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"Particle generation methods applied in large-scale experiments on aerosol
behaviour and source term studies"

Swiderska-Kowalczyk, M.; Gomez, F.J.; Mart'n, M.
112 pp. 38 figs. 50 refs.

Abstract

In aerosol research aerosols of known size, shape, and density are highly desirable because most aerosol properties
depend strongly on particle size. However, such constant and reproducible generation of those aerosol particles whose size and
concentration can be easily controlled, can be achieved only in laboratory-scale tests. In large scale experiments, different
generation methods for various elements and compounds have been applied.

This work presents, in a brief form, a review of applications of these methods used in large scale experiments on aerosol
behaviour and source term. Description of generation method and generated aerosol transport conditions is followed by properties
of obtained aerosol, aerosol instrumentation used, and the scheme of aerosol generation system -wherever it was available. An
information concerning aerosol generation particular purposes and reference number(s) is given at the end of a particular case.

These methods reviewed are: evaporation-condensation, using a furnace heating and using a plasma torch; atomization
of a liquid, using compresesed air nebulizers, ultrasonic nebulizers and atomization of liquid suspension; and dispersion of
powders. Among the projects included in this worked are: ACE, LACE, GE Experiments, EPRI Experiments, LACE-Espana,
UKAEA Experiments, BNWL Experiments, ORNL Experiments, MARVIKEN, SPARTA and DEMONA.

The main chemical compounds studied are: Ba, Cs, CsOH, Csl, Ni, Cr, Nal, TeO2, UO2A12O3, Al2Si05, B2O3, Cd, CdO,
Fe2O3. MnO, SiO2, AgO. SnO2. Te, U3O8, BaO, CsCI, CsNO3, Uranine, RuO2, TiO2, A1(OH)3, BaSO4, Eu2O3 and Sn.

"Metodos de generation de particulas aplicados en experimentos a gran escala sobre
comportamiento de aerosoles y estudios de termino fuente"

Swiderska-Kowalczyk, M; Gomez, F.J.; Martin, M.
112 pp. 38 figs. 50 refs.

Resumen

En investigation de aerosoles, es altamente deseable el uso de particulas de tamaflo, forma y densidad conocidas debido
a que las propiedades mas importantes del aerosol dependen fuertemente del tamafto de particula. Sin embargo, tal generacion
constante y reproducible de dichas particulas, cuya concentration y tamaflo pueda ser facilmente controlable, s61o puede
alcanzarse en pruebas a escala de laboratorio. En experimentos a gran escala de estudio de aerosoles, se han aplicado diferentes
metodos de generacion para diversos eiementos y compuestos.

El presente trabajo presenta una revision de las aplicaciones de estos metodos usados en experimentos a gran escala sobre
comportamiento de aerosoles y termino fuente. La description del mdtodo de generacion y las condiciones de transporte del
aerosol generado viene seguida de las propiedades del aerosol obtenido, la instrumentaci6n de caracterizacion de aerosoles y un
esquema del sistema utilizado.

Estos metodos revisados son: evaporaci6n-condensaci6n, usando hornos convencionales o antorcha de plasma;
atomizacibn de un liquido, usando nebulizadores de aire comprimido, ultras6nicos o atomizaci6n de suspensiones; y dispersi6n
de polvos. Entre los proyectos incluidos en este trabajo estan: ACE, LACE, Experimentos de GE, Experimentos de EPRI, LACE-
Espana, Experimentos de la UKAEA, Experimentos de BNWL, Experimentos de ORNL, MARVIKEN, SPARTA y DEMONA.

Los principales compuestos quimicos utilizados son: Ba, Cs, CsOH, Csl, Ni, Cr, Nal, TeO2, UO2A12O3, Al2SiO,. B2O3,
Cd. CdO, Fe2O3. MnO. SiO2. AgO, SnO2, Te, U3O,, BaO, CsCI, CsNO3, Uranina, RuO2, TiO2, A1(OH)3, BaSO4, Eu2O3 ySn.
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1 INTRODUCTION

In aerosol research monodisperse aerosols of known size, shape, and density are highly desirable
because most aerosol properties depend strongly on particle size. However, such constant and
reproducible generation of monodisperse, stable, uncharged, solid, spherical aerosol particles
whose size and concentration can be easily controlled, can be achieved only in laboratory-scale
tests. There is an important part of existing aerosol large-scale studies devoted to problems of
aerosol attenuation within the containment building during postulated severe accidents (such as
core melt) in LWRs. This includes aerosol deposition, relocation and resuspension in pipes, water
pool scrubbing and other scrubbing systems (as for example gravel beds) in order to mitigate
radiological consequences to the environment. For this purpose, relatively great amounts of
aerosols produced either by overheated core-simulant, or specially generated, have been examined.
Although most of these aerosols have mainly spherical particles, they are, in general,
polydisperse, tend to form agglomerates, and their output density is far from homogeneous.

In spite of this, studies of such aerosols are very important because the transport of fission
products as aerosols is recognized as a major mode of movement from the source of production
(the failed fuel element) through the various components of a nuclear power reactor. Fission
products can either condense as aerosol particles or deposit onto existing particles of some other
material by processes such as condensation, chemisorption, or chemical reactions.

The behaviour of the aerosols formed in the cooler parts of the reactor coolant system and the
containment is affected significantly by the bulk physical and chemical conditions. Vaporization,
formation and transport of aerosols and fission product vapours are dependent on thermal-
hydraulic parameters, temperature (Table 1 [1] shows evolution of core behaviour with
temperature), pressure and flow conditions. Furthermore, the chemical composition of the aerosols
is dependent, among other factors, on the temperature, flow pattern, and hydrogen to steam ratio
of the carrier gas. These physical and chemical conditions vary widely between postulated
accident sequences.

Fission of uranium or plutonium produces stable or radioactive fission products. More than 800
isotopes can be formed by the combination of fission and other nuclear reactions such as
transmutation by neutron capture or various decay reactions. The most abundant fission products
elements (by mass for UO; fuel they are: Xe, Mo, Nd, Ce, Cs, Zr, Ru, Ba and La) and actinides
constitute about 30 different chemical elements that can be classified into four groups: noble
gases (Xe and Kr), volatile species (I, Cs, Br, Rb), semivolatile species (Te, Ru, Mo, Tc, Sb, Sn,
Ag), and low-volatility species (Ba, Sr, Y, Zr, Nb, Rh, Pd, La, Ce, Pr, Nd, Pm, Sm, Eu, U, Np,
Pu, Am). The distinction between the latter two classifications is not rigid, since some fission
products may be classified as either low-volatility or semi-volatile, depending on the temperature
and oxygen potential.

The fission products and actinides exist in various chemical forms. The volatile classification of
fission products (I, Cs, Br, Rb) is generally regarded as being released in a similar manner to the
noble gases, but a contrary to noble gases they can form compounds that are volatile only at



temperatures much above those of normal coolant operation (e.g., Csl, CsBr, Cs uranates,
molybdates, etc.).

The semi-volatile classification of fission products includes elements that are not significantly
volatile at moderate temperatures in their elemental form, but can become volatile at higher
temperatures or as oxides or other compounds. For example, elemental Ru has a very high
melting temperature and is not volatile, but if an oxidizing environment exists, then the Ru can
be converted to an oxide of higher volatility and release would occur.

The elements of the low-volatility classification of fission products and actinides tend to either
remain in solid solution in the UO:, or form stable compounds of high melting temperature. These
species are not normally released from the UO2 except in very extreme accident scenarios in
which the fuel is vaporized.

To predict the elemental composition and amounts of aerosol produced in the pressure vessel by
an overheated LWR core, a static system with an enclosed boundary formed by the primary
system was assumed [2]. In this enclosure (the pressure vessel), the core structure and fuel
material evaporate in proportion to the best estimates of the vapour pressures of the evaporating
species. Vaporization is complete for highly volatile materials, such as for example caesium, and
the resulting partial pressure depends on the quantity of material present, the volume into which
it vaporizes, and temperature. Less volatile materials are assumed to vaporize until a vapour-solid
or vapour-liquid equilibrium is achieved.

Tables 2 and 3 [2] give the estimated vaporized fractions for PWR and BWR cores, respectively.
Table 4 contains the radiologically important nuclides from the fission product inventory [3].

For such purposes of aerosol examination, different generation methods for various elements and
compounds have been applied. This work presents, in a brief form, a review of applications of
these methods. Description of generation method and generated aerosol transport conditions is
followed by properties of obtained aerosol, aerosol instrumentation used, and the scheme of
aerosol generation system - wherever it was available. An information concerning aerosol
generation particular purposes and reference number(s) is given at the end of a particular case.



Table 1. Summary

Core temperature, °C

~ 330
700 - 750

830

700 - 1500

> 780

700 - 1500

1000 - 1150

1150 - 1400

1430

> 1430

> 1430 - - 2330

> 1430

1430 - 1580

1580 - 1850

1860 - 1960

~ 2400

2700
~ 2830

of core behaviour during severe accidents.

Sequence of events

Normal operation
Borosilicate glass starts to soften

Melting of Ag-ln-Cd control alloy inside stainless steel
cladding (Cd vapour pressure: 0.2 MPa)

Monoclinic zirconia, relatively slow oxidation rate (parabolic or cubic rate
law)

Possible clad ballooning and rupture-gap release of fission products

Monoclinic zirconia, increasing rate of oxidation and hydrogen
generation accelerating fuel and rod temperature rise

Relatively slow oxidation of stainless steel

More rapid rale of oxidation of stainless steel (parabolic law)

Failure of stainless steel control rod cladding (Cd vapour pressure:
~12 MPa). Depending on accident sequence, formation of Cd-dominant
aerosol; Ag-In alloy ejected and flows downwards, Ag-Zr eutectic
formation (mp 1500 K). Borosilicate glass also flows downwards.

Liquid formation due to Iconel-Zircaloy reaction and UO,-Zircaloy
reaction at inner cladding surface

Major diffusional release of fission product from fuel

Molten stainless steel foams during oxidation - reaction kinetics not
understood. Mn-based aerosol may be significant

Tetragonal zirconia, very rapid reaction (rectilinear) provided
steam flow sufficient to sustain reaction

Cubic zirconia, rapid oxidation, increased fuel rod heat-up rate

Zircaloy melts: subsequent behaviour governed by thickness of ZrO, layer
(a function of heat-up rate and steam supply). For a thin oxide laver
molten Zircalov Hows down fuel rod and dissolves UO,. If oxidation is
more extensive, internal Zircaloy may be protected As Zircalov melts
formation of Sn aerosol mav be significant.

a Zr(O)/UO, monotectic temperature. UO., solubility in molten Zircalov
increase from ~ 22 to > 90 mol%
ZrO, melts
UO, melts - core completely molten with enhanced release of fission
products. Core slump process not well understood



Table 2. Estimated vaporized fractions for PWR cores with and without silver alloy control
rods

Structural
element:

Zr
Sn
Fc
Cr
Mn
Ni

Control
rods.

Ag
In
Cd

Fuel and
fission
products:

U
I. Br
Cs. Rb
Te
Ba. Sr

Rare earths
Noble metals. NM

Pb
Rh

Ag

Percent
vaporized

2.6 • 10s

0.55
0.36
2.3

28.2
0.51

24
47

100

1.7 • 10°
100
100
100

2.7

0.06

3.8
2.5

100

Condensing
form, a)

ZrO,
SnO,
FeO
Cr,O,
MnO
Ni°

Ag°
In,O3

Cd°

LJO,
Csf
CsOH
Te°
Ba(OH)2

LaX),
NM°

Mass
vaporized,

kg

0.006
1.6
6.4

12.4
14.6

1.0

532
242
162

1.3
37.9

222
32.3

5.3

0.4

3.7
0.76
6.3

Mass of
aerosol (%)
with control

rods, b)

0.13
0.50
1.0
1.1
0.08

41.5
19.9
12.6

0.10
3.0

17.3
2.5
0.41

0.03

0.29
0.06
0.49

Mass of
aerosol (%)
without con-
trol rods, kg

0.47
1.9
3.6
4.3
0.29

0.38
11.0
64.2

9.5
1.5

0.12

1.1
0.22
1.8

a) Subscript l' indices an elemental form.
b) Assumed to be all the mass vaporized.

Total (1% core vaporized): 1282 kg
Minus control rod material: 936 kg
Total without control rods (0.13 % of core vaporized without control rods): 346 kg



Table 3. Estimated vaporized fractions for BWR cores.

Structural
element:

Zr
Sn
Fe
Cr
Mn
Ni
Al

Fuel and fission
products:

U
I. Br
Cs, Rb
Te
Ba, Sr

Rare earths
Noble metals. NM

Pb
Rh

Ag

Percent
vaporized

7.2 • 10°
0.15
0.053
0.16
3.0
0.047
0.54

7.9 • 10 *
100
100
100

1.3
0.03

1.8
1.2

49.0

Condensing
form, a)

ZrO:

SnO,
FcO"

CrA
MnO
Ni°
A1,O3

UO,
Csl
CsOH
Te°
Ba(OH),

LaA
NM°

Mass vaporized,
kg

0.006
1.7
6.4

24.8
14.8

7.7
1.9

1.3
80.0

437
68.0

5.3
0.4

3.7
0.76
6.4

Mass of aerosol,
% , b)

0.26
0.99
3.8
2.2
1.2
0.3

0.2
12.1
66.2
10.3
0.8
0.06

0.56
0.12
0.97

a) Subscript ° indicates an elemental form.
b) Assumed to be all the mass vaporized.

Total (0.2 % of core vaporized): 600 kg



Table 4. Radiologically important nuclides and their half-lives.

Isotope

Iodine 131
Iodine 132
Iodine 133
Iodine 135
Caesium 134
Caesium 137
Strontium 90
Ruthenium 106
Tellurium 132
Barium 140
Cerium 144
Plutonium 238
Plutonium 239
Plutonium 240
Plutonium 241
Curium 242
Curium 244

Half-life (days)

8.05
0.096
0.875
0.280

750
11 000
11 030

366
3.25

12.8
284

32 500
8.9 • 106

2.4 • 106

5 350
163

6 630



2. EXPERIMENTAL PROGRAMMES CONCERNING FISSION PRODUCT
AEROSOL BEHAVIOUR STUDIES INCLUDING AEROSOL GENERATION

This work contains data available mainly from the programmes listed below. The projects devoted
also to fission product release and transport but based on installations capable of simulating
severe accident conditions, i.e., having specially designed reactor core assemblies in which
aerosols were generated by heating clad samples of control rods and simulant, or trace-irradiated
fuel (as Phebus, Falcon, LOFT, and others) were not taken into account.

1. The experiments performed in the Battelle North-West Laboratory (BNWL, the late 60 s)
to support the Containment System Experiments established to evaluate the effectiveness
of both natural processes and engineered safeguards systems for limiting the release of
fission products to the environment under conditions similar to possible PWR accidents.

2. The General Electric (GE) experiments, carried out in the early 80s in the U.S.A. The
programme consisted mainly of an extensive hydrodynamic study and determination of
aerosol decontamiantion factors.

3. The DEMONA (DEMOnstration Nuclearen Aerosolverhaltens) research programme served
the purpose of demonstrating (no investigating) the behaviour of nuclear aerosols in large-
scale experiments. The experiments were performed (in the early 80 s) at the model
containment of the Battelle-Institut, Frankfurt am Main.

4. The Electric Power Research Institute (EPRI) and Battelle Columbus Laboratories (BCL)
experimental programme, performed in 1982-86 in the U.S.A. The main aims of the joint
EPRI/BCL efforts were focused on enrichment of the experimental data base, which, in
turn, were to support computational methods.

5. The Aerosol Release and Transport Programme, carried out in the Oak Ridge National
Laboratory (ORNL), U.S.A., in early 80s, to provide the analytical methods and
experimental data necessary to assess the quantity and transient behaviour of radioactive
aerosols released from reactor cores as a result of postulated events of varying severity
up to and including accidents resulting in core melting.

6. The Marviken Large Scale Aerosol Transport Tests (MARVIKEN) programme, initiated
as a multi-nationally financed project (1882-1985). The primary MARVIKEN objectives
was to generate a database on the behaviour of high concentration aerosol and volatile
species produced from overheated core material in a large-scale facility representing
typical water reactor primary systems and pressure vessels.

7. The Light Water Reactor Aerosol Containment Experiments (LACE). The object of this
programme was to study aerosol behaviour in pipes and in a containment in conditions
expected during severe accidents. LACE was an international project, which was managed
by the Project Board with the support of the Technical Advisory Committee. The



experiments were started in 1985 and finished by the end of 1987. LACE experiments
were carried out in the Westinghouse Hanford Laboratory. The experiments and the code
comparison work were organized by the Electric Power Research Institute (EPRI).

8. The United Kingdom Atomic Energy Authority (UKAEA) experiments (1986-88). In the
frame of this programme, the retention of fission products - aerosols and vapours - in the
SGHWR (Steam Generator Heavy Water Reactor) steam suppression system was studied.

9. The PITEAS (for "aerosol physics") (CEA and Electricite de France, in the end of 80s)
project was an analytical experiment on the behavior of soluble aerosols in humid
atmosphere, designed to qualify computer models. The experimental programme covered
three topics: diffusiophoresis (migration to vessel walls when steam condensation occurs),
growth of dry particles by condensation, and aerosol agglomeration. The objective in each
area was to obtain experimental results with sufficient accuracy to qualify the physical
models used in the computer codes.

10. The Advanced Containment Experiments (ACE). The objectives of the ACE programme
include tests on aerosol filtration techniques, measurement of the fission products released
from a molten core, modelling of radioaactive species transport and development of
computer techniques associated with this problems. The ACE programme was completed
in the U.S.A. in the end of the 80s.

11. The Japan Atomic Energy Research Institute (JAERI) programme (started at the end of
the 80s), with two projects referred to as JAERI and EPSI (Experimental Facility for
Pool Scrubbing Investigation, capable of operating at high pressure). The JAERI project
concerned the investigation of basic pool scrubbing mechanisms. Using the EPSI facility,
the information of the high pressure and high temperature effect on pool scrubbing was
collected

12. The SPARTA (Suppression Pool Aerosol Retention Test Apparatus) experiments,
completed in the ENEA-CRE Casaccia Laboratories, Italy (canceled in 1992). The project
was directed towards computer code validadtion.

13. The LACE-Espana (Light Water Reactor Advanced Containment Experiments completed
in Spain) project, performed in 1990-92 at CIEMAT in Madrid. The objectives of these
experiments were: study of the dependence of the decontamination factor on some of the
most important parameters for aerosol retention, a hydrodynamic study, and the
application and validation of pool scrubbing codes.

Except aerosol generation in the frame of projects listed above, this work presents also methods
of aerosol generation applied in some other experiments on fission product behaviour and source
term.



3. REMARKS ON SOME FISSION PRODUCTS AND CORE MATERIALS
AEROSOLS

The pimary mechanism for the formation of aerosols in the reactor vessel is vaporization of
materials from an overheated core, followed by condensation as the materials are conveyed to a
lower-temperature zone. For some highly volatile species, such as elemental caesium, iodine, and
tellurium, vaporization is complete under assumed conditions. Following vaporization, the
material will condense into either an elemental or an oxidic form.

3.1 Barium Oxide, BaO

Under high-temperature and high-pressure steam conditions (as during the diffusional and melt
release of a TMLB or S:D accident sequences) the volatility of barium (and strontium) oxides
may be enhanced by hydroxide formation [2]:

BaO + H2O -> Ba(OH):

This postulate is supported by a thermodynamic assessment of the M(M=Ba or Sr)-MO-M(OH):

systems [4]. Consequently, the barium and strontium release will be dependent on the accident
sequence. Under low steam activities (AB sequence) the oxide is stable and a significantly lower
release will occur than at a high-pressure accident (TLMB) where the hydroxide is formed [1].
Hardly any data are available on the transport and deposition behaviour of strontium and barium
oxides. These materials are relatively non-volatile and would be released during the late stages
of a reactor accident.

Transport and deposition data for the barium and strontium hydroxides are sparse. However,
similar chemical reactions to those of caesium hydroxide may occur. Alkaline earth borates could
be produced from the reaction with boric acid, and similar chemical reactions would be expected
with stainless steel, Zircaloy and their oxides [1].

3.2 Cadmium, Cd, and Silver, Ag

PWRs utilize stainless steel clad Ag-In-Cd control rods (80% Ag, 15% In and 5% Cd) that are
housed in Zircaloy guide tubes. The control alloy is molten at temperatures above 830°C but is
chemically compatible with the stainless steel and cladding. Pressure exerted by the Cd vapour
and fill gas are sufficient to cause the stainless steel cladding to balloon out and contact the
Zircaloy guide tube in accidents with low system pressure (< 1 MPa). It has been observed in
out-of-pile low pressure tests that at points of contact, chemical interaction between the stainless
steel and Zircaloy causes control rod failure due to liquid formation at about 1230cC [5], [6]. In
high pressure accident scenarios, control rod failure does not occur until stainless steel melting
at about 1430°C [7]

The molten Ag-In-Cd alloy is incompatible with Zircaloy, dissolving it very rapidly at
temperatures in the neighborhood of 1230T [6], [7], There is a tendency at low system pressure
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for the molten Ag-In-Cd alloy to be widely dispersed throughout the core driven by over-pressure
within the control rod at the time of failure [7]. In high pressure sequences, the alloy is released
•ess energetically and is more likely to flow down the inside and outside of the guide tubes.

Some of molten Ag-In-Cd alloy vaporizes in the core and condenses into aerosols as it enters
cooler regions above the core. The releases of Ag, In and Cd from the core are fairly modest in
high pressure accident scenarios asit is demonstrated by some tests results [8], nonetheless, these
releases accounted for 3% (Ag), 2% (In), and 40% (Cd) of the non-fission product released from
this core melt experiment.

3.3 Caesium Iodide. Csl

The chemical form of iodine released during a severe accident is most likely to be caesium
iodide. The available thermohydraulic calculations [9] clearly support this conclusion. These
calculations indicate that Csl stability is enhanced by hydrogen (reducing environment) and lower
temperature. Though less hydrogen formation is expected in a terminated severe accident, the
lower RCS temperatures favor formation of the Csl. Additionally, the extent of hydrogen
production prior to core collapse in both the terminated and complete meltdown variants of the
sequences examined is very similar. Since most of the Cs and I releases occur during this period,
it is believed that the analysis, which predicts Csl as the dominant form of iodine, is valid also
for terminated accident sequences.

The results of ACE experiments [10] indicated very similar behaviour of vapour iodine species
and caesium aerosol material - the same removal half-time would suggest that the Csl aerosol can
be particularly effective in absorbing each iodine charge (HI or I,). That is, the iodine quickly
began to behave as paniculate species even though previously it was in a vapour form.

3.4 Caesium Hydroxide, CsOH

In some cases, i.e., without silver alloy control rods containing boron, CsOH (and Cs(OH)2 dimer)
is considered to be the largest contributor (ca 65%) to the total amount of aerosol formed during
severe accidents in LWRs. CsOH and Cs(OH)2 as Csl and (Csl)2 - readily dissociate in contact
with water to form Cs* ions. Therefore, it is expected that the caesium which is released from the
fuel will remain in the containment [11].

The ratio of the equilibrium concentration of caesium hydroxide and caesiun iodide depends
strongly on the Cs/I ratio in the fuel channel. The CsOH (in solid for below and liquid form
above the melting temperature) is formed only if Cs/I > 1. The CsOH/Csl ratio depends on other
system parameters, such as temperature or, to a less degree, oxygen partial pressure [11].
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3.5 Chromium, Cr, and Nickel, Ni

Chromium and nickel (together with iron) are structural materials contributing to the non-fission
product material releases. They are expected to be generated under accident conditions from
Iconel and stainless steel, BWR control blade materials (stainless steel with boron carbide) and
a variety of burnable poison materials such as alumina with boron carbide, dysprosia and
gadolinia. Above 300°C tellurium can interact rapidly with them to form chromium and nickel
tellurides [1].

3.6 Manganese Oxide. MnO

Manganese oxide is a structural material aerosol expected to be generated under accident
conditions (manganese accounts for approximately 1.5% of stainless steel) [1]. It may also be
regarded as a representative oxide aerosol and has been studied in a number of large-scale
experimental studies. Manganese Mn-54 is also one of the major corrosion products, which could
be expected during some accident sequences with relatively slow evaporation of coolant [1].

3.7 Ruthenium, Ru

Although ruthenium with technetium, rhodium and palladium are present with high fission yield
(3-6%), their radiobiological impact is not judged to be high, mainly because their release is
assumed to be low. The transport of these species will in general be in the elemental form [12].
These metals are chemically inert, insoluble in water and would not be expected to undergo any
chemical reaction with aerosols or metal surfaces. However, physisorption processes may occur
and the condensation of noble metal vapours onto aerosols released during the late stages of a
reactor accident (Ag, In, Sn, Mn, UO:) may result in a more significant transport of these species
to cooler regions of the core than predicted [1].

3.8 Tin, Sn

During postulated accidents, tin aerosols may be released from molten Zircaloy cladding and
guide tubes. It comprises 98.5% Zr and 1.5% Sn together with minor alloying elements, and melts
at approximately 1800°C. At 2400°C, the saturated vapour pressure of Sn is 7.5 • 104 times higher
than that of Zr (i.e., 1.5 • 10̂  Pa for Sn compared with 2 Pa for Zr [13]). Therefore, it is possible
that tin is one of the elements having a significant effect on primary circuit fission-product
bahaviour, although due to its small amount its impact on radiological source term calculations
is small

Tin radionuclides (Sn-113 and Sn-117m) can be also possible aerosol sources as corrosion
products [1].
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3.9 Tellurium and Tellurium Dioxide, Te and TeO-,

Tellurium (solid below and liquid above the melting temperature) and Te2 belong to the most
important species for neutral (H/O ratio equal to 2) or reducing (H/O > 2) steam conditions. At
lower temperatures, Te2 condenses to form - solid or liquid - Te, which is insoluble in water. Te2

is dissociated at the highest temperatures and TeO and Te become the predominant telluium
species for the neutral and reducing steam conditions, respectively [11]. However, under
oxidizing steam conditions (H/O < 2) TeO2 (solid below and liquid above the melting
temperature) and TeO2 in a gaseous form are the predominant tellurium species at low and high
temperatures, respectively (tellurium dioxide is virtually insoluble in water [14]).

Elemental tellurium vapour could react chemically with variety of metallic aerosol sources (e.g.,
cadmium, indium, silver, tin, manganese) to form the appropriate telluride [1].

3.10 Other aerosols in presented experiments

AI2O3, AI2SiO? - Aerosols representing the concrete basemat interaction products for

core meltdown.

B2O3 - Aerosol representing one of the possible BWRs accident aerosol.

Eu2O3 - Europium belongs to the fission-product inventory, although its
contribution in it is small.

SiO, - Aerosol representing one of the concrete interaction products for
core meltdown.

UO2 - Aerosol released during the late stages of reactor accident.
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4. SOME PHYSICAL FEATURES OF EXAMINED AEROSOLS [14], [15]

Compound

A1:O3

A1(OH)3

Al:SiO5

BaO

BaSO4

B :O3

Cd

CdO
cubic form
amorphous form

Cs ; 0

CsOH

CsCl

Csl

CsNO,

Co3O4

Cr

Eu,O3

GeO,

Fe : 0 ,

MnO

Ni

P :O,

Solubility in water

insoluble

soluble

—

soluble

insoluble

insoluble

insoluble

insoluble

very soluble

soluble

soluble

soluble

soluble

insoluble

insoluble

insoluble

insoluble ^
soluble 6)

insoluble

insoluble

insoluble

decomposes to
H3PO4

Meltng point, °C

2045

300

—

1923

1580

460

320.9

900 2)

< 1426

decomposes

272.3

645

626

414

900 - 950 4)

1857 ± 20

—

1986±5
1115±4

1565

—

1453

580 - 585

Boiling pont, °C

2980

—

~

ca 2000

1149 1}

ca 1860

765

1559 3)

900 - 1000 :)

—

—

1290

1280

decomposes

~

2672

—

—

—

—

2732

sublimes at 300°C
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Cont.

Compound

Ru

RuO2

RuO4

SiO :

Si.,N4

Ag

AgO

Na

NaOH

NaCl

Nal

TeO :

Sn

SnO :

TiO :

UO,

U3O8

Uranine

Solubility in water

insoluble

insoluble

soluble

insoluble

insoluble

insoluble

insoluble

decomposes

soluble

soluble

soluble

insoluble

insoluble

insoluble

insoluble

insoluble

insoluble

soluble

Melting point, °C

2310

decomposes

25.5

1713 (crystobalite)
1610 (quartz)

1900 (pressure)

961.9

decomposes

97.8

318.4

801

661

773

231.88 - 231.97 7J

1127

—

2500 8)

2830 9)

1300 (decomposes
to UO,)

—

Boiling point, °C

3900

—

108 (decomposes)

2230

—

2212

—

882.9

1390

1413

1304

1245

2260 - 2270

1800 - 1900

—

—

—

—

Signification of the reference marks:
1) transition point to monoclinic
2) decomposes
3) sublimes
4) transition point to CoO
5) tetragonal
6) hexagonal
7) depending on a form: cubic, tetraedric. rhombic
8) according to [15|
9) according to |16|
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5. EVAPORATION - CONDENSATION METHOD

The formation and growth of aerosol particles by condensation is the principal method of aerosol
production in the nature and one of the most important in the laboratory. This process usually
requires a supersaturated vapor. Homogeneous nucleation is the formation of particles from a
supersaturated vapor without the asssistance of condensation nuclei or ions. This type of particle
formation seldom occurs naturally but can be produced readily in the laboratory.

Heterogeneous nucleation is a process of particle formation and growth that is promoted by the
presence of condensation nuclei or ions. The basic approach in the laboratory is to control the
concentration of nuclei and vapour and allow condesation to occur under slow and controlled
condition. Under these conditions, condensation and growth are the same for each nucleus as it
passes through the condensation region, and each droplet grows to the same final size. For
negligible condensation on the walls, the diameter of the final droplets is given by the following
formula [17]:

4, -
\

where Cm is the mass concentration of vapour, pL the density of the liquid, and N the number of
concentration of nuclei. Variation in nucleus size has little effect on final droplet size, because
nuclei are much smaller than the droplets. In theory, particle size can be controlled by controlling
the concentration of either the vapour or the nuclei. Condensation occurs through cooling, by heat
exchange, mixing, or adiabatic expansion. Vapour concentration can be established by blowing
air over or through a heated reservoir of liquid or by nebulizing the liquid and heating the aerosol
stream. Such generators require a long period for thermal equilibration.

For materials having boiling point at higher temperatures, evaporation with the use of a plasma
torch has been often performed. If not, conventional furnaces can be used.

5.1 Evaporation - condensation with furnace heating

5.1.1 Barium, Ba (BNWL)

Generation:

Barium metal (2.6 g) was equilibrated with 5 mg of 14IJBa-La traced barium nitrate previously
dried in a stainless steel boat Solid, fresh-cut barium rod was added to the boat and equilibrated
at 900°C for 5 min. in a stagnant helium atmosphere. The temperature was then brought to
1140°C by induction heating with a helium sweep gas flow of 14 1/min (velocity: 20 cm/s).
Samples of barium transpired within an hour interval showed the release rate to be linear at about
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26 mg/min. During barium release, a blue plasma formed over the inductively heated barium
surface. When the inert gas stream contacted air at room temperature, the barium vapour
spontaneously ignited and transformed from a greyish to white vapour cloud. The inert
atmosphere containing barium vapours were mixed with air to form an oxide.

The low vapour pressure of barium oxide requires extremaly high temperatures to attain large
release rates. In this respect, reduction in an inert atmosphere or direct release of the element
metal in an inert or reducing atmosphere are usable release techniques. This would apply equally
well to other alkaline earth metals such as calcium and strontium. Occasional high release of
strontium and barium from molten, irradiated UO; fuel may be due to conditions of this type.

Barium oxide aerosol was examined in a mixture of caesium, tellurium, ruthenium and uranium
oxides, and with elemental iodine and xenon. Schematic of the aerosol release sytem was
presented in Figure 1.

Aerosol properties:

Barium aerosols produced by the methods mentioned were greater than 99.5% filterable on Type
A Gelman glass fibre filters at containment conditions.

Aerosol instrumentation:

gas phase sampling (a granulated charcoal, activated charcoal paper filters, silver
membranes, silver coated copper screens, glass fiber filters)
liquid samples
deposition samples
gamma energy analytical system
gross alpha counting techniques

Purpose:

The experiments were performed to support the Containment System Experiments established to
evaluate the effectiveness of both natural processes and engineered safeguard systems for limiting
the release of fission products to the environment under conditions similar to possible PWR
accidents. Stable isotopes of selected fission product elements were selected as simulants with
radiochemical tracing as the analytical tool. To more nearly approach the accident situation of
release from molten fuel, the manifolded particles and gases were passed over molten UCh.

Reference: 18
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Figure 1. Schematic of aerosol system release (BNWL).

5.1.2 Caesium, Cs (BNWL)

Generation^

Aqueous hydroxide solutions were being metered into a nickel gauze-packed nickel tube heated
to 1200°C. Figure 2 is an illustration of the apparatus used. Traced caesium hydroxide was
metered into the 1-inch diameter nickel tube by an infusion withdrawal pump. An intervening
inert liquid (silicone oil) was pumped through the syringes such that the pump system remained
uncontaminated and could be stationed outside the radiation shielded hood to preserve use space
within. Linearity of caesium release by the solution eveporation technique was obtained for 30
to 150 min. duration tests. The apparatus operated for 8 hours intermittent duty at 1200°C. The
longest single generation period was 150 min.

Figure 1 showed a scheme of the applied aerosol release system.

Aerosol deposition rate within the 20 ft long, 2 in. diameter delivery line was 1-4 g/min.

Caesium aerosol was examined in a mixture of caesium, tellurium, barium, ruthenium and
uranium oxides, and with elemental iodine and xenon.

Aerosol particle size: lack of data
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Figure 2. Apparatus for sustained linear release of caesium aerosol.

Aerosol instrumentation:

gas phase sampling (a granulated charcoal, activated charcoal paper filters, silver
membranes, silver coated copper screens, glass fiber filters)
liquid samples
deposition samples
gamma energy analytical system
gross alpha counting techniques

Purpose:

The experiments were performed in the BNWL to support the Containment System Experiments
established to evaluate the effectiveness of both natural processes and engineered safeguard
systems for limiting the release of fission products to the environment under conditions similar
to possible PWR accidents. Stable isotopes of some fission product elements were selected as
simulants with radiochemical tracing as the analytical tool. To more nearly approach the accident
situation of release from molten fuel, the manifolded particles and gases were passed over molten
UCK

Reference. 18
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5.1.3 Caesium Hydroxide, CsOH

5.1.3.A ACE

Generation:

The CsOH aerosol was generated by reaction of caesium vapour with steam. Elemental caesium
was heated in a pressurized supply vessel and discharged into a heated vaporizer coil at a
controlled flow rate. The vaporized Cs and a low flow rate of nitrogen sweep gas flowed through
a heated line to an AMV. The reaction products were hydrogen gas and particles of CsOH (Figure
3).

The CsOH aerosol in the ACE study was a compound of the MnO/CsOH/CsI mixture They were
generated separately and mixed in the AMV, to provide some agglomeration, chemical reaction,
and fallout of oversize particles before sending the combined stream to the filter test vessel.

Generation conditions:

carrier gas: nitrogen + steam (+ a small amount of plasma torch gases from MnO
generation)

temperature: 138 - 150°C
total flow: 77 - 110 g/s
pressure. 121 - 150 kPa
actual volumetric flow: 0.069 - 0.113 mVs
steam fraction by volume: 0.012 - 0.410

Aerosol:

average flow rate (for Cs): 0.531 - 0.654 g/s
inlet cone, (actual cond., for Cs): 4.70 - 9.51 g/m3

AMMD (for Cs): 1.74 - 2.72 urn
GSD: 1.77-2.26

Aerosol instrumentation:

glass fiber filters (Gelman type A/E, manufactured by Gelman Instrument Co., Ann
Arbor, Michgan)
charcoal loaded backup paper (Schleicher & Schuell, Keene, New Hampshire)
cascade impactors (Anderson Mark III and Sierra Series 220, manufactured by
Anderson Samplers, Inc., Atlanta, Georgia)
SEM
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Figure 3. Schematic diagram of the CsOH aerosol generation system (ACE).

Purpose:

To provide a comparative experimental basis for aerosol removal techniques (e.g., submerged
gravel beds, water pools, filters, etc.); to provide data for modelling transport of radioactive iodine
species; to determine fission product releases from molten core-concrete reactions; to develop and
validate applicable computer codes and models.

References: 19, 20

5.1.3 B LACE

Generation: aerosol generation process was exactly the same as for the above ACE tests.

The CsOH aerosol was tested in a mixture with the MnO aerosol. CsOH/MnO mass fraction was
0.12 - 0.42.

Figure 4 shows TEM photographs of aerosol particles obtained in those experiments.
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Figure 4. TEM photographs of the CsOH/MnO aerosol particles mixture, obtained in the
LWR Aerosol Containment Experiments.

Generation conditions:

carrier gas: nitrogen + steam (+ Ar and He - plasma gases from MnO generation)

steam flow rate:
nitrogen flow rate:
total gas flow rate:
temperature:
pressure:
density:
volumetric flow rate:
steam fraction:
- by volume:
- by mass:
velocity:
degrees superheat:

Aerosol:

average generation rate (for CsOH):
total source rate:
source size: AMMD:

GSD:
suspended mass concentration
(at actual conditions):

15.2 - 62.5 g/s
20.8 - 99.2 g/s
37.4 - 163.2 g/s
292 - 300°C
109 - 144 kPa
0.487 - 0.688 kg/m3

0.073 - 0.237 mVs

0.480 - 0.486
0.383 - 0.411
23 - 97 m/s
141- 219°C

0.10 - 0.48 g/s
0.6- 1.1 g/s
1.4 - 2.4 (am
1.9 - 2.1

3.6 - 30.2 g/m3



Cascade impactor data at the test pipe inlet:

average AMMD of CsOH aerosol particles: 1.88 - 2.56 urn

average GSD: 1.95-2.15

Aerosol instrumentation:

filters

cascade impactors
spectrometer (EIR Polytec)
cascade cyclones
TEM

Purpose:

To investigate experimentally the inherent aerosol retention behaviour for postulated,
high-consequence accident situations, and to provide a database for validating containment aerosol
and related thermal-hydraulic computer codes.

References: 21, 22

5.1.4 Caesium Iodide, Csl

5.1.4. A ACE

Generation:

Generation of the Csl aerosol followed generation of the CsOH aerosol (see 5.1.2.A and Figure
3). Anhydrous hydrogen iodide gas in a pressurized cylinder was metered at a controlled pressure
into the AMV. The HI vapour passing into the AMV reacted with CsOH to produce Csl. A
schematic diagram of the HI injection system is shown in Figure 5. The Csl aerosol in the ACE
experiments was studied in the MnO/CsOH/CsI mixture.

Generation conditions:

carrier gas: nitrogen + steam (+ a small amount of plasma gases
from MnO generation)

temperature: 138 - 150T
total flow: 77 - 110 g/s
pressure: 121- 150 kPa
actual volumetric flow: 0.069 - 0.113 mVs
steam fraction by volume: 0.012 - 0.410
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Figure 5. Schematic diagram of the HI injection system (ACE).

Aerosol properties:

average flow rate

inlet concentration

for
for

Cs
I:

at actual conditions
for
for

Cs:
I

0.
0.

4.
0.

5 3 1 •
0586

70 -
645 •

- 0.654 g/s (Csl and CsOH)
- 0.0761 g/s

9.51 g/m3 (CsI+CsOH)
- 0.993 e/m3

inlet aerosol AMMD:

for Cs: 1.74 - 2.72 (am;
for I: 1.69 - 2.88 urn;

Aerosol instrumentation:

GSD: 1.77-2.26
GSD: 1.90-2.36

glass fiber filters (Gelman type A/E, manufactured by Gelman Instrument Co.,
Ann Arbor, Michigan)
charcoal loaded backup paper (Schleicher & Schuell, Keene, New Hampshire)
cascade impactors (Anderson Mark III and Sierra Series 220, manufactured by
Anderson Samplers, Inc., Atlanta, Georgia)
SEM
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Purpose:

To provide a comparative experimental basis for aerosol removal techniques (e.g., submerged
gravel beds, water pools, filters, etc.); to provide data for modelling transport of radioactive iodine
species; to determine fission product releases from molten core-concrete reactions, to develop and
validate applicable computer codes and models.

References: 19, 20

5.1.4.B QE Experiments

Generation: the evaporation-condensation method with dry air as a carrier gas.

Aerosol properties.

particle diameter: less than 0.3 (jm for more than 80% particles
particle concentration: 0.76 - 10.17 g/m*

Aerosol instrumentation:

Millipore filters
Anderson impactors (eight stages)

Purpose:

Determination of a single bubble DF for aerosols with hydrodynamic study associated with
gas discharges through suppression pool.

Reference: 20

5.1.4.C EPRI jxpenments

Generation:

For the Csl aerosol generation an evaporation-recondensation type generator was used. It consisted
of a flanged vessel which contained a stainless steel pan onto which dried Csl was fed from a
supply vessel at a controlled rate by an electrically driven auger. The pan was supported in and
heated by a RF field which was supplied by water cooled copper coils. A Pt-Rh thermocouple
was spot welded to the bottom of the pan to monitor and control the pan temperature during a
run A molten pool of the material to be aerosolized was maintained on the surface of this pool
with subsequent condensation when the vapours became supersaturated in the cooler nitrogen
purge gas stream which was used to transport the aerosol away from the molten pool surface.
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This method produces fine, spherical particles and a narrow size distribution.

Figure 6 shows the SEM picture of the Csl aerosol particles generated with the use of that
method.

Figure 6. SEM picture of the Csl aerosol particles (EPRI).

Generation conditions:

Carrier gas: superheated steam and/or air, He, H: or N:

temperature: 20 - 100°C
velocity: 0.24 - 7.1 m/s
condensable/noncondensable
ratio (mass fraction). 0 - 0.95



26

Aerosol properties:

density: 4.5 - 6.0 g/cm3

size (mass median diameter): 0.2 - 3.0 |um

Aerosol instrumentation:

Millipore filters (HA type)
cascade impactors
ASAS (manufactured by Particle Measuring System)
AAS (Perkin-Elmer Model 50009)
SEM

Purpose:

The development of experimental results that can support model development. The development
of experimental data suitable for benchmarking the validity of the DF calculations over a broad
portion of the LWRs accident parameter space of interest.

References: 20, 23, 24, 25

5.1.4.D LACE-Espana Expejjmentg

Generation:

For the Csl aerosol generation the evaporation-condensation process was used. The caesium iodide
(Merck, Reagent Grade) was heated and evaporated in a resistance furnace (Heraeus type) which
has a ceramic working tube (inside diameter: 100 mm, length: 1000 mm). The heating power was
6.6 kW and maximum temperature 1200"C. Inside that ceramic tube there is a heat-resistive steel
tube (i.e., evaporation chamber) of the same, as the ceramic, length, and 25 mm inside diameter.
Ceramic crucibles (80x10x10 mm) containing the caesium iodide compound were located inside
the chamber and heated to 800°C, approximately. The evaporation chamber was connected to the
carrier gas line by means of "Conoseal" union and to the nucleation chamber with a flange.
Several thermocouples placed along the furnace and evaporation chamber measured and controlled
temperatures.

Two different nucleation chambers could be connected to the evaporation section, depending on
desired aerosol particles sizes. The small one - for small particles - was a tube of 14 mm inside
diameter and 100 mm length. Two flanges connected it between the evaporation chamber and a
heat exchanger. The second nucleation chamber - for big aerosol particles- was 530 mm long and
had a 267 mm inside diameter. Its connecting into the system was similar as previously. Both
nucleation chambers were built of stainless steel and equipped with instrumentation enabling
temperature measurement and monitoring.
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The aerosol carried by nitrogen and steam passed to the mixing chamber. The steam was
superheated to avoid the steam absorption by the hygroscopic Csl aerosol. Then the proper
mixture was directed through the injection line into the water pool.

Figures 7 shows examples of the Csl aerosol particles obtained in this generation process. Figure
8 is a schematic diagram of the experimental LACE-Espana facility.

Figure 7. SEM photomicrographs of the Csl aerosol particles obtained in one of the
LACE-Espana experiments. t%s\\

Figure 8. Schematic diagram of the experimental LACE-Espana facility.
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Generation conditions:

Carrier gas: nitrogen + steam

mass flow:
nitrogen:
steam:
volumetric flow:
nitrogen:
steam.
total:
steam fraction:
inlet pressure:
inlet temp.:
injection velocity:

Aerosol properties:

particle size: 1. SEM
2. impactor
3. Polytec

concentration: for Cs:
for I:

Aerosol instrumentation:

cascade impactors
SEM
LSM (Polytec HC-15)

Purpose:

mean dPA:
AMMD:
CMD:

4.4 •
3.9 •

0.104 - 7.182 g/s
0.075 - 0.704 g/s

38.5 - 2676.2 cmVs
46.5 - 1232.5 cmVs
374.5 - 3023.6 cmVs
0.11- 0.90 (volumetric)
2.28 - 2.49 bar
124.1- 171.3°C
486.0 - 2667.7 cm/s

0.21 - 5.1 urn; GSD:
1.7-7.2 jim; GSD:
0.72 -1.12 urn; GSD:

10 s - 4.0 • 106 g/1
10 8 - 5.2 • 106 g/1

0.27 - 2.9
1.4 - 5.4
1.32 - 1.80

Determination of the DF of suppression pools against soluble aerosols and study of the DF
dependence on various experimental parameters; developing models and correlation and validation
of some pool scrubbing codes.

References: 26, 27
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5.1.4.E UKAEA Experiments

Generation:

Evaporation-condensation method, with the use of an apparatus based on the plume chamber of
Buckle at al. [28], This chamber consists of a vertical pipe in which a plume of vapour is
generated from a heated source. The main vessel contains a shorter pipe in which the source is
heated and the initial flow established to encourage a steady condensing flow. The plume is
accelerated through a restriction (or throat) before entering the outer pipe. This helps to stabilize
the plume against turbulence and discouraged the recirculation of aerosol particles to the source
region. In that particular case a crucible containing the source material was used (Csl 99% BDH
Reagent Grade) and the radio-frequency (RF) induction heating was introduced (RF power was
supplied by a 40 kW 25 kHz solid-state furnace).

In Figure 9 there is the plume chamber used for the Csl aerosol generation, and Figure 10 shows
Csl aerosol particles obtained with that generator.

Generation conditions:

Carrier gas: argon or nitrogen

flow rate:
temperature:

Aerosol source temperature:

Aerosol properties:

evaporation rate:
particle size:

most particles in the size range:

largest particles:

Aerosol instrumentation:

Nuclepore filters
SEM (JEOL JSM 35CF)
TOM
DMPS (TSI)
APS (TSI)
XRD (Nicolet 12/V powder diffractometer)

0.3 - 1.0 1/min
700 - 1000°C

700 - 1000°C

1.4 - 105.4 mg/min

0.1- 0.7 urn (DMPS and APS)
0.1- 0.3 urn (SEM)
6 um (for source temp. 700"C)
8 um (for source temp. 900T)
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Figure 9. Plume chamber used for the Csl aerosol generation (UKAEA)

Purpose:

The Csl aerosol study due to its importance in reactor safety assessment: it is believed that the
radiobiologically-important fission products iodine and caesium would combine to form caesium
iodide as the dominant iodine species stabilized in the reducing-steam environment of LWRs
under severe accident conditions. In addition to its significance in this context, Csl is a suitable
material for study by a relatively simple evaporation-condensation technique since it vaporizes
at moderately high temperatures without decomposition and is readily available in a stable form.

References. 28, 29
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a) General view b) Incipient joining of particles

c) Large composite particles d) Prismatic features

Figure 10. SEM micrographs of the Csl aerosol particles (UKAEA).

5.1.5 Nickel and Chromium (UKAEA)

Generation:

The aerosol particles were generated by heating a nickel-chromium resistance wire in a flow of
filtered air. Aerosol particles were radioactively labeled using thoron gas (Rn-220). Aerosol
generation system is presented in Figure 11.

Aerosol test conditions.

Carrier gas. air and steam

air mass flow rate:
steam mass flow rate,
steam mass fraction:

0.044 - 3.402 kg/s
1.134 and 4.082 kg/s
0.037 - 0.75



32

Figure 11. UKAEA aerosol generation system

Aerosol properties: aerosol particle size was found to be about 0.06 um. Aerosol particle
concentration was determined by a Pollac counter but there were no data
available on the values obtained.

Aerosol instrumentation: Pollac counter

Purpose:

A series of tests was performed to investigate the retention of fission products in the steam
suppression system of the Steam Generating Heavy Water Reactor at Winfnth. The
decontamination factor for both molecular iodine and aerosol particles was measured, at different
steam mole fraction

Reference: 30,31
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5.1.6 Sodium Iodide, Nal (ACE)

Generation.

The Nal generator consisted of a stainless steel vessel in which liquid Nal was held at an elevated
temperature (ca 870°C) while a nitrogen sweep gas was passed over it. The line for the Nal
transportation was heated to a slightly higher temperature to prevent condensation in the line. As
the hot vapours entered the main duct, it cooled rapidly and nucleated to form very small aerosol
particles. A sketch of the Nal generation system is shown in Figure 12.

The Nal aerosol was examined in a mixture of the other sodium compounds aerosols.

OVEN

10 In. DUCT

QAS AND
No AEnOSOL
FHOM
CONTAINMENT

SUBMEHQEO
OMAVEL
SCHUUBER

Figure 12. Nal aerosol generation system (ACE).

Generation conditions:

Carrier gas: nitrogen, flow rate: 10 1/min

Aerosol concentration: 7.45 10 ' - 2.98 10 : g/Sm3



34

Aerosol transport conditions:

Carrier gas: air, steam, argon, carbon dioxide, nitrogen

gas flow rate (at the beginning
of the cleaning system operating): 0.457 SmVs

0.686 Am3/s
temperature: 117"C

Aerosol:

inlet concentration (mixture): 10.3 g Na/m3

AMMD: 5.3 urn
GSD: 2.6

Aerosol instrumentation:

cascade impactors (Andersen Mark III 8-stages, Andersen Samplers, Inc., Atlanta,
GA; Sierra Model 256 6 stages, Sierra Instruments Co., Inc., Carmel Valley, CA)
membrane filter paper (Mitex, manufactured by the Millipore Corp., Bedford, MA)
HEPA filters
SEM

Purpose:

Demonstrating the performance of a submerged gravel scrubber for cleaning the effluent gas from
a vented and purged breeder reactor containment vessel. The Nal aerosol represented a typical
condensable fission product vapour.

Reference. 32

5.1.7 Tellurium Dioxide, TeO2

5.1.7.A BNWL Experiments

Generation:

Milligram quantities of tellurium oxide prepared by precipitation of the dioxide from traced
tellurite solution [33] were released from a nickel boat heated to 1200-1400°C. Filtration of the
produced aerosol in containment showed 99.5% of the aerosol to be paniculate. Thermodynamic
considerations predict that the chemical form of tellurium will be primarily dioxide as generated.
TeO: is not readily soluble in water, but dissolves in strongly basic solutions. Steam condensate
solutions from aerosol development facility test showed a large fraction of the tellurium exists as
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insoluble particles [34].

Aerosol properties: lack of data

Aerosol instrumentation:

gas phase sampling (a granulated charcoal, activated charcoal paper filters, silver
membranes, silver coated copper screens, glass fiber filters)
liquid samples
deposition samples
gamma energy analytical system
gross alpha counting techniques

Purpose:

The experiments were performed in the BNWL to support the Containment System Experiments
established to evaluate the effectiveness of both natural processes and engineered safeguard
systems for limiting the release of fission products to the environment under conditions similar
to possible PWR accidents. Stable isotopes of some fission product elements were selected as
simulants with radiochemical tracing as the analytical tool. To more nearly approach the accident
situation of release from molten fuel, the manifolded particles and gases were passed over molten
UO:

Reference: 18

5 1.7.B EPRI Experiments

Generation:

The evaporation-recondensation method. The generator consisted of a flanged vessel which
contained a stainless steel pan onto which dried TeO: was fed from a supply vessel at a controlled
rate by electrically driven auger. The pan was supported in and heated by a RF field which is
supplied by water cooled copper coils. A molten pool of the material to be aerosolized was
maintained on the surface of the pan. The aerosol was generated by evaporation from the surface
of that pool with subsequent condensation when the vapours became supersaturated in the cooler
nitrogen purge gas stream which was used to transport the aerosol away from the molten pool
surface. Figure 13 presents a scheme of the facility with the TeO: aerosol generation system.

This method produces fine, spherical particles and a narrow size distribution.

Generation conditions:

Carrier gas: air, He and N, or H, + steam
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velocity:
temperature:
mass flow rate:
condensable/noncondensble
ratio (mass fraction):

Aerosol properties:

aerosol density:
aerosol particle size (MMD):
AMMD (ASAS):

Instrumentation.

Millipore filters (HA type)
ASAS (Particle Measuring System)
SEM
AAS (Perkin-Elmer Model 5000)

0.24 - 7.1 m/s
20 - 100°C
1.16 - 8.88 g/s

0 - 0.95

4.5 - 6.0 g/cm3

0.2 - 3.0 urn
0.4 - 2.7 urn

*r lit f*fk

V FM - V«fci*«i*t'lt Ho-m
. MFU • Mill I W n t K t

TC * Th«<Ttoceuf>Ui

„ _

Figure 13 Schematic diagram of the facility with the TeO: aerosol generation
system.
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Purpose:

Study of the scrubbing of fission product aerosols as they would be expected to occur in PWR
quench tanks and in BWR pressure suppression pools. Developing of models for the water pool
scrubbing process; characterization of the hydrodynamic behaviour of the injected gas; analyzing
the aerosol physics involved in the scrubbing process.

References: 20, 23, 24, 25

5.1.8 Uranium Dioxide, HO,

5.1.8.A BNWL Experiments

Generation and generation conditions:

Uranium aerosol was produced by inductively heating Zircaloy or stainless steel clad, natural
uranium, UO : rods packed to 95% theoretical density. Rods were 1/2 in. diameter by 3 in. long,
containing approximately 80 g of U(X The UO; element was supported on a 200g bed of granular
UO;. The quartz tube containing the UO: was surrounded by a cooling jacket to inhibit reaction
and rupture of the quartz furnace tube. Water or glycol were used as coolants in the jacket
depending on whether air or steam was used as a sweep gas.

Inductive coupling of UO: is insufficient to heat it directly at low temperature, and the fuel
element cladding serves as the inductive source until the cladding melts. At this point the UO;

becomes conductive and can be brought to the melting temperature and maintained molten. In the
tests, UO: had been held molten for over 2 hours.

Aerosol was produced at a rate of about 200 mg/min at an air flow rate of 1 ftVmin through the
41 mm ID quartz furnace. Velocity past the specimen surface was not known exactly due to the
space occupied by the melt and residue plus the irregular skull formed above and around the
molten lake. Assuming that the velocity past the specimen is twice the total cross sectional
average velocity, gives a velocity of about 10 cm/s. From melt residue surface area measurements,
an evaporation rate of about 5 mg/(mincnr) was obtained.

Electron photomicrographs of uranium oxide aerosols collected within containment (see also
Figure 1) are shown in Figure 14.

Uranium aerosol was examined in a mixture of caesium, tellurium, barium, rhutenium oxide
aerosols, and with elemental iodine and xenon.
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Aerosol properties:

MMD (cascade impactor sampling):
individual aerosol particles (dia.)

ca 0.8 \xm
ca 100 A

1
MICRON

Figure 14. Photomicrographs of UO: aerosols from molten stainless steel clad UO2 source

Aerosol instrumentation:

gas phase sampling (a granulated charcoal, activated charcoal paper filters, silver
membranes, silver coated copper screens, glass fiber filters)
liquid samples
deposition samples
gamma energy analytical system
gross alpha counting techniques

Purpose:

The experiments were performed in the BNWL to support the Containment System Experiments
established to evaluate the effectiveness of both natural processes and engineered safeguard
systems for limiting the release of fission products to the environment under conditions similar
to possible PWR accidents. Stable isotopes of some fission product elements were selected as
simulants with radiochemical tracing as the analytical tool. To more nearly approach the accident
situation of release from molten fuel, the manifolded particles and gases were passed over molten
UO:

Reference: 18
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5.1.8.B ORNL Experiments (I)

Generation:

Evaporation-condensation method with the use of a capacitor discharge vaporizer. Unfortunately,
more detailed description was not possible.

Aerosol properties:

diameter of avearge primary particle: 0.04 urn
number of primary particles per agglomerate: 14 000
maximum airborne concentration: 2.8 g/m3

AMMD of agglomerate (spiral centrifuge data): 1.0 \im

Aerosol instrumentation:

cascade impactors
spiral centrifuges

Purpose:

Realization of the Aerosol Release and Transport Programme to provide the analytical methods
and experimental data necessary to assess the quantity and transient behaviour of radioactive
aerosols released from reactor cores as a result of postulated events of varying severity up to and
including accidents resulting in core melting.

Reference: 36

5.1.8.C ORNL Experiments (2)

Generation: evaporation (with the use of an arc furnace)-condensation method. There were
no details available.

Aerosol properties:

diameter of average primary particle: 0.16 urn
number of primary particles per agglomerate: 400
maximum airborne concentration: 6.0 g/m3

AMMD of agglomerate: 1.6 urn
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Aerosol instrumentation

cascade impactors
spiral centrifuges

Purpose: as above

Reference: 3 7

5.2. Evaporation - condensation method with the use of a plasma torch

5.2.1 Aluminum Oxide, A1,O3 (ORNL)

Generation:

Evaporation-condensation method with the use of a plasma torch (powdered metel-oxygen
combustion in a plasma arc)

Obtained aerosol properties:

diameter of average primary particle: 0.05 um
number of primary particles per agglomerate. 110.000
max. airborne concentration 18 g/m'
AMMD of agglomerate (spiral centrifuge data): 3.4 um

Applied aerosol instrumentation:

cascade impactors
spiral centrifuges
TEM

Realization of the Aerosol Release and Transport Programme to provide the analytical methods
and experimental data necessary to assess the quantity and transient behaviour of radioactive
aerosols released from reactor cores as a result of postulated events of varying severity up to and
including accidents resulting in core melting. A1,O, aerosol represented here one of the concrete
basemat interaction products for core meltdown.

Reference: 37
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5.2.2 Aluminum Silicate Al2SiO5 (ORNL)

Generation: evaporation-condensation method with the use of a plasma torch.

Aerosol properties:

diameter of average primary particle: 0.09 urn
number of primary particles per agglomerete: 20 000
max. airborne concentration. 30 g/m3

AMMD of agglomerate: 3.5 um

Instrumentation:

cascade impactors
spiral centrifuges

Purpose:

Realization of the Aerosol and Transport Programme to provide the analytical methods and
experimental data necessary to assess the quantity and transient behaviour of radioactive aerosols
released from reactor cores as a result of postulated events of varying severity up to and including
accidents resulting in core melting. AUSiO, aerosol was a representant of the concrete basemat
interaction products for core meltdown.

Reference. 35

5.2.3 Boron Oxide B2O3 (ORNL)

Generation: evaporation-condensation method with the use of a plasma torch.

Aerosol characteristics:

diameter of average primary particle: 0.09 um
number of primary particles per agglomerate: 16 000
max. airborne concentration: 7.3 - 8.0 g/m'
AMMD of agglomerate (spiral centrifuge data): 3.28 - 3.51 um

GSD: 1.41 - 1 45
Aerosol instrumentation:

cascade impactors
spiral centrifuges
TEM
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Purpose: as previously

References: 35, 37

5.2.4 Cadmium Cd (ORNL)

Generation:

Evaporation-condensation method with the use of a plasma torch. Cadmium metal was first
succesfully vaporized in a dark metallic form after carefully eliminating oxygen from the
containment atmosphere. Removal of traces of oxygen in a slightly pressurized hydrogen-argon
atmosphere was accomplished by operating the plasma torch for several minutes without metal
feed and thus allowing the hot hydrogen to deplete the oxygen. Metal feeding was then intro-
duced while the containment gas pressure was several pounds gauge positive. This resulted in a
pure metallic aerosol. The primary particles as seen in an electron photomicrograph are shown
in Figure 15.

Generation of Cd aerosol was accompanied by CdO aerosol forming.

Aerosol properties:

diameter of average primary particle: 0.27 urn
number of primary particles per agglomerate: 200
max. airborne concentration: 9.0 g/m
AMMD of agglomerate (spiral centrifuge data): 8.6 urn

Figure 15 Cadmium metal aerosol agglomerate showing mainly spherical particles



Instrumentation:

cascade impactors
spiral centrifuges
SEM

Purpose: as previously

Reference: 35

5.2.5 Cadmium Oxide, CdO (ORNL)

Generation method:

Evaporation-condensation with the use of a plasma torch. During generation of the Cd aerosol,
cadmium oxide was inadvertently generated first because the argon-4%hydrogen gas mixture in
the containment vessel, due to an unexpected inleakage of air during filling, contained enough
oxygen to ignite the cadmium metal vapour and produce a dense crystalline orange-yellow oxide
of a somewhat unusually high aerodynamic particle diameter and a very low value for the GSD.
Generation of the Cd aerosol was described earlier (5.2.4).

The CdO aerosol agglomerate showing crystalline particles is shown in Figure 16.

CdO #Tk. i \ ° - 2 Mm

Figure 16. SEM photomicrograph of the CdO aerosol agglomerate
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Aerosol

diameter of average primary particle: 0.11 urn
number of primary particles per agglomerate: 5 300
max. airborne concentration: 8.0 g/m
AMMD of agglomerate (spiral centrifuge data). 6.1

Instrumentation:

cascade impactors
spiral centrifuges
SEM

Purpose: as previously

Reference 35

5.2.6 Caesium Iodide, Csl

5.2.6.A MARV1KEN Experiments

Generation:

The small aerosol generation system consisted of plasma-arc heaters, fissium feeders and a
vaporization chamber Three 80 kW Metco plasma-arc heaters injected plasma jets into the
vaporization chamber through a face plate. Argon was used to fluidize and feed powdered Csl and
Te, whereas CsOH was injected into the plasma as an aqueous solution.

The large aerosol generation system included three Westinghouse plasma-arc heaters and two
vaporization chambers as shown in Figure 17. Each heater was rated at 1.65 MW and used
nitrogen as a plasma gas. Conum was fed as a mixture from dual feeders to a single plasma jet.
Argon was used to fluidize the corium powder on the face of the plasma-arc heater Fissium was
added and vaporized in the upper chamber.

Aerosol properties: lack of data

Aerosol instrumentation:

cyclones
fi 1 ters
optical smoke density meter
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Figure 17. Assembly of large aerosol generation system and reactor test vessel (MARVIKEN).

Aerosol properties: lack of data

Aerosol instrumentetion:

cyclones
filters
optical smoke density meter

Purpose:

Objective of MARVIKEN programme was to generate a database on the behaviour of high
concentration aerosols and volatile species produced from overheated core materials in a large-
scale facility representing typical water reactor primary system and pressure vessels. The
experimental data were to be used to verify analytical models predicting radionuclide transport
for a wide range of postulated accident sequences. The second aim was to provide a large-scale
demonstration of the behaviour of aerosols in water-cooled reactor primary systems

Reference: 38
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5.2.6.B SPARTA Tests

Generation:

Figure 18 shows a scheme of the SPARTA test facility with aerosol generation systems, and
details of the Csl aerosol generation system applied is presented in Figure 19 It consists of a
mixing vessel (800 mm diameter and 3200 mm length) on which the plasma gun (Metco, 70kW
power) is mounted, with its powder unit, the nozzle through which the caesium vapours coming
from the electric oven are injected, the nitrogen and steam nozzles and the spargers. In Figure 20
there is a vaporization chamber used to increase the plasma gun vaporization efficiency In order
to generate the Csl aerosol, Csl metallic powder, with the use of a feeder device, is introduced
into the flame zone of the plasma gun, inside which the powder evaporates. The vapours are then
cooled and condensed in aerosol particles by nitrogen, injected inside the mixing vessel through
the sparger.

In the SPARTA project the Csl aerosol was tested as a single compound.

Liquid C«*lun ^> £ X >

Figure 18 Scheme of the SPARTA experimental facility with aerosol generation systems
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Figure 19 SPARTA Csl aerosol generation system

Q REFRACTORY
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Figure 20 Vaporization chamber used in the SPARTA experiments
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Generation conditions:

Carrier gas: N;, Ar and He (plasma gas) + additional air and/or steam flow

incondensable flow rate: 27 - 90 g/s
steam flow rate: 0 - 230 g/s

inlet gas temperature: 170"C

Aerosol:

concentration: 1.2- 10.6 g/m3

Aerosol instrumentation:

filters
fractionating samplers (Sierra's series cyclones)
INSPEC
SEM
EDAX

Purpose:

Evaluating the overall DFs for such fission products as aerosols, when they are discharged into
water pools through X-quencher and horizontal vent discharge devices. It was intended that the
test would enlarge the pool scrubbing experimental data base and provide information for
computer code validation

References: 20, 39, 40

5.2.7 Caesium Hydroxide, CsOH (MARVIKEN)

Generation:

The CsOH aerosol was generated by injection of an aqueous solution into the plasma. This
process was accompanied by simultaneous generation of the Csl and Te aerosols (see 5.2.6. A).

Reference: 38
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5.2.8 Iron (III) Oxide, Fe,O3

5.2.8.A

Generation:

ORNL Experiments (\)

With the use of a generator which consisted of a commercial plasma metalizing torch assembly
(Metco 7M System), and a special high-temperature reaction chamber into which iron metal
powder was injected together with argon and oxygen gases. The test aerosol was formed by
vaporization of the metal powder in the argon plasma flame followed by reaction with oxygen
and subsequent condensation as very small particles.

Figure 21 shows an SEM picture of obtained Fe:O, aerosol particles.

Generation conditions and properties of obtained aerosol:

1. carrier gas: dry air (R.H. < 20%)

temperature:
pressure:

Aerosol:

max average concentration:
AMMD

2. carrier gas: air + steam (R.H. * 100%)

temperature:

pressure (abs):

Aerosol:

max average concentration:
AMMD

Aerosol instrumentation:

25°C
atmospheric

2.5 g/m3

0.53 - 13 7 urn (impactor data)
0.54 - 4.4 fim (spiral centrifuge data)

initial: 108 - 115°C
final: 116 - 125°C
initial: 192-217 kPa
final: 240 - 275 kPa

0.3 - 2.4 g/m3

0.61 - 14.2 urn
0.53 - 13.7 urn
0.7 - 4.4 |im

(internal impactor data)
(external impactor data)
(spiral centrifuge data)

filter packs
cascade impactors (Andersen Mark III Particle Sizing Stack Sampler)
Spiral Centrifuge Aerosol Spectrometer
SEM
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Figure 21. SEM photographs illustrating:

Fe.O, aerosol particles obtained in a dry-air environment (R.H. < 20%);a)
b) Fe,O, aerosol particles obtained in a steam-air environment (R.H * 100%).

Purpose:

Research of the Fe,O, aerosol behaviour to provide a data base on the behaviour of aerosols in
containment under conditions assumed to occur in postulated LWR accident sequences, and to
provide experimental validation of aerosol behaviour codes

Reference: 41

5.2.8.B ORNL F.xnenments (2)

Generation evaporation (plasma torch) - condensation method.

Generation conditions: air + steam atmosphere

temperature:
pressure (abs):

109"C (initial) - 116°C (final)
0.201 MPa (initial) - 0.239 MPa (final)
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Aerosol properties:

max. average concentration: 0.91 g/m
diameter of average primary particle: 0.05 um
number of primary particles per agglomerate: 40.000
max. airborne concentration: 5.0 g/m3

AMMD of agglomerate (spiral centrifuge data): 3.7 (am

Aerosol instrumentation:

cascade impactors
spiral centrifuges

Purpose:

The Aerosol Release and Transport Programme realization to provide the analytical methods and
experimental data necessary to assess the quantity and transient behaviour of radioactive aerosols
released from reactor cores as a result of postulated events of varying severity up to and including
accidents resulting in core melting.

Reference: 35

5.2.8.C Merger & Schoeck Experiments

Generation:

The aerosol was produced by the plasma gun (20-kW, but the maximum power used in the test
was 10 kW) and fed into a 1 m3 steel vessel. The vessel was a cylindrical pressure tank with a
thermal insulation on the outer surface (Figure 22). Steam was injected into the vessel from a
36-kW electric steam generator, capable of producing 44 kg/h of steam. The powder to be
vaporized was fed into the torch by a carrier gas flow. The plasma torch head was water-cooled.
In the reaction zone of a plasma torch the metal powder was in molten or vaporized state. Oxygen
was fed into that zone to oxidize the metal, the additional oxidation enthalpy vaporized residual
liquid droplets to form oxide vapour. Aerosol particles were then formed by condensation of the
vapour

The Fe powder was available in two different particle sizes: with particles diameter less than
50um, and a carbonyl iron powder (C-Fe) with 4 urn particles.

Generation conditions:

1. carrier gas: air (dry)
temperature: 50 - 120°C
pressure (absolute): 1.1- 1.5 bar
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2. carrier gas: air + steam (steam saturated atmosphere)
temperature: 110- 126°C
pressure (absolute): 2 2 - 3.0 bar

1

Metal
powder
feeder

Plasma
power
supply

Steam
generator

I

]

Light
sensor

i l

isma gun

1000 1 vessel

Thermal insulation

Laser
source

))
y

Figure 22. Schematic of the Fe;O, aerosol generation system

> 10 g/min
90 g/m' (dry tests)
70 g/m3 (wet tests)
0.1- 0.3 um

Aerosol properties:

aerosol production rate.

max aerosol particle concentration:

primary particle size:

Aerosol instrumentation

Nuclepore filters
SEM

Purpose Aerosol behaviour study in the frame of fission product behaviour & source term
research

Reference: 42
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5.2.9 Manganese Oxide, MnO

Generation:

The MnO aerosol was generated by vaporizing metallic manganese powder in two 80-kW plasma
torches (Metco) and discharging the Mn vapour into an AMV that contained superheated steam
in a nitrogen atmosphere (Figure 23). The MnO aerosol generation resulted from the Mn vapour
reaction with steam. The manganese powder was fed directly to the throat of the plasma region
where it was molten. Approximately 50% was vaporized. The downstream vaporization chambers
of the plasma torches were insulated with MnO and ArO liners. Certain areas of the torch were
cooled by water or nitrogen. In the LACE experiments the MnO aerosol was tested in a mixture
with the CsOH aerosol (MnO mass fraction: 0.59 - 0.88).

Figure 4 showed TEM photographs of CsOH/MnO particles of aerosol mixture obtained in those
experiments.

Generation conditions:

Carrier gas: nitrogen + steam (+ Ar and He - plasma gases)

steam flow rate: 15.2 - 62.5 g/s
nitrogen flow rate: 20.8 - 99.2 g/s
total gas flow rate: 37.4 - 163.2 g/s
volumetric flow rate: 0.073 - 0.237 kg/m3

steam mass fraction:
by volume. 0.480 - 0.486
by mass: 0.383 - 0.411

velocity: 23 - 97 m/s
temperature: 247 - 303T
pressure: 109 - 144 kPa
degrees superheat: - 141-219°C

Aerosol properties:

average generation rate (for MnO): 0.51- 0-76 g/s
total source rate: 0.6 - 1.1 g/s
average MnO/CsOH ratio: 1.4-7.6
source size: AMMD: 1.4 - 2.4 |im

GSD: 1.9-2.1
cascade impactor data at test pipe inlet:
average AMMD of MnO aerosol particles: 1 18 - 2.39 um
average GSD: 2.02 - 2.30
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suspended mass cone: 3.6 - 30.2 g/Am'
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Figure 23 Schematic of the MnO aerosol generation system (LACE)

A erosol instrumentation :

filters
cascade impactors
spectrometer (H1R Polytec)
photometer
cascade cyclones
TEM

Purpose:

Investigation of aerosol behaviour for postulated high-consequence accident situations, such as
the reactor containment building bypass or containment building failure with simultaneous
fission-product release. Determination of the ability and accuracy of the various computer codes
used to analyze and predict aerosol behaviour.

References: 21, 22
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5.2.9.B ACE

Generation:

Manganese powder transported by argon was vaporized in a 50-kW helium-argon plasma torch
and discharged to a reaction chamber filled with a mixture of steam and nitrogen (as in the LACE
tests). The Mn reacted with steam to form the MnO aerosol particles and H;. A schematic
diagram of the system is shown in Figure 23 (in some tests the steam was supplied in minimum
(stoichiometnc) amount by metering water into the AMV). A mixture of the MnO, Csl and CsOH
aerosols was examined in the tests

Generation conditions:

Carrier gas: steam + nitrogen
total flow: 77 - 110 g/s
temperature: 138 - 150°C
pressure: 121- 150 kPa
actual volumetric flow: 0.069 - 0.113 rrrVs
steam fraction by volume: 0.012 - 0.410

Aerosol properties:

average aerosol flow rate (for MnO): 0.263-0.887 g/s
inlet aerosol concentraton (for MnO): 5.28-8.36 g/m3

AMMD (for MnO): 1.72-2.31 (am
GSD: 1.90-2.22

Aerosol instrumentation:

glass fiber filters (Gelman type A/E, manufactured by Gelman Instrument Co., Ann
Arbor, Michigan)
charcoal loaded backup paper (Schleicher & Schuell, Keene, New Hampshire)
cascade impactors (Anderson Mark III and Sierra Series 220, manufactured by Anderson
Samplers, Inc., Atlanta, Georgia)
SEM
XRD

Purpose:

To provide a comparative experimental basis for aerosol removal techniques, as submerged gravel
beds, water pools, filters, etc.; to provide data for modelling transport of radioactive iodine
species; to determine fission product releases from molten core-concrete reactions; to develop and
validate applicable computer codes and models.

References: 19, 20
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5.2.10 Silicon Dioxide, SiO, (ORNL)

Generation: evaporation-condensation method with the use of a plasma metal-oxygen torch.

Figure 24 shows a TEM picture of the SiO: aerosol particle agglomerate.

Fmure 24 TEM photomicrograph of chain-agglomerate SiO; particles generated by the
plasma metal-oxygen torch.



57

Aerosol:

diameter of average primary particle:
max. airborne concentration:
AMMD of agglomerate:
GSD:
number of primary particles in
an average SiO: aerosol agglomerate:

Aerosol instrumentation:

cascade impactors
spiral centrifuges
TEM

0.07 jam
7.5 - 12.1 g/m3

3.15 - 3.33 urn (spiral centrifuge data)
1.52 - 1.55

of order 10 000 (up to 90 000)

Purpose:

Realization of the Aerosol Release and Transport Programme to provide the analytical methods
and experimental data necessary to assess the quantity and transient behaviour of radioactive
aerosols released from reactor cores as a result of postulated events of varying severity up to and
including accidents resulting in core melting. The SiO: aerosol represented one of the concrete
interaction products for core meltdown.

References: 35, 37

5.2.11 Silver, Ag (DEMONA)

Generation:

The aerosol generator consisted of three commercially available 80-kW plasma torch units, each
equipped with an additional reaction chamber to vaporize and oxidize the metal droplets produced
by plasma torch (Figure 25) The outlets ot these three units joined in a common pipe feeding the
aerosol into the central compartment of the model containment. Air was added to quench and to
dilute the aerosol, to increase its flow velocity and thus to diminish transportation losses through
the feed pipe. The Ag aerosol was tested alone and in a mixture with the SnO; and Fe:O,
aerosols.

Generation conditions:

Carrier gas: steam + air
total pressure:
partial pressure of steam:
partial pressure of air:

3 bar (= 0.3 MPa)
1.7 bar (saturation temp : 115°C)
13 bar (corresponding to 10 bar at

20°C)
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Figure 25 Schematic cross-section through a plasma burner and an oxidetion chamber
(DEMONA)

Aerosol properties:

evaporation rate (for one plasma torch):
primary particle size:
max aerosol concentration:

20 g/min
ca 0.6 [im
ca 1 g/W (Ag aerosol alone)
ca 12 g/m' (mixture)

Instrumentation:

filters
impactors (Prodi's Inspec; Andersen Mark II)
extinction photometers
LSM (Polytec HC 70)
SEM
APAC

Purpose:

To study the behaviour of core-melt aerosols in a PWR containment and to demonstrate the large
aerosol depletion rates predicted by aerosol codes. As aerosol behaviour is coupled with the
thermodynamic conditions of the containment atmosphere, thermodynamic measurements and
codes are also included in the DEMONA investigations.

References: 43, 44, 45
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5.2.12 Silver Oxide, AgO (Mercier and Schoeck experiments)

Generation:

The aerosol was produced by plasma gun (20-kW, but the test maximum power was lOkW) and
fed into a lm3 vessel. The vessel was a cylindrical pressure tank with a thermal insulation on the
outer surface (as was already shown in Figure 22). Steam was injected into the vessel from a
36-kW electric steam generator, capable of producing 44 kg/h of steam. The metal powder to be
vaporized was fed into the torch by carrier gas flow. The plasma torch head was water cooled.
In the reaction zone of a plasma torch the metal powder was in a molten or vaporized state.
Oxygen was fed into that zone to oxidize the metal, the additional oxidation enthalpy vaporized
residual liquid droplets to form oxide vapour. Aerosol particles were then formed by condensation
of the vapour.

Generation conditions:

Carrier gas: air (dry)

temperature: 50 - 120°C

pressure (absolute): 1.1 - 1.5 bar

Aerosol properties:

aerosol production rate: > 10 g/min
max. aerosol concentration: 7 g/m3

primary particles size: 0.1- 0.3 urn
Aerosol instrumentation:

Nuclepore filters
SEM

Purpose: Aerosol behaviour study on fission product behaviour and source term.

Reference: 42
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5.2.13 Tin Dioxide, SnO:

5.2.13.A DEMONA Experiments

Generation

The aerosol generator cosisted of three commercially available 80-kW plasma torch units, each
equipped with an additional reaction chamber to vaporize and oxidize the metal droplets produced
by the plasma torch (Figure 25). The outlets of these three units joined in a common pipe feeding
the aerosol into the central compartment of the model containment. Air was added to quench and
to dilute the aerosol, to increase its flow velocity and thus to diminish transportation losses
through the feed pipe. Tin is forming a stable tin-monooxide via dissociation from tin-dioxide in
liquid form. The subsequent quenching process yielded a great amount of tin-oxide particles
(Figure 26)

The SnO: aerosol was examined alone and in a mixture with the Ag and Fe,O, aerosols.

Generation conditions:

carrier gas: 1. air
temp.: 20T
pressure: 2.5 bar

2 air + steam
temp. 115T
pressure: 3 bar

generation rate: 300 g/min (with three plasma torches)
plasma gas: Ar/He

A eroso 1 properties

concentration: 6.0 - 12.4 g/m' (SnCK)
ca 12 g/m1 (mixture)

particle size: 0.2 urn

Purp_ose:

To study the behaviour of core-melt aerosols in a PWR containment and to demonstrate the large
aerosol depletion rates predicted by aerosol codes. As aerosol behaviour is coupled with the
thermodynamic conditions of the containment atmosphere, thermodynamic measurements and
codes are also included in the DEMONA investigations.

Reference: 43
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Figure 26. SnO: aerosol particles (DEMONA)

5.2.13. B

Generation:

Mercier & Schoeck Experiments

The aerosol was produced by the plasma gun and fed into a 1 nr' steel vessel (Figure 22). The
vessel was a cylindrical pressure tank with a thermal insulation on the outer surface. Steam was
injected into the vessel from a 36-kW electric steam generator, capable of producing 44 kg/h of
steam. The plasma torch was a 20-kW unit (during the aerosol generation a maximum power
used was 10 kW) The powder to be vaporized was fed into the torch by a carrier gas flow. The
plasma torch head was water cooled. In the reaction zone of a plasma torch the metal powder
was in a molten or vaporized state. Oxygen was fed into that zone to oxidize the metal. The
additional oxidation enthalpy vaporized residual liquid droplets to form oxide vapour. Aerosol
particles were then formed by condensation of the vapour.

Particles of the Sn powder were less than 6 um in diameter.

Generation conditions:

carrier gas: 1. dry air
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2 air + steam (steam saturated atmosphere)

-
-

aerosol production

Aerosol properties:

temp.:
pressure:

rate:

11
2/

>

0
1-

10

- 120T
2.9 bar

g/min

max. aerosol concentration: 100 g/m'
primary particles size range: 0.1- 0.3 um

Instrumentation:

Nuclepore filters
SEM

Purpose: Aerosol behaviour experiments on fission product behaviour and source term.

Reference: 42

5.2.13.C ACE

Generation:

The particuraly fine SnCh condensation aerosols were generated from metallic tin and oxygen
using a plasma torch (Metco, 80 kW). Aerosol was formed through cooling of a compound which
had been evaporated in a plasma. A noble gas plasma was used to heat a reaction chamber to
temperatures of over 2000"C. Powdered tin was fed into the reaction chamber with a stream of
argon gas At the same time, oxygen was also fed into the chamber. The plasma flame melted and
evaporated the tin.

Because of the high flow velocity and the consequentially short residence time of the material
particles in the hot zones of the noble gas plasma, evaporation of all the liquid material is not
carried out to completion. Some of the material fed into the chamber remains in a liquid form and
separates out on the cooled walls of the chamber This portion of material is not included in the
condensation aerosol used for injection.

At the temperatures of over 2000T prevailing inside the inner combustion chamber, dissociation
of the tin oxide to tin nionooxide takes place This high-temperature modification of the tin oxide
is characterized by a high vapour pressure so that nearly all of the tin oxide is transformed to the
gas phase At the chamber outlet, rapid cooling and dilution of the gas phase with air causes the
condensation aerosols to be stabilized before they are fed into the condensation gas stream at a
high injection rate
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The SnO: aerosol generator is shown in Figure 27. Figure 28 shows the SEM photomicrograph
of the SnO; aerosol particles obtained.

SnO? Povwtef 1 | Cooling and Carrier Ak |
wlfti fitgpn I ' ' '

| Cooling Water |

Ch»mlc»l Of Phy«e»l
Convarslon

Oxygen

Figure 27 SnO: aerosol generation system (ACE).

SnOf Anrosols
Air. Ar. He.O,

Figure 28 SEM photomicrograph of the SnO, aerosol particles



Aerosol transport conditions:

Carrier gas air and/or steam ( + oxygen and plasma gases (Ar and He))

1 carrier gas: air

pressure: 4 - 6 bar
temperature. 63 - 112°C
volumetric flow rate: 100 - 1300 m /̂h

2. carrier gas: air + steam

pressure. 1.5 - 6.1 bar
temperature: 20 - 188T
volumetric flow rate: 600 - 2100 m'/h

3. carrier gas: steam

pressure: 1.6-6.1 bar
temperature: 20 - 169°C
volumetric flow rate: 624 - 1410 m3/h

Aerosol properties:

aerosol particle size (dm,,,): 0.5 - 0.6 |jm

Aerosol instrumentation:

PTFE sampling filters
1CP AES (Atomic Emission Spectroscopy)
LSM (Polytec HC 2115)
SEM

Purpose:

Optimization of a retention process for most of aerosols during containment venting;
determination of aerosols retention efficiences under an extremely wide range of hypothetical
core-melt accident conditions.

Reference 46
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5.2.13.D QRNL Experiments

Generation:

Evaporation-condensation method, using plasma torch. There were no details on generation
conditions.

Aerosol properties:

diameter of average primary paricle: 0.12 |um
numbers of primary particles per agglomerate: 1.500
max. airborne concentration: 20.0 g/m
AMMD of agglomerate (spiral centrifuge data): 4.4 urn

Aerosol instrumentation:

cascade impactors
spiral centrifuges

Purpose:

Realization of the Aerosol Release and Transport Programme to provide the analytical methods
and experimental data necessary to assess the quantity and transient behaviour of radioactive
aerosols released from reactor cores as a result of postulated events of varying severity up to and
including accidents resulting in core melting

Reference: 35

5.2.14 Tellurium, Te (MARVIKEN)

Generation:

The small aerosol generation system consisted of plasma-arc heaters, fissium feeders and a
vaporization chamber. Three 80 kW Metco plasma-arc heaters injected plasma jets into the
vaporization chamber through a face plate. Argon was used to fluidize and feed powdered Te (and
Csl, CsOH was injected into the plasma as an aqueous solution)

The large aerosol generation system included three Westinghouse plasma-arc heaters and two
vaporization chambers as was already shown in Figure 17. Each heater was rated at 1.65 MW and
utilized nitrogen as a plasma gas. Corium was fed as a mixture from dual feeders to a single
plasma jet Argon was used to fluidize the corium powder on the face of the plasma-arc heater
Fissium was added and vaporized in the upper chamber.

Aerosol properties lack of data
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Aerosol instrumentation:

cyclones
filters
optical smoke density meter

Objective of MARV1K.EN programme was to generate a database on the behaviour of high
concentration aerosols and volatile species produced from overheated core materials in a large-
scale facility representing typical water reactor primary system and pressure vessels. The
experimental data were to be used to verify analytical models predicting radionuclide transport
for a wide range of postulated accident sequences. The second aim was to provide a large-scale
demonstration of the behaviour of aerosols in water-cooled reactor primary systems.

Reference: 38

5.2.15 Uranium Oxide (Triuranium Octooxide), U3O8 (ORNL)

Generation: evaporation-condensation method with the use of a plasma torch.

Generation conditions and properties of obtained aerosol:

1. air + steam atmosphere

average temp : 101 "C (initial) - I IT'C (final)

pressure 0.105 MPa (initial) - 0.195 MPa (final)

Aerosol:

diameter of average primary particle: 0.11 urn
number of primary particle per agglomerate. 2 000
maximum airborne concentration. 20 - 50 g/m*

AMMD of agglomerate 6.0 urn

2 dry air atmosphere (R.H < 20%); ambient conditions of temperature and pressure

Aerosol - max average mass concentration: 5 5 g/nr

Aerosol instrumentation
cascade impactors
spiral centrifuges
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Purpose:

Realization of the Aerosol Release and Transport Programme to provide the analytical methods
and experimantal data necessary to assess the quantity and transient behaviour of radioactive
aerosols released from reactor cores as a result of postulated events of varying severity up to and
including accidents resulting in core melting.

References: 35, 37

5.3 Chemical reaction + condensation

Aerosols can be formed also by chemical reactions. For example: titanium tetrachloride liquid
evaporates readily and forms TiO; and HC1 by reaction with moisture in the air. This conversion
from a vapour to a solid and liquid forms a dense aerosol almost instantly. In some cases, a
sequence of chemical reactions, followed by the subsequent condensation, was the process applied
in generation of the desired aerosols.

5.3.1 Barium and Barium Oxide, Ba and BaO (BNWL)

Generation:

Aerosol was produced by reduction of barium carbonate. Barium sources traced with Ba-140 were
prepared by barium carbonate precipitation of carrier material and tracer from aqueous solution.
For milligram releases of barium, barium carbonate was reduced on tantalum filaments in an inert
atmosphere:

Ta 200°C, He
sl - --> BaO(1) + CO; -+Ba (g l +Ta,O5(s,-

An expanded view of the release apparatus is shown in Figure 29. Precipitated barium carbonate
was transferred to the tantalum filament as a slurry and then dried under a heat lamp.
Temperatures of 2OOO-25OO°C could be obtained by applying about 6V at 90A to the 1/4 in. wide
by 3/4 in. long by 0.005 in. thick tantalum filament at a helium flow rate 0.75 ftVmin. 50-70%
of barium source on the filament could be transferred to containment via an 8 ft. long 1 in. ID
delivery line using this method.

Aerosol properties:

Barium aerosols produced by the methods mentioned were greater than 99.5% filterable on Type
A Gelman glass fibre filters at containment conditions.
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Figure 29. Barium release apparatus

Aerosol instrumentation:

gas phase sampling (a granulated charcoal, activated charcoal paper filters, silver
membranes, silver coated copper screens, glass fiber filters);
liquid samples,
deposition samples;
gamma energy analytical system;
gross alpha counting techniques.

Purpose:

The experiments were performed to support the Containment System Experiments established to
evaluate the effectiveness of both natural processes and engineered safeguard systems for limiting
the release of fission products to the environment under conditions similar to possible PWR
accidents Stable isotopes of selected fission product elements were selected as simulants with
radiochemical tracing as the analytical tool. To more nearly approach the accident situation of
release from molten fuel, the manifolded particles and gases were passed over molten UCh

Reference 18
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5.3.2 Caesium Oxides, Cs2O and CsO (BNWL)

Generation:

Caesium oxide aerosols were generated by heating caesium carbonate and caesium tetraoxalate
sources, metered into a nickel gauze-packed tube at 1200°C.

a) Caesium carbonate decomposition

Caesium carbonate traced with Cs-134 and Cs-137 was prepared by evaporating to dryness in 15
ml nickel boats quantitative (milligram) amounts of carrier caesium carbonate plus carrier-free Cs-
137 chloride solutions. Heat lamp dried sources were then volatilized by inductively heating the
nickel boat to 1300-MOOT. Release commenced at temperature as low as 800°C. Thermodynamic
data for the caesium carbonate-caesium oxide equilibrium system [47] suggest the condense phase
at the above release temperatures would be liquid Cs ,0 while the gas phase would contain Cs and
CsO. Cooling the gas stream in the presence of dry air would yield (at equilibrium) caesium
peroxides, and in the presence of water vapour - hydroxide.

b) Caesium tetraoxalate decomposition

10 to 100 g of traced caesium were prepared by the precipitation-crystallization of caesium
tetraoxalate. Studies of the preparation process [20] show the tetraoxalate to behave as follows.

Cs,(C:O4)^ HX> — • CsH,(C,O4), + HX> at 105 - 120°C
Cs,(C :O4) : —> CsH,(C2O4) + H ;C :O4 at 120 - 200°C
2 CsHC :O4 —> CsX,O 4 + H,C,O4" at 200 - 400°C
2 Cs :C :O4 — • Cs :CO, + C s : 6 + 2 CO + CO : at 400 - 450°C
CsXO, —> C s : 0 + CO, at temperaturas > 450°C

The prepared caesium carbonate was relased to containment. For short time releases, the nickel
boat was slowly brought to 400°C and held until other aerosol components were ready. The nickel
boat was then rapidly (2 mm.) brought to 1300-1400T. At about 800°C the source became molten
and dense white fumes were first observed. The molten lake formed remainded tranquil,
suggesting that little caesium carbonate remainded above 800°C and that Cs :O is the source from
which Cs and CsO were volatilizing.

Aerosol properties: lack of data

Purpose: As previously.

Reference: 18
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5.3.3 Iron (III) Oxide, Fe2O3 (DEMONA)

Generation:

The aerosol generator consisted of three commercially available 80 kW plasma torch units, each
equipped with an additional reaction chamber to vaporize and oxidize the metal droplets produced
by the plasma torch (as was shown in Figure 25). The outlet of these three units joined in a
common pipe feeding the aerosol into the central compartment of the test facility. Air was added
to quench and to dilute the aerosol, to increase its flow velocity and thus to diminish
transportation losses through the feed pipe.

A common agreed mechanism for aerosol formation using a plasma torch and a high temperature
oxidation chamber comprises:

liquefaction and evaponzation of a metal powder;
gas-phase egzothermic oxidation forming a highly volatile oxide at the given
temperature in the reaction chamber;
rapid quenching of gaseous oxide vapours to form airborne particles.

This mechanism precludes:

the existence of a high temperature stable oxide form of the considered metallic feed
material in the gaseous phase,
the absence of reactions at given temperatures forming liquid or solid reactants with a
considerably high amount.

In the case of iron:
quenching

2 [Fe]Ig, + 3/2 lOJlg! • LFe:0,J,h -> aerosol,

aerosol is formed as a reaction aerosol from the elements in the gas-phase, not as a condensation
aerosol Therefore much better rates for iron oxide aerosol are to be expected performing the
oxidation reaction with feeding a volatile iron compound. In such a case all iron would react in
homogeneous gas-phase reaction improving the yield of the aerosol formation considerably

However, for iron no stable gas-phase iron-oxide exists. Even iron vapour becomes liquid when
it is oxidized As a consequence, only reaction and simultaneous quenching can lead to iron-oxide
aerosol of the desired small size distribution. It turned out that this cannot be achieved using iron
powder as a source material. Only the use of gaseous iron compound, iron-pentacarbonyl, leads
to the desired iron-oxide aerosol in the following homogeneous gas-phase reaction

quenching
4 [Fe(COUs,

 + 13 O; > 2 [Fe ;0,] l s + 20 CO;.

The Fe O, aerosol was examined alone and in a mixture with the Ag and SnO, aerosols
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Figure 30 shows agglomerates of the Fe;O, aerosol particles

1 /dm

Figure 30 Agglomerates of the Fe;O, aerosol particles (DEMONA).

Generation conditions:

for Fe+CK reaction:

carrier gas:
plasma gas:
aerosol generation rate:

Aerosol properties:

max aerosol concentration:

2. for Fe(CO),+CK reaction:

air + steam
nitrogen or argon and helium
20 - 30 g/min

1- 2 g/m3 (plasma gases: Ar/He)
0.5 - 0.7 g/m' (plasma gas: N;)

carrier gas: air + steam atmosphere (usaturated, saturated and oversaturated)

total pressure:
partial pressure of steam:
partial pressure of air:

3 bar (= 0.3 MPa)
1.7 bar (saturation temperature: 115T)
13 bar (corresponding to 10 bar at 20°C)
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Aerosol properties:

generation rate:

primary particle size:
aerosol concentration:

Aerosol instrumentation:

> 100 g/min urborne iron-oxide aerosol
(using only one of the three plasma torch
units)
0.05 urn
max. 12 g/m'

filters
impactors (Prodi's lnspec; Andersen Mark 11)
extinction photometers
LSM (Polytec HC 70)
SEM

Purpose.

To study the behaviour of core-melt aerosols in a PWR containment and to demonstrate the large
aerosol depletion rates predicted by aerosol codes. As aerosol behaviour is coupled with the
thermodynamic conditions of the containment atmosphere; thermodynamic measurements and
codes are also included in the DEMONA investigations.

References: 43, 44, 45

5.3.4 Ruthenium and Ruthenium Oxide, Ru and RuO4 (BNWL)

Generation:

Ruthenium sources were prepared by magnesium reduction of traced RuCl, in aqueous solution
or by direct neutron activation of previously reduced metal. Milligram quantities of traced material
could be prepared by magnesium reduction with about 70% recovery. Recovery approaches 100%
for the preparation of gram quantities. The reduced ruthenium metal so produced is
microcrystalhne and has a large surface area to mass ratio. Slurries of finely divided metal were
transferred to a nickel boat and dried under a heat lamp prior to release

5-30 mg releases of ruthenium were obtained at 12OO-14OO°C with an air sweep gas in 3-5 minute
heating periods Ruthenium aerosol produced by the above method and released into aerosol
development facility containment vessel was 99.9% filterable after 15 minutes in a 80°C steam-air
atmosphere At an earlier containment time, 2-5% of the activity was observed on charcoal papers
and charcoal which followed glass fibre filters in the sampling train. This initial filter penetrating
form is suggestive of gaseous RuO4. Aerosol behaviour in containment resulted in a singular
exponential expression for the decrease in gas phase concentration versus time from 15-150
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minutes, and no pronounced differences were observed between this ruthenium aerosol and
ruthenium released from irradiated UO; sources [34].

Aerosol instrumentation:

gas phase sampling (granulated charcoal, activated charcoal paper filters, silver
membranes, silver coated copper screens, gas fiber filters)
liquid samples
deposition samples
gamma energy analytical system
gross alpha counting techniques

Purpose:

The experiments were performed to support the Containment System Experiments established to
evaluate the effectiveness of both natural processes and engineered safeguard systems for limiting
the release of fission products to the environment under conditions similar to possible PWR
accidents Stable isotopes of several fission product elements were selected as simulants with
radiochemical tracing as the analytical tool. To more nearly approach the accident situation of
release from molten fuel, the manifolded particles and gases were passed over molten UO;.

Reference. 18

5.3.5 Telluriun Oxide, TeO2

Generation:

Tellurium aerosol was prepared by precipitation of the dioxide from traced tellunte solution
according to the general method of Stinchcombe [33]. Tellurite carrier and Te-127 and Te-132
as the tellurite were first made sligtly acidic with nitric acid to insure complete dissolution and
equilibration of tellurium forms. The amphoteric nature of telluruous acid allows formation of
soluble species in both excess acid and base and during acidification a precipitate will form and
thes dissolve as acid addition is increased.

H:TeO, + H *

H,TeO, + OH * HTeO, + H:O

Base addition to the acid solution should be slow until the solution is just alkaline in which case
a voluminuous white precipitate of H;TeO, or Te(OH)4 is formed. The precipitate is centrifuged
and washed with water, or in case where Te-132 is used, washed with dilute KI followed by
dilute Na :SO, to remove 1-132 The precipitate can be transferred by a spatula or by pipetting
an acetone slurry. On drying at 120°C the tellurium acid losses water to form TeO;
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120T
HTeO, - -—• TeO: + H;O

Milligram quantities of tellurium prepared by this method were released from a nickel boat heated
to 1200-1400T. Filtration of the produced aerosol in containment showed 99.5% of the aerosol
to be paniculate Thermodynamic considerations predict that the chemical form of tellurium will
be primarily dioxide as generated. TeO: is not readily soluble in water, but dissolves in strongly
basic solutions. Steam condensate solutions from aerosol development facility tests showed a large
fraction of the tellurium exists as insoluble particles [34].

Aerosol instrumentation:

gas phase sampling (granulated charcoal, activated charcoal paper filters, silver
membranes, silver coated copper screens, gas fiber filters)
liquid samples
deposition samples
gamma energy analytical system
gross alpha counting techniques

Purpose;

The experiments were performed to support the Containment System Experiments established to
evaluate the effectiveness of both natural processes and engineered safeguard systems for limiting
the release of fission products to the environment under conditions similar to possible PWR
accidents. Stable isotopes of selected fission product elements were selected as simulants with
radiochemical tracing as the analytical tool. To more nearly approach the accident situation of
release from molten fuel, the manifolded particles and gases were passed over molten UCh

Reference: 18



6. ATOMIZATION OF A LIQUID

6.1 Compressed Air Nebulizers

The simplest way to generate a droplet aerosol is by compressed air nebulization. A nebulizer is
a type of atomizer that produces an aerosol of small particle size by removing larger spray
droplets by impaction within the device. Nebulizers produce aerosols at concentration of 5-50
g/m\ a maximum particle number concentration of 10(>-107/cm3, have MMDs of 1-10 urn and
GSDs of 1.5 - 2.2.

When compressed air nebulizers are used with liquids of low volatility, such as DOP (vapour
pressure <10 7mm Hg at 20°C), they produce droplet aerosols that are size stable for hundreds of
seconds When a volatile solvent containing dissolved solid material is used, the solvent
evaporates rapidly after droplet formation to form smaller solid particles. This is a simple way
of producing a solid particle aerosol by the nebulization of liquids. The size of the final aerosol
particle, ds, depends on the volume fraction of solid material, Fv, and the droplet diameter, dd [17]:

y-J /"•? / C \ X / J

6.1.1 Caesium Chloride, CsCI

Generation:

Spraying (Virtis SG 40 smoke generator). The reservoir filled with 3 1 purified water and 50g
CsCI (solution). Filtered-compressed air entered the generator through any combination of one to
six Laskin-type nozzles. The air stream leaving the nozzle sheared the liquid in the reservoir,
producing predominately submicron aerosols. In that stydy, the water present in the droplets was
evaporated, leaving behind a smaller solid aerosol. The resulting aerosol stream was injected into
the main air flow stream

Carrier gas: air

volumetric flow rate: 128 Sm3/h
temp, (inlet off-gas): 99.9°C

Aerosol characteristics:

inlet concentration: 1056 particles/cm'
size distribution: only particles in the size range 0.3 - 0.7 um

were considered in the study
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Aerosol instrumentation

CSAS (manufactured by Particle Measuring System)

Purpose:

Characterization of the Submerged-Bed Scrubber as an air cleaning device for scrubbing of gases
from liquid-fed ceramic melters used to vitrify high-level waste. Improving the aerosol capture
efficiency by modifying the operating procedure or the design.

Reference: 48

6.1.2 Caesium Iodide (JAERI)

Generation:

Aerosol generator was an atomizer type. The solution contained aerosol was injected into carrier
gas using air pressurized versus earner gas and the solution pressurized at the same pressure as
carrier gas.

Generation conditions

Carrier gas: air/steam mixture

flow rate: 300 - 2000 1/min

steam fraction: 0 - 0.8 (volumetric)
temperature. 20 - 300T
pressure: max. 6 kG/cnr

Aerosol particle diameter (AMMD): 0.2 - 10 ^m

Aerosol instrumentation

Andersen cascade impactor

Purpose:

Investigation of the scrubbing effect, i.e., the removal phenomena for the aerosol material in water
pools and their dependence on many different parameters such as geometric, thermo- hydraulic
and aerosol properties

Reference 49
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6.1.3 Caesium Nitrate, CsNO3

Generation:

Spraying (Virtis SG 40 smoke generator). The reservoir was filled with 3 I purified water and 57
g CsNO, (solution). Filtered-compressed air entered the generator through any combination of one
to six Laskin-type nozzles. The air stream leaving the nozzle sheared the liquid in the reservoir,
producing predominately submicron aerosols. In that study, the water present in the droplets was
evaporated, leaving behind a small solid aerosol. The resulting aerosol stream was injected into
the main flow stream

Generation conditions:

Carrier gas: air

volumetric flow rate: 130 SnrVh
temp, (inlet off-gas): 99.9"C

Aerosol.

inlet concentration: 1092 particles/cmJ

size distribution: only particles in the size range 0.3-0.7um
were considered in the study

Aerosol instrumentation:

CSAS (manufactured by Particle Measuring System)

Purpose:

Characterization of the Submerged-Bed Scrubber as an air cleaning device for scrubbing of gases
from liquid-fed ceramic melters used to vitrify high-level waste. Improving the aerosol capture
efficiency by modifying the operating procedure or the design.

Reference: 48

6.1.4 Sodium, Na (ACE)

Generation:

Generation of the Na aerosol was performed by spraying molten sodium continuously from one
or more of the three hydraulic nozzles shown in Figure 31. Sodium was sprayed into the air
atmosphere, where it reacted with oxygen, water vapour and carbon dioxide to form a mixture of
Na :0 ; , NaOH and Na:CO, and their hydrates (the desired chemical composition of the test



aerosol) The aerosol particles created within the containment vessel then passed to the given test
air cleaning system (here: submerged gravel scrubber). Figure 32 presents a scheme of the
experimental facility applied. In one of the experiments performed the Nal aerosol was
additionally introduced to that aerosol mixture.

LEGENO

MAIN FLOOR
ELEVATION « 0

run/nun

GS-1

N-10

AEROSOL SAMPLE
STATION 14 LOCATIONS)

GAS SAMPLE
(2 LOCATIONS)

SODIUM BURN PAN

BACKUP CATCH PAN

SOOIUM SPRAY
NOZZLE 13 LOCATIONS)

LOWER VENT NOZZLE
|-5.26m EL)

i t u f
N-39B UPPER VENT NOZZLE

U7.16-m EL)

Figure 31 Schematic of the test facility with the sodium aerosol generator (ACE).

Generation conditions and aerosol properties:

1. Containment vessel

Carrier gas: argon

average sodium delivery rate:
average sodium flow rate:
sodium temp at nozzle
sprayed drop diameter (MMD):
suspended aerosol concentration:
average particle size (AMMD):

12.3 g/s
10.4 - 30.2 g/s
540 - 650T
400 urn, with GSD: 1.5
2 - 23 g/nV
5.2
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2. Inlet of the submerged gravel bed

Carrier gas: air, steam, argon, carbon dioxide (from containment vessel) or/and
nitrogen carrying the Nal aerosol particles

gas flow rate (at the beginning
of the cleaning system operating):

inlet gas temperature:
inlet aerosol concentration:
inlet aerosol AMMD:
GSD:

GAS
INL£T

0.307 - 0.457 SmVs
0.401 - 0.686 AmVs
66 - 117°C
8.33 - 14.5 g Na/Snr'
5.3 - 5.9 urn
2.6 - 3.4

X X

GAS
/—"OUTLET

HIGH EFFICIENCY
RBER ELEMENT

S"IO-<nm OO
2RQ'D

TUBE SHEET

FLANGE

DOWNCOMES
250-mrn 10

UQUIO
LEVEL

GRAVEL BED
1120-mm OIAM.

HOUSING
1830-mm DIAM

SKIRT

Figure 32. Scheme of the submerged gravel bed applied for aerosol removal experiments
(ACE)
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Aerosol instrumentation:

cascade impactors (Andersen Mark HI 8-stages, Andersen Samplers, Inc., Atlanta, GA;
Sierra model 256 6-stages, Sierra Instruments Co., Inc., Carmel Valley, CA)
membrane filter paper (Mitex, manufactured by the Millipore Corp , Bedford, MA)
HEP A filters
SEM

The Na aerosol was generated to select and develop a suitable air cleaning system for application
in the postulated breeder accident conditions (reactor containment venting).

Reference: 32

6.1.5 Sodium Hydroxide, NaOH (LACE)

Generation:

By burning elemental, previously molten, sodium in a burning chamber in an air atmosphere, than
mixing with steam and injected into an AMV (liquid aerosol) (Figure 33).

The NaOH aerosol was examined alone and in mixture with the Al(OH), solid aerosol (the NaOH
aerosol mass fraction in a mixture: 0.67). Figure 34 presents a schematic diagram of experimental
facility for the NaOH and AI(OH), tests.

Generation conditions:

1. NaOH aerosol alone:

Carrier gas: air(5O%) + steam(50%)

velocity: 100 m/s
temperature 186T

degrees superheat: 88"C

Aexo so Lpjrppe rt ies:

total source rate: 3 0 g/s
source size: AMMD: 3.9 nm

GSD: 29
suspended mass cone : 9 5 g/Am'
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2 NaOH and Al(OH), aerosols as a mixture:

Carrier gas: air (50%) + steam (50%)

velocity:
temperature:
degrees superheat:

Aerosol properties:

total source rate:
source size: AMMD:

GSD:
suspended mass cone:

Aerosol instrumentation:

filters
cascade impactors

91 m/s
nrc
15°C

0.9 g/s
3.1 urn
2.6
3.2 g/Am3

Steam Vent

A

Twt pip«
inltt

Mixing
cham bar

TTTfTf

pumpr

Figure 33 Schematic diagram of the sodium hydroxide aerosol generator (LACE).

Purpose:

Examination of aerosol deposition and resuspention in pipes under some severe accident
conditions in PWRs and BWRs, such as steam generator tube rupture (SGTR) and main steam
isolation valve (MSIV) scenarios.

Reference: 21
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Figure 34. Schematic diagram of an experimental apparatus with the NaOH aerosol generation

6.1.6 Sodium Chloride, NaCl

6.1.6.A

Generation

Ruecker & Scott Experiments

Spraying (Virtis SG 40 smoke generator) The reservoir filled with 3 1 purified water and 30 g
NaCl (solution) Filtered-compressed air entered the generator through any combination of one
to six Laskin-type nozzles The air stream leaving the nozzle sheared the liguid in the reservoir,
producing predominately submicron aerosols In that study, the water present in the droplets was
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evaporated, leaving behind a smaller solid aerosol. The resulting aerosol stream was injected into
the main air flow stream

Generation conditions and properties of obtained aerosol:

1. Carrier gas: air

volumetric flow rate: 48 - 298 SmVh
temp, (inlet off gas): 59.6 - 102.0°C

Aerosol:

inlet concentration: 396 - 2695 particles/cm3

size distribution: only paticles in the size range 0.3-0.7um were
considered in the study

2. Carrier gas: air + steam (steam/air ratio: 0.32 - 0.52)

volumetric flow rate:
air: 74 - 277 Sm'/h
steam: 24.6 - 141.0 SmVh
temperature: 58.0 - 102.4T

Aerosol:

inlet concentration: 832 - 1387 particles/cm3

size distribution: as previously

Aerosol instrumentation:

CSAS

Purpose:
Characterization of the submerged-bed scrubber as an air cleaning device for scrubbing off gases
from liquid-fed ceramic melters used to vitrify high-level waste. Improving the aerosol capture
efficiency by modifying the operating procedure or the design.

Reference: 48
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6.1.6.B Van Dingenen & Raes & Vanmarcke Experiments

Generation and generation conditions:

Atomizing a NaCI solution with pure, dry air. The concentration of the solution was between 0.1
and 5 g/1, depending on the desired diameter. The air flow: 0.3 and 3.0 1/min (depending on
aerosol sampling instrument used). The initiate particle concentration was not higher than 300
particles/cm' to minimize coagulation effect.

Aerosol properties: aerosols of the following particles diameters were tested: 0 02, 0.024,
0.03, 0 05, 0.1, and 0.2 urn.

Aerosol instrumentation:

DMA

CNC (TS1 model 3020)

Purpose: study of deposition behaviour of aerosol particles and gases in enclosures

Reference: 36

6.1.7 Uranine (Sodium Salt of Fluoresceine) C2llHl()O5Na, (ACE)

Generation

Generated by spraying and drying. The 0.01-0.1% uranine solution was stored in a pressure vessel
and injected on the contaminated gas side into an additional piping section for predrying or
directly into the superheated gas flow through a two-fluid nozzle using a control valve and a
flowmeter, the solution being transformed into a fine spray of liquid droplets with the aid of
compressed air inside the nozzle. The heated gas atmosphere caused the liquid droplets (H;O) of
the solution to evaporate, leaving fine, solid uranine micro-aerosols which were conveyed by the
carrier gas into the contaminated gas stream. Figure 35 shows the system of uranine aerosol
generation and injection. Uranine aerosol particles obtained are shown in Figure 36.

Uranine aerosol transport conditions:
Carrier gas: air

pressure 2 - 6 bar
temperature 98 - 116T

gas flow 600 - 1350 m(/h

Aerosol properties

aerosol particle size (dm,,,): 0.5 - l.Ofjm
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Uranine Vessel

Temperature Controller

Compressed Air

I Air Pressure Reducer

Carrier Gas

Temperature
Measurement

Figure 35 Uranine aerosol generation and injection (ACE)

Figure 36 SEM photomicrographs of the uranine aerosol particles (ACE).
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Aerosol instrumentation:

filters
LSM (Polytec HC 2115)
SEM

Purpose:

Study of aerosol retention process during containment venting, determination of aerosol retention
efficiencies for various flow rates.

Reference. 46

6.2 Ultrasonic nebulizers

Ultrasonic nebulizers produce aerosol droplets in the size range of 5-10 jam (MMD) without the
use of a compressed air jet. Ultrasonic waves generated by a piezoelectric crystal are focused on
a small volume of liquid near the liquid surface The ultrasonic energy creates intense agitation
of the liquid and forms a conical fountain above the surface of the liquid. The action of the
compression waves in the liquid causes capillary waves to form at the surface of the fountain and
these waves fracture to create a dense aerosol A gentle air flow is directed over the liquid surface
to carry away the aerosol The particle size produced is related to the frequency of excitation by
the empirical expression [17]:

CMD

where y and p, are the surface tension and density of the liquid and f is the excitation frequency.
This proportionality has been found to hold for excitation frequencies between 12 kHz and 3
MHz

Compared to compressed air nebulizers, ultrasonic nebulizers produce a larger volume of aerosol
at a higher concentration.

6.2.1 Caesium Iodide, Csl (CEA)

Generation and generation conditions:

The aerosol generation was based on the method of ultrasonic fountain, well-known to allow a
high aerosol concentration and a narrow size distribution with a low air flowrate. Electrically
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excited disc-shaped ceramics produce an ultrasonic field in a Csl solution; a fountain appears at
the air-water interface and aerosols are generated at the lower part of the fountain. The diameter
of the droplets varies according to the frequency applied to the ceramics and to the solution
viscosity. The droplets are swept along into the vessel through a heated pipe where well-calibrated
Csl dry particles are formed by evaporation.

The generator consisted of three ceramics able to atomize about 600 cmVh each, with an air
flowrate of 60 ml/min under atmospheric pressure. The generation rate decreased as pressure
increased. The size of dry particles depended on the Csl concentration in the solution.

Aerosol particle size: 1- 5 urn

Aerosol instrumentation:

LSM (Polytec HC-15)
cascade impactors (Andersen Mark II)
glass fiber filters

Purpose:

The PITEAS Programme (behaviour of aerosols in a humid atmosphere) realization: validation
of soluble aerosol behaviour formalism in a containment under conditions close to accident
situations: 120°C and 5 bar. These analytical experiments aim at isolating miscellaneous
phenomena which are involved in aerosol behaviour.

Reference: 50

6.3 Atomization of liquid suspensions

6.3.1 Ruthenium Dioxide, RuO2

Generation:

Spraying (Virtis SG 40 smoke generator). The reservoir filled with 3 1 purified water and lOOg
RuCK (suspended solution). Filtered-compressed air entered the generator through any combination
of one to six Laskin-type nozzles. The air stream leaving the nozzle sheared the liquid in the
reservoir, producing predominately submicron aerosol particles. In that study, the water present
in the droplets was evaporated, leaving behind a smaller solid aerosol.

The resulting aerosol stream was injected into the main air flow stream.
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Generation conditions.

Carrier gas: air

volumetric flow rate: 126 Sm3/h

inlet temperature: 99.6°C

Aerosol characteristics.

inlet concentration: 781 particles/cm3

size distribution 0.3 - 0.7 urn (only particles in that size range were

considered in the study)

Aerosol instrumentation:

CSAS (manufactured by Particle Measuring System)

Characterization of the submerged-bed scrubber as an air cleaning device for scrubbing off gases
from liquid-fed ceramic melters used to vitrify high-level waste. Improving the aerosol capture
efficiency by modifying the operating procedure or the design.

Reference. 48

6.3.2 Titanium Dioxide, TiO2

Generation:

Spraying (Virtis SG 40 smoke generator). The reservoir was filled with 3 1 purified water and 50
g TiO; (suspended solution). Filtered-compressed air entered the generator through any
combination of one to six Laskin-type nozzles. The air stream leaving the nozzle sheared the
liquid in the reservoir, producing predominately submicron aerosols. In that study, the water
present in the droplets was eveporated, leaving behind a smaller solid aerosol. The resulting
aerosol was injected into the main air flow stream.

Generation conditions and obtained aerosol characteristics.

1 carrier gas: air

volumetric flow rate: 49 - 297 SmVh
temp, (inlet off gas): 40.6 - 103.0°C
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Aerosol:

inlet concentration: 751- 1314 particles/cm3

size distribution: 0.3 - 0.7 urn (only particles in this size range
were considered in the study)

2. carrier gas: air + steam (steam/air ratio: 0.32 - 0.56)

volumetric flow rate:
air: 71 - 284 Sm7h
steam: 26.7 - 145 Sm7h
temperature: 58.3 - 101.8T

Aerosol:

inlet concentration. 580 - 1314 particles/cm3

size distribution: 0.3 - 0.7 urn (only particles in this size range
were considered in the study)

Aerosol instrumentation:

CSAS

Purpose:

Characterization of the submerged-bed scrubber as an air cleaning device for scrubbing of gases
from liquid-fed ceramic melters used to vitrify high-level waste. Improving the aerosol capture
efficiency by modifying the operating procedure or the design.

Reference: 48

7. DISPERSION OF POWDERS

The most widely used method for generating solid-particle test aerosols is the pneumatic
redispersion of a dry powder This method, often called dry dispersion, can accomodate a wide
range of powdered materials and dust feed rates. The output concentration of dry dispersion
generators ranges from mg/m3 to greater than 100g/m3 [17]. This method of aerosol generation
finds application in filter testing, air cleanning research, and toxicology studies.

The basis requirements for all dry-dispersion dust generators are:

a means of continuously metering a powder into the generator at a constant rate;
a means of dispersing the powder to form an aerosol.
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The simplest dust-metering systems use gravity feed of loose powder into an airstream, usually
assisted by vibrators. They give uneven delivery and a variable bulk powder density, both of
which lead to variations in aerosol concentration. A more stable metering method is the use of
a cylinder of compressed powder that is eroded or scraped away at a constant rate.

Dispersibility of a powder depends on powder material, particle size and size range, particle
shape, and moisture content. Incomplete dispersion results in an aerosol particle size distribution
that is larger that the size distribution of the original powder particles. Hydrophobic and dry
materials are easier to disperse than a hydrophylic or humidified. To fully disperse a powder, it
is necessary to supply sufficient energy to a small volume of the bulk powder to separate the
particles by overcoming the attractive forces between them. Dispersibility increases rapidly with
particle size below which particles cannot be satisfactory dispersed with a given generator.

7.1 Aluminum Hydroxide, Al(OH), (LACE)

Generation:

By dispersion of a solid AI(OH), powder (Hydral 710; Aluminum Company of America,
Pittsburgh, PA) in air+steam atmosphere, then injection into an AMV (solid aerosol). Figure 34
showed a schematic diagram of the experimental facility for aerosol examination.

Two tests were performed:

1. the Al(OH), aerosol alone;

2. in a mixture with the NaOH aerosol.

Ad 1: Generation conditions:

carrier gas: air(50%) + steam(50%)

gas velocity: 97 m/s
gas temperature: 160°C

degrees superheat: 66T

Aerosol characteristics:

total source rate: 2.0 g/s
source size: AMMD 4.3 urn

GSD 2.5
suspended mass cone: 6.1 g/Am3
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Ad 2: Generation conditions:

carrier gas: air(50%) + steam(50%)

gas velocity: 91 m/s
gas temperatur: 111°C
degrees superheat: 15°C

Aerosol characteristics (as a mixture of aerosols):

total source rate: 0.9 g/s
source size: AMMD: 3.1 urn

GSD: 2.6
suspended mass cone: 3.2 g/Am3

Aerosol instrumentation:

filters
cascade impactors

Purpose:

Examination of aerosol deposition and resuspention in pipes under some severe accident
conditions in PWRs and BWRs, such as steam generator tube rupture (SGTR) and main steam
isolation valve (MSIV) scenarios.

Reference: 21

7-2 Barium Sulfate. BaSO, (ACE)

Generation method and generation conditions:

Dispersion of a powder (Blanc Fixe Micro type, manufactured by Sachtleben AG, 4100
Duisburg-Homberg, Germany) (solid aerosol). This aerosol can be readily dispersed and,
according to data from the manufacturer, has the required submicron particle content (ca 20% of
particles with diameter < 0.5um). The aerosol was generated under atmospheric pressure
conditions with use of a commercially available belt dosing unit with rotating brush and an air
jet nozzle (Figure 37). The aerosol-loaden air stream was drown into a steam-jet ejector,
compressed and then injected on the contaminated gas side of the test setup against the prevailing
system pressure.

Figure 38 shows an SEM photomicrograph of the BaSO4 aerosol particles obtained.
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Figure 37. BaSO4 aerosol generation and injection (ACE)
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Figure 38 SEM photomicrograph of the BaSO4 aerosol particles (ACE).
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Depending on the system pressure prevailing during each test, the parameters for aerosol injection
were as follows:

p = 2 - 4 bar
p = 30 - 45 bar
t = 200 - 240°C
dm/dt = < 200 kg/h
k = < 10 g/min

compressed air pressure:
motive steam conditions:

motive steam mass flow:
aerosol injection rates:

Aerosol transport conditions:

1.

2.

3.

carrier gas: air
pressure:
temperature:
volumetric gas flow:

carrier gas: steam
pressure:
temperature:
volumetric gas flow:

carrier gas: air + steam
pressure.
temperature:
volumetric gas flow:

2 bar
75 - 94°C
600 m7h

4.1 - 10.0 bar
145 - 192°C
1000 - 1450 m7h

1.6 - 10.0 bar
82 - 150°C
400 - 1450 mVh

Aerosol particles size:

Instrumentation:

dmso = 0.6 - 1.0 urn

filters (Teflon-PTFE diaphragm filters, Stroehlein filters, 2-fam-thick metal-fiber
filters)
ICP AES (ICP-6500 XR, manufactured by Perkin-Elmer)
LSM (Polytec HC2115)
SEM

Purpose:

Studying of a retention process of aerosols during containment venting. Sections of a two-stages
process comprising a ventun scrubber and a metal-fiber filter demister were tested under
containment venting conditions assumed to prevail during a hypothetical core-melt accident. The
retention efficiencies were determined at various flow rates with soluble and insoluble aerosols
as well as gaseous iodine.

Reference: 46
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7-3 Europium Oxide,..JEM), (UKAEA)

Generation: dispersion of a europium oxide sieved powder.

Generation conditions, carrier gas - dry air

Aerosol - particle concentration: 0.17 - 4.95 g/m3

Aerosol instrumentation:

Millipore filters
Anderson impactors

Purpose.

Determination of a single bubble DF for aerosols; a scaled study of hydrodynamics associated
with gas discharges through suppression pools.

Reference: 20

7-4 Tin, Sn (EPRI)

Generation:

The generation of the Sn powder aerosol consisted of the controlled dispersal of the performed
powder into a flowing gas stream. The tin powder was produced using the feed system hardware
from a commercially available plasma torch. A hopper was used to feed the powder from a supply
vessel to a metering system which, in turn, supplied the powder at a controlled rate to a mixing
chamber where a fluidizing carrier gas suspended the powder and transported the resulting aerosol
into the outlet of the unit.

Generation conditions:

Carrier gas: air, He and N; or H : + steam

velocity: 0.24 - 7.1 m/s
temperature. 20 - 100°C
mass flow rate: 1.16 - 8.88 g/s
condensable/noncondensable
ratio (mass fraction): 0 - 0.95

Aerosol properties:

aerosol density: 4.5 - 6.0 g/cm'
AMMD: 2.7 urn
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Aerosol instrumentation:

cascade impactors
AAS

Purpose:

Study of the scrubbing of fission product aerosols as they would be expected to occur in PWR
quench tanks and BWR pressure suppression pools. Developing of models for the water pool
scrubbing process; characterization of the hydrodynamic behaviour of the injected gas; analyzing
the aerosol physics involved in the scrubbing process.

References: 20, 23, 24, 25
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