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a b s t r a c t

In a nuclear reactor severe accident, radioactive fission products as well as structural materials are
released from the core by evaporation, and the released gases form particles by nucleation and conden-
sation. In addition, aerosol particles may be generated by droplet formation and fragmentation of the
core. In pressurized water reactors (PWR), a commonly used control rod material is silver–indium–cad-
mium (SIC) covered with stainless steel cladding. The control rod elements, Cd, In and Ag, have relatively
low melting temperatures, and especially Cd has also a very low boiling point. Control rods are likely to
fail early on in the accident due to melting of the stainless steel cladding which can be accelerated by
eutectic interaction between stainless steel and the surrounding Zircaloy guide tube. The release of the
control rod materials would follow the cladding failure thus affecting aerosol source term as well as fuel
rod degradation.

The QUENCH experimental program at Forschungszentrum Karlsruhe investigates phenomena associ-
ated with reflood of a degrading core under postulated severe accident conditions. QUENCH-13 test was
the first in this program to include a silver–indium–cadmium control rod of prototypic PWR design. To
characterize the extent of aerosol release during the control rod failure, aerosol particle size distribution
and concentration measurements in the off-gas pipe of the QUENCH facility were carried out. For the first
time, it was possible to determine on-line the aerosol concentration and size distribution released from
the core. These results are of prime importance for model development for the proper calculation of the
source term resulting from control rod failure.

The on-line measurement showed that the main aerosol release started at the bundle temperature
maximum of T � 1570 K at hottest bundle elevation. A very large burst of aerosols was detected 660 s
later at the bundle temperature maximum of T � 1650 K, followed by a relatively steady aerosol release
until core cooling by quench when the on-line measurements were stopped. Cd was released first from
the control rod, followed by In, and finally, by Ag. The particle size distributions were bimodal indicating
two aerosol formation mechanisms, evaporation followed by nucleation and condensation, as well as
droplet and fragment generation. Generally, release is modelled as evaporation from molten regions of
control rod materials. Clearly, results of this investigation give evidence of contribution by entrainment
of droplets and fragmented material.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

In a nuclear reactor severe accident, cooling of the core is lost and
consequently, the core heats up to high temperatures. Chemical
interactions between core materials induce fuel liquefaction and
the fuel elements lose their integrity. Radioactive fission products
as well as control rod and structural materials are released from
the core by evaporation, and the released gases form particles by
nucleation and condensation. In addition to aerosol formation by
ll rights reserved.
the gas-to-particle route, aerosol particles may also be generated
by droplet formation and fragmentation of the core. In pressurized
water reactors (PWR), a commonly used control rod material is sil-
ver–indium–cadmium (SIC) covered with stainless steel cladding.
The control rod elements, Cd, In and Ag, have relatively low melting
temperatures, and especially Cd has also a very low boiling point.
Control rods are likely to fail early during the accident due to melting
of the stainless steel cladding which can be accelerated by eutectic
interaction between stainless steel and the surrounding Zircaloy
guide tube. The release of the control rod materials would follow
the cladding failure [1,2]. As release from the control rods can repre-
sent a large fraction of the total aerosol mass released, and as the re-
leased compounds may react with radiologically important iodine,
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the effect of the control rod failure is significant to the aerosol source
term. In addition, control rod behavior has an influence on the fuel
rod degradation.

The phenomena of control rod failure have been reviewed by
Haste and Plumecocq [3]. First, Ag–In–Cd alloy melts at tempera-
tures around 1050 K. When the pressure outside of the control
rod is low, the stainless steel cladding may balloon due to the high
pressure created by He or air inside the cladding, and Cd vaporiza-
tion. The ballooning may cause contact between the stainless steel
and the guide tube made of Zircaloy. This contact results in inter-
action of stainless steel and Zircaloy forming a low melting tem-
perature eutectic, and consequently, breach in the control rod
cladding. Often, the initial breach is small. At this point, Cd that
is already in the vapor phase inside the control rod, is released
through the breach, possibly along with droplets of molten mate-
rial. Large failure of the control rod happens latest at the stainless
steel melting temperature �1690 K, releasing molten material that
flows inside the core mainly downwards, along with vapors that
form aerosol particles when the gas cools down. Evaporation of
the control rod materials continues now from the molten material
surface. The control rod failure mechanisms have been investi-
gated in numerous single-effect tests [4] as well as more integral
experiments, e.g. bundle tests CORA [5] and Phébus [6]. An over-
view of results of these and other integral tests on melt progression
and corresponding final aerosol production was recently published
[7]. However, time-dependent data on aerosol release from control
rod rupture from realistic geometry are still missing, along with
size distribution and composition data for the formed aerosol
particles.

The QUENCH experimental program at Forschungszentrum Kar-
lsruhe (FZK) investigates phenomena associated with reflood of a
degrading core under postulated severe accident conditions, but
where the geometry is still mainly rod-like and degradation is still
at an early phase [8]. The experiment QUENCH-13 was the first in
this programme to include a control rod of prototypic PWR design
consisting of a SIC cylinder enclosed by stainless steel cladding
within a Zircaloy guide tube [9–14]. The effects of the control rod
on degradation and reflood behavior were examined under integral
conditions, and for the first time the release of SIC aerosols follow-
ing control rod rupture was measured. In particular, the expected
sharp release of cadmium on control rod failure as well as the size
of the generated particles were previously ill-defined experimen-
tally. To characterize the extent of aerosol release during the con-
trol rod failure, aerosol particle size distribution and concentration
measurements in the off-gas pipe of the QUENCH facility were car-
ried out. For the first time, it was possible to determine on-line the
aerosol concentration released from the control rod, as well as the
size distribution of the aerosols. This along with analyses of the
aerosol particle composition enabled us to determine the forma-
tion mechanisms of the aerosols formed during control rod failure.
2. Methods

2.1. QUENCH-13 test conduct

The QUENCH-13 test was performed at the Forschungszentrum
Karlsruhe on 7 November 2007. The aim of the test was to investi-
gate the effect of a SIC control rod on early-phase bundle degrada-
tion, and to measure release of SIC aerosols following control rod
rupture in realistic geometry. The facility schematic and the
cross-section showing the control rod in the middle of the electri-
cally heated bundle are shown in Figs. 1 and 2. The test sequence
involved pre-oxidation at temperatures below the minimum likely
for control rod rupture, 1250 K, then a slow temperature increase
to examine the rod rupture and aerosol release, and at last, quench
water injection at the bottom of the test section, Fig. 3. The temper-
ature increase was interrupted at approximately 11,600 s for 1000
s at the bundle temperature maximum of �1630 K. Fig. 4 shows
the hottest temperatures for the bundle (‘‘Corner rod 950 mm”)
and the control rod (‘‘Ag–In–Cd 950 mm”). The hottest elevation
in the QUENCH bundle was at 950 mm. As the thermocouples in
the control rod at this elevation and at elevation 850 mm were
short-circuited at about 10,000 s by relocated melt, the thermocou-
ple at 750 mm gives a good indication of the control rod tempera-
ture history.

2.2. Aerosol measurement set-up

The aerosols were sampled from QUENCH facility off-gas pipe at
two locations with a gas temperature of about 570 K and a pres-
sure of 2.0 bar(abs). Two sampling ports were located approxi-
mately 50 cm apart. The first aerosol port was used for
continuous on-line measurements of aerosol particle size and con-
centration using electrical low-pressure impactor (ELPI) [15], and
sequential measurements of aerosol particle size and mass concen-
tration with Berner low-pressure impactors (BLPI) [16]. These mea-
surements were carried out to determine the aerosol release from
the SIC control rod, and the sampling system was isolated from the
facility before core cooling by quench.

The second aerosol sampling port was used for an impactor sys-
tem with 10 impactors (AEKI impactor), each of them operated for
1 min during the test. This system was used also during the quench
phase of the test. In addition to sampling devices outside of the off-
gas pipe, aerosols were collected during the whole experiment on a
Ni plate that was placed inside the off-gas pipe under the ELPI–BLPI
sampling nozzle [17–19].

Sampling nozzles in both aerosol sampling ports were elbow-
type nozzles with an inner diameter of 10 mm. For on-line mea-
surements, the sampling nozzle was connected to a ball-valve
and then to a pre-cutter cyclone, Fig. 5. A three-stage ejector dilu-
tion system was mounted downstream of the cyclone. In the dilu-
tion system, three dilution units (Palas VKL-10) [20] were
connected in series giving a total dilution ratio of 1:1600. The sam-
ple flow rate through the nozzle was 4.9 nlpm (normal liters/min).
The sampling line from the off-gas pipe to the dilution system
including the valve and the cyclone, as well as the first two dilution
stages were heated up to 160–170 �C. In each dilution stage, 60
nlpm of clean, dry nitrogen was used as dilution gas. The dilution
gas in the first dilution unit was heated up to 160 �C.

Particle size and concentration were measured on-line with an
electrical low-pressure impactor (ELPI) which size-classifies parti-
cles according to their aerodynamic mobility into 12 size classes, or
stages, in the particle size range Dae = 0.03–10 lm. Here Dae is the
aerodynamic diameter of the particles, i.e., the size of a spherical
particle of density 1.0 g/cm3 and having the same aerodynamic
mobility as the particle. The particles entering the device are
charged in a corona charger to a known equilibrium charge distri-
bution, and the current caused by the depositing particles on con-
secutive stages is measured with sensitive electrometers. Current
on each stage is converted to particle number concentration. The
number concentration was converted to mass concentration using
a particle density of 10 g/cm3 and assuming spherical particles. In
the QUENCH-13 test, the flow into the ELPI was taken from the
third stage of the three-stage dilution system resulting in the dilu-
tion ratio of 1:1600 for ELPI sample. The pressure was reduced to
atmospheric pressure upstream of the ELPI in a critical orifice with
diameter of 0.7 mm. Particle losses in the critical orifice were esti-
mated to be small for particles smaller than approximately 3 lm
which was the size range of main interest in this test. The losses
may have been significant for larger particles. Further experimen-
tal work would be needed to accurately determine the contribution
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of coarse particles (larger than approximately Dae = 3 lm) for Ag, In
and Cd release from the control rod.

The samples for size distribution and concentration determina-
tion with BLPI were taken downstream of the second dilution stage
resulting in dilution ratio of 1:144. BLPI was heated up to 110 �C to
avoid water condensation during sampling. In total, three samples
were collected with BLPI during the test. The first sample BLPI1
was taken before control rod failure as a background sample, and
two samples were taken after the control rod failure (Table 1).
The mass size distribution was determined by weighing the BLPI
substrates.

The 10-impactor system (AEKI impactor) was connected to the
off-gas pipe without dilution, Fig. 6. The impactors had two collec-
tion stages, and a final quartz fiber filter which collected the small-
Fig. 1. Schematic of the QUENCH facility w
est particle fraction, Fig. 7. The collector plate, which is first in the
way of the gas stream, separates particles larger than Dae = 5 lm;
the next collector, which is near to the quartz fiber filter, collects
particles with aerodynamic diameters between 1 and 5 lm. The
quartz fiber filters collected mainly particles below Dae = 1 lm.
The impactor valves were opened for about 60 (mainly 59) s and
aerosols were collected during these periods. Sequential opening
of impactors was carried out. Two impactors were applied in the
pre-conditioning phase of test, one during the SIC failure, four after
SIC failure and three in the quenching period. The impactor sam-
pling times are given in Table 1. The three BLPI samples were sam-
pled simultaneously with AEKI impactor samples: BLPI1
simultaneously with AEKI1, BLPI2 with AEKI4, and BLPI3 with
AEKI7.
ith the aerosol measurement locations.



Fig. 2. Cross-section of the QUENCH-13 test bundle.

Fig. 3. Schematic of QUENCH-13 test conduct (temperature profile on hottest elevation of 950 mm).
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2.3. Particle composition and morphology

After the test, samples were analyzed for particle morphology
and elemental composition by scanning electron microscopy
(SEM), electron microprobe (JEOL Superprobe 733) and energy-dis-
persive X-ray spectroscopy (EDX).

The AEKI samples were prepared for microscopy by attaching
the impactor collector plates and the nickel plate on SEM sample
holders by double-sided carbon tape. One quarter of the quartz fi-
ber filters was placed on SEM holders. The SEM (Philips SEM 505)
was used at 20 kV. Morphology and elemental composition with
EDX (Oxford INCA) were analyzed for individual particles. Particles
were analyzed generally in spot mode. In some cases where higher
particle density was found, EDX analysis in area mode was applied
at magnification of 3000 or 10,000.

BLPI impactor samples were prepared in a similar way: small
pieces of the BLPI substrates from stages 6 (particle Dae between
0.3 and 0.5 lm) and 10 (particle Dae between 3.6 and 7.1 lm)
were cut, and mounted on SEM sample holders using carbon
tape. No other sample preparation or coating of the samples
were used for elemental analyses. The SEM and EDX analyses
were carried out at FZK. The electron microscope JEOL 6100
was used for the SEM images. All images were obtained with a
voltage of 15 kV and a current of 2 nA. For the EDX analysis
the microscope is equipped with the EUMEX Si(Li) detector S2
133 with the hydrocarbon SUTW-window. Typical energy resolu-
tion is 130 eV at 5894 eV (Mn Ka line). The EDX spot analysis
with a spot diameter about 0.2 lm was used for investigation
of some aerosol particles. Then the EDX integral area analyses
of impactor samples were performed. The typical size of the ana-
lyzed area was 75 lm � 100 lm. The quantification of elemental
concentrations was carried out with using following calibrated
standards: Ag, CdS, InP, Fe, ZrO2, SiO2, SnO2, Al2O3, TiO, W. It
must be noted that elemental analyses of the impactor samples
by EDX is only semi-quantitative due to the inhomogeneous
sample.



Fig. 4. Control rod and highest bundle temperatures at the QUENCH-13 test.

Fig. 5. Aerosol measurement set-up at QUENCH facility for the on-line measurements and BLPI.
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3. Results

3.1. Particle size distribution

Aerosol particle mass size distributions were determined by
ELPI and BLPI. The size distributions by both devices were similar
and clearly bimodal (Fig. 8). The fine particle mode was in the par-
ticle size range Dae = 0.1–2 lm. Particles larger than Dae = 3 lm
were also detected forming the coarse mode of the size distribu-
tion. The existence of two particle modes was confirmed by SEM
analysis of the AEKI impactor samples. Two particle modes indicate
that aerosol particles were formed by two mechanisms as pro-
posed by Haste and Plumecocq [3]. However, due to the pre-cutter
cyclone and the dilution units used in the measurements, the con-
centration of the coarse mode particles could not be determined
accurately.

3.2. Particle mass concentration

The particle mass concentration of the fine particle mode in the
size range Dae = 0.1–2 lm as determined by BLPI after the control
rod failure with two measurements at 12,118 s and 13,692 s was
450–590 mg/Nm3 (Nm3 = normal m3). The average mass concentra-
tion based on 10 samples with AEKI impactors was 474 mg/m3. The



Table 1
BLPI and AEKI impactor sampling times, duration and the maximum bundle
temperature during sampling.

Sample
number

Sample
start time
(s)

Duration
(s)

Test event T (SIC rod at
750 mm) (K)

BLPI samples
BLPI1 7712 60 Before SIC rod failure 1240
BLPI2 12,118 60 After SIC rod failure 1630
BLPI3 13,692 75 Before bundle reflood 1690

AEKI impactors
AEKI1 7674 58 1240
AEKI2 10,335 60 1470
AEKI3 11,097 59 After first leakage of the

SIC rod and heaters
1620

AEKI4 12,070 59 After failures of the SIC
rod and heaters

1630

AEKI5 13,156 59 Transient 1650
AEKI6 13,620 59 End of transient 1680
AEKI7 13,683 59 Before reflood 1690
AEKI8 13,746 59 During reflood –
AEKI9 13,809 59 During reflood –
AEKI10 13,871 59 During reflood –
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AEKI samples were collected during the whole test, including the
quench phase (Table 1).

Continuous particle concentration measurement by ELPI shows
that aerosol release started at 9400 s (Fig. 9), at the control rod
T = 1330 K. At first, the release was very low. It increased continu-
ously until the main aerosol release started at around 10,800 s at
maximum bundle temperature T = 1560 K, i.e., below the stainless
steel cladding melting point of �1690 K, with two consecutive
peaks in the aerosol concentration. At 11,500 s, there was a large
burst of aerosol that lasted only about 100–200 s at maximum
bundle temperature T = 1650 K. This indicates that there was a
sudden release of material into the gas phase, and that the duration
of this release was very short. After the large burst, aerosol concen-
tration was relatively steady until the on-line aerosol measure-
ment system was isolated from the QUENCH facility right before
the quench phase of the test.

Fig. 8 shows that even though ELPI does not measure particle
mass directly, the mass concentrations given by ELPI and BLPI
Fig. 6. Main components of the aerosol sampling
are comparable. Particle mass concentration in the size range
0.1–2 lm based on the BLPI2 sample was 590 mg/Nm3, and for
the same time, mass concentration determined by ELPI was
320 mg/Nm3. The difference in the measured concentration was
presumably due, at least partly, to sampling losses in the critical
orifice used with ELPI to reduce the pressure to atmospheric, to
possible non-sphericity of the particles, as well as the density being
different from the assumed 10 g/cm3. In addition, it has to be noted
that for larger particles, small changes in the current measured by
ELPI imply large changes in mass concentration. Therefore, mass
concentration of the coarse particles from ELPI should be used with
some caution. Based on mass concentration derived from ELPI
measurement, the total amount of aerosols in the fine particle
mode in the size range 0.1–2 lm sampled at the off-gas pipe start-
ing from time t = 10,800 s until quench at t = 13,766 s was 4.5 g.
Considering losses in the critical orifice used with the ELPI, this is
a lower estimate of the released fine mode particle mass.
3.3. Particle morphology and composition

During the pre-conditioning phase of the test, the AEKI1 and
BLPI1 impactor samples were collected. They contained mainly
Fe, Ni, Cr and Mn, i.e., impurities from stainless steel structures
of the facility that were not part of the test section. A small amount
of Sn originating from evaporation from Zircaloy cladding was
present in sample AEKI2 corresponding to a slow increase in aero-
sol concentration observed starting at 9400 s. This sample was col-
lected in the beginning of the transient.

The first aerosol peak in mass concentration was observed after
10,800 s. The AEKI3 impactor was used during this peak. The sam-
ple was rich in Cd and O, indicating that mainly Cd as was released
during this first aerosol release. At aerosol sampling location at the
off-gas pipe, Cd was present as an oxide.

Two types of particles were present at this time: submicrometer
sized particles as determined by ELPI, and spherical particles a few
micrometers in geometrical diameter, as shown in Fig. 10. The
spherical particles contained mainly Cd and O, and based on their
shape we suggest that they were released from the control rod as
droplets. It is possible that the droplets were released as metallic
Cd, and then oxidized after release from the molten surface. Due
system with 10 impactors supplied by AEKI.



Fig. 10. Particles collected during the first aerosol peak at 11,097 s showing coarse,
spherical particles.

Fig. 7. Scheme of AEKI impactor sampler, 1 = 1st nozzle, 2 = 1st collector
(Dae > 5 lm), 3 = 2nd nozzle, 4 = 2nd collector (1 < Dae < 5 lm), 5 = flow limiter,
6 = quartz fiber filter (Dae < 1 lm).
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to the high density of oxides of Cd, approximately 8 g/cm3, the
aerodynamic diameter of the approximately 2 lm spherical parti-
cles was 6 lm, clearly in the coarse particle mode as determined
with ELPI and BLPI. This aerosol peak might have been caused by
the existence of a small crack in the control rod cladding, through
which the already vaporized Cd as well as some droplets were
released.

The large aerosol burst was observed in the aerosol mass concen-
tration at 11,500 s. AEKI4 and BLPI2 samples were collected after
the large burst almost simultaneously at 12,070 s and 12,118 s,
respectively. Both samples contained large amounts of Cd and In
(Tables 2 and 3) as well as W from the heater rods or from the ther-
mocouples in the facility. Elemental analysis of individual particles
by EDX revealed that both Cd and In were present as oxides. A
small amount of Ag was present in the fine mode particles in BLPI2
sample (impactor stage 6, Dae = 0.3–0.5 lm) and the smallest par-
ticles in AEKI4. The aerosol burst was presumably caused by mas-
sive failure of the control rod.

During the steady release of aerosols after the large burst, sam-
ples AEKI5 and AEKI6 contained all the control rod materials Cd,
In and Ag. The relative concentrations varied somewhat. Again,
Cd and In were present as oxides, but Ag in metallic form. It has
to be noted that the elemental analysis was carried out for individ-
ual particles, and therefore, the average values are not necessarily
average concentrations in the samples. At this stage of the test,
control rod had failed and relocated downwards in the bundle,
and steady aerosol release was probably mostly due to evaporation
from the molten material surface.

Two samples taken right before quench, AEKI7 at 13,683 s and
BLPI3 at 13,692 s, show again all SIC control rod materials. Ag con-
centration as determined by BLPI increased with time, i.e., with
increasing control rod temperature. This is evident by comparing
the two BLPI samples, 2 and 3, that give average composition of
the aerosol particles in the fine particle mode, with 2% and 7% Ag
in the two samples, respectively. AEKI samples 5, 6 and 7 show
large differences in the Ag concentration, presumably due to the
inhomogeneous nature of the samples.



Fig. 12. SEM micrograph of particles sampled with the Ni integral collector
showing coarse, irregular particles rich in Zr and O.

Table 2
Composition of aerosol samples collected by Berner low-pressure impactor stage 6
with Dae = 0.3–0.5 lm.

Sample End of
sampling (s)

O
(wt.%)

Cd
(wt.%)

In
(wt.%)

Ag
(wt.%)

W
(wt.%)

Fe
(wt.%)

BLPI1 7772 – – –
BLPI2 12,178 13 35 37 2 13
BLPI3 13,767 10 30 28 7 23 2

Table 3
Average composition of individual aerosol particles analyzed in samples collected
with AEKI impactors, wt.%.

Sample Time (s) O Cd In Ag W Fe

AEKI3 11,156 38 62 – – – –
AEKI4 12,129 28 19 38 0 15 –
AEKI5 13,215 25 9 17 4 39 0.3
AEKI6 13,679 15 0 4 58 14 3
AEKI7 13,742 30 0 6 2 0 52
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Coarse, spherical particles were observed also at this time
(Fig. 10). Comparing the average composition of the fine particle
mode during the steady aerosol release, i.e., samples BLPI2 and
BLPI3, it can be seen that concentrations of transported Cd and In
were the same. Ag and W concentrations increased with time,
i.e., with increasing bundle temperatures.

Quench was carried out by injecting water at the bottom of the
facility at 13,766 s. The three aerosol samples collected during
cooling, AEKI8-AEKI10, contained Zr, Sn and W, along with varying
amounts of Cd and In. Ag and Fe were present in some distinct par-
ticles. The quantity of Cd decreased with time and Ag disappeared
to the end of the sample collection. Indium decreased at first, then
it increased with time. Coarse particles with irregular shapes were
detected (Fig. 11), showing indication of partial melting. Particle
size distributions were not determined during cooling, because
on-line aerosol measurement system with the low-pressure
impactor was isolated from the facility before quench.

The Ni collector that sampled particles during the whole test in-
side the off-gas pipe, contained: (i) Cd-rich globular particles, (ii)
coarse, irregular particles enriched in Zr and O, Fig. 12, (iii) aggre-
gates of finer particles enriched in In, and (iv) rectangular particles
enriched in W, Mo, Sn and In. Because of sampling during the
Fig. 11. SEM micrograph of particles collected during quenching, showing coarse
particles.
whole test, it is not possible to say when these different particles
were collected but they give an overview of the characteristics of
the coarse particles released during the test.
4. Conclusions

The QUENCH-13 test was successfully carried out to investigate
effects of the control rod on degradation and reflood behavior un-
der integral conditions, and for the first time, the release of SIC
aerosols following control rod rupture was measured. Two aerosol
particle modes were generated, fine mode with Dae = 0.1–2 lm
generated by vaporization and subsequent nucleation, condensa-
tion and coagulation, and coarse particle mode with Dae > 3 lm
generated by droplet release and fragmentation. These findings
indicate that the commonly used modeling of aerosol formation
from control rod rupture by evaporation from molten material sur-
face would need to be refined to include aerosol generation by
mechanical processes, such as droplet formation and fragment
entrainment.

The aerosol generation and behavior during the test can be di-
vided into five phases:

Transient phase: during this phase, a small but steady aerosol
concentration was observed starting at 9400 s. This was presum-
ably due to release of Sn from the Zircaloy.

First aerosol peak: first aerosol peak at 10,800 s is thought to
have been caused by a small crack in the control rod cladding,
and subsequent release of Cd. The particles contained mainly Cd
as an oxide. Two particle modes were present, fine particle mode
with particle aerodynamic diameter 0.1–2 lm, and a coarse parti-
cle mode with particles Dae > 3 lm. Coarse mode particles were
mainly spherical, indicating their release as droplets.

Large aerosol burst: a very large, but short aerosol burst took
place at 11,500 s. The particles were mainly Cd and In, and fine
mode contained small amount of Ag, indicating its release by
vaporization. Cd and In were present as oxides, Ag in a metallic
form. This burst was presumably due to a massive failure of the
control rod.

Steady aerosol release: a steady release of aerosols followed the
large burst. The particles were rich in Cd and In, and the amount of
Ag increased with time. At this stage, control rod material was
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relocated downwards, and aerosol was released from molten mate-
rial surface.

Quench: particles released during quench phase were mainly
irregular, coarse particles containing Zr, Sn and W. The particles
were presumably generated by fragmentation of the Zircaloy clad-
ding and heater elements due to thermal shocks. Information on
fine mode particles during quench is not available based on this
investigation.

The mass concentration of the fine aerosol mode based on BLPI
measurements after the control rod failure was 450–590 mg/Nm3.
The total particle mass of the fine aerosol mode in the particle size
range 0.1–2 lm during the main aerosol release period before
quench during the time 10,800–13,766 s was 4.5 g, as determined
in the off-gas pipe by ELPI. Mass concentration for the coarse par-
ticle mode could not be accurately determined with the experi-
mental set-up used in this investigation. Further experimental
work is needed to determine relative concentrations of the gener-
ated droplets and fragments during control rod rupture.
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