
limitations. To these should be added the fact that species other than I2 for example organic
iodides, are not considered.

The critical analysis performed underlines the importance of the following: simulation of
vapour diffusion as a reversible process and achievement of suitable modelling of the
chemistry of the sink. As regards the reactivity of the iodine in the aqueous phase, two
alternatives are established: providing the pool retention codes with a complete model capable
of evaluating variables such as pH, or coupling of these tools with others of a chemical
nature which will supply information on the inventory of the species at each moment in time.
In the opinión of the authors, the last of these options is the best since, as well as avoiding
the complications involved in implementing an overall model of the chemistry of iodine in
the current tools, it would allow consideration to be given to the most realistic bounding
conditions for species such as organic iodines'3.
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6.6 CONCLUSIONS.

The following may be underlined as being the final conclusions, presented in the same order
as used in the work:

Retention of iodine vapours in aqueous beds may be important in reducing the source
term. The uncertainties existing as regards processes such as revaporization and
phenomena such as the transpon of iodine from the pool to the atmosphere as a result
of gas bubbling confer a great deal of importance on research into this phenomenon.

As a result of the review of the experimental programmes referring to the retention
of iodine species in water pools, the importance of certain geometric and
physiochemical parameters from the point of view of retention efficiency may be
underlined. The geometric parameters having the greatest influence on DF are
submergence and the diameter of the injector; the most important physiochemical
parameters are the steam fraction in the inlet gas and the temperature. The UKAEA
(Diffey) experiments underlined the role played by hydrolysis reaction with respect
to the decontamination factor, as a result of which the aqueous concentration of iodine
and pH may be parameters having an additional influence.

Both SPARC and BUSCA models for the retention of volatile iodine compounds are
based on the penetration theory of diffusion. It is worth to mention the absence of any
model for organic compounds in BUSCA code.

The different approaches used by SPARC and BUSCA for estimation of the
concentration of iodine in the gaseous interface lead to different sensitivities in the
estimates of the two codes. In this respect, mention might be made of inclusión in
the SPARC model of chemical reactions in the aqueous phase influencing the
concentration of iodine at the interface. In addition, the different geometric treatment
given to the bubble in both models has a considerable influence on quantitative
predictions.

The effect of radiation and the importance of pH in the chemistry of iodine under
accident conditions suggests that the vapour retention models might be coupled with
chemical models capable of predictmg the mventory of iodine species at each moment
in time. This would lead to the establishment of more realistic bounding conditions
in the process of iodine species diffusion.
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7. FINAL CONCLUSIONS

An extensive model assessment concerning pool scrubbing has been carried out. Comparisons
between SPARC90 and BUSCA-AUG92 formulations were performed along with analyses
to check the results sensitivities to the major uncertainties and discrepancies affect:ng models.
In addition, pool scrubbing effectiveness under accident sequences conditions was calculated
and a rationalization of the major results found was done. Specific conclusions on each of
the topics addressed can be found in the preceding chapters. Here below a summary of the
major highlights and conclusions drawn from this work is compiled:

Low total Decontamination Factors were consistently predicted by both pool
scrubbing codes (Le., BUSCA and SPARC) and PSA codes (Le., MAAP)
during Steam Generator Tube Rupture and Residual Heat Removal bypass
sequences.

Despite that significant discrepancies existed in Decontamination Factors
- predicted by the two pool scrubbing codes, they were not substantial in terms

of Probabilistic Safety Assessment except in the case of the Steam Generator
Tube Rupture accident. In this case the higher Decontamination Factors for
soluble species calculated by the SPARC code are sufficient to assign the fault
to a less onerous reléase category.

According to pool scrubbing codes, the injection zone plays a key role in the
pool scrubbing scenarios of the above mentioned PWR risk-dominant
sequences. Removal mechanisms are closely related to composition and flow
rate of the particle carrier gas. In both sequences inlet gas is estimated to
come into the pool under jet injection regime. This fact enhances particle
deposition by inertial mechanisms. In the case of RHR sequences the inlet gas
contains a high steam fraction which turns early condensation into the most
important Jepletion phenomenon.

Uncertainties in input particle size distribution can largely affect
Decontamination Factor estimates for these sequences. On the contrary,
submergence uncertainty in the case of the Steam Generator Tube Rupture did
not show a remarkable impact on Decontamination Factor calculations.

Despite its crucial role on pool scrubbing, a scarce datábase is available on
hydrodynamic inñuence on aerosol retention. Nonetheless, few data seem to
point out that particle absorption is enhanced under jet injection regimes and
multiorifice injections.

Based on the current codes hydrodynamic modelling, Decontamination Factor
is particularly sensitive to bubble size and swarm rise velocity in the range of
interest. Likewise, hydrodynamic phenomenology occurring in the primary
bubble decay zone could greatly affect Decontamination Factor of low
submergence sequences.

Hydrodynamic models encapsulated in SPARC and BUSCA are remarkably
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different in both their basis and their results. In this regard, bubble parameters
such as size and shape are particularly relevant given their repercussion on
retention mechanisms.

Present hydrodynamic models show several weaknesses. Particularly important
are those related to primary bubble and break-up zone. Initial globule size
correlations have not been validated at the high inlet gas flow rates expected
in some accident sequences. On the other hand, globule rupture related
phenomenology is poorly characterized.

Some aspects of hydrodynamics are missüig in pool scrubbing codes: churn-
turbulent flow, pool contaminants and bubble-surface interaction. Churn-
Turbulent flow presents hydrodynamic characteristics largely different from
that of bubbly regime. Contaminants and, particularly, surfactants can change
both bubble boundary conditions and bubble features. Submerged surfaces
presence, closely related to accident sequences such as SGTR, can also
dramatically change bubble characteristics (i.e., shape and velocity). All these
effects currently not accounted for can alter the hydrodynamic boundary
conditions and, consequently, the absorption efficiency of the pool.

The different thermohydraulic approach of pool scrubbing codes causes large
discrepancies in their particle absorption estimates. The hypothesis of
instantaneous thermal equilibrium assumed by SPARC provides a powerful
retention mechanism, "early condensation", and allows soluble particles to
start to grow as soon as they come into the pool. This last effect makes
inertial removal mechanisms more efficient.

Unlike BUSCA, SPARC accounts the particle removal taking place while
globule formation and detachment from the injector. Acting mechanisms (i.e.,
diffusion, sedimentation and centrifugal deposition), particularly centrifugal
deposition, was seen to can remarkably affect Decontamination Factor
assessments in some scenarios.

Particle absorption during bubble rise is a strong function of particle size.
Such a function shows a retention minimum usually located between 0.1 and
1.0 fxm depending mainly on bubble features. Particles bigger than the size
corresponding to the mínimum retenrion are preferentially retained by
centrifugal deposition and settling, whereas those smaller are more efficiently
removed by diffusion.

SPARC and BUSCA retention and growth models during bubble rise-up are
generally based on the same equations. However, the different approximations
taken in each code make predictions show quantitative discrepancies. These
divergences become more noticeable in the case of bubble shapes other than
spherical one.

Submicron particles can be effectively retained under specific conditions. On
one side, steam condensation on bubble surfaces can carry a fraction of these
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partióles to the pool volume. On the other, as gas comes into the pool at very
high flow rates, inertial mechanisms can become efficient even for very small
partióles. In addition, very small partióles are effectively retained by diffusion.

Pool performance respecting fission product vapours, particularly iodine,
could be relevant in terms of both their absorption and the ir stripping.
Depending on conditions along accident scenarios pool could act as either a
sink or a source of fission product vapours. This last effect could become
especially relevant in scenarios where relatively clean gas bubbles went
through a pool with a significant inventory of volatile fission product species.

Aqueous chemistry is a crucial factor to accurately predict fission product
vapour remo val from the bubbles. The simple SPARC simulation of inorganic
iodine chemistry enables it to follow the experimental trends, whereas BUSCA
does not. The capability of estimating long term evolution of pools suggests
the convenience of accounting for a more complete chemical scenario,
including radiation effects, organics, impurities and so on. This approach
points the pool scrubbing-chemistry codes coupling as a suitable way to
achieve it.
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