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A B S T R A C T

During a severe accident in a nuclear power plant, fission products can be released into the containment
in the form of radioactive aerosols. The behavior of these aerosols is influenced by various thermodynamic
parameters, including temperature, pressure, and relative humidity. Changes in these parameters can impact
the aerosol size spectrum, leading to variation in aerosol transport and deposition. Having a comprehensive
grasp of how thermodynamic parameters impact change in the aerosol size spectrum is crucial for managing
and mitigating the consequences of a severe accident, as it allows for better prediction of aerosol behavior
and appropriate interventions. A series of experimental works on in-/soluble aerosols and their mixtures has
been carried out using the IN–EX facility located at the Forschungszentrum Juelich the Germany. The changes
in the aerosol size spectrum of SnO2 , CsI and two different mass composition mixtures (SnO2 : CsI = 7:3 or
4:6) under various thermodynamic conditions are discussed and analyzed. The results show that increasing
the temperature leads to a broader aerosol spectrum for SnO2 , but not for CsI aerosols. With the increasing
pressure, the aerosol size spectrum shifts towards smaller particles for CsI, but not for SnO2 . Furthermore,
increasing the relative humidity causes the aerosol size spectrum of both SnO2 and CsI particles to shift
towards larger particles, whereas CsI particles are more pronounced. The behavior of such mixtures relies on
the composition of the primary substance within it. These findings provide robust information for improving
the strategies of severe accident management.
1. Introduction

In the process of a loss of coolant accident (LOCA) in a nuclear
power plant (NPP), fission products in the form of airborne aerosols
may be transported into the containment. The thermodynamic condi-
tions change dramatically depending upon the type of NPP undergoing
an LOCA. For instance, in a pressurized water reactor, because of the
rupture of the main coolant pipe, vapor with the radioactive source
term will be released into the containment. Pressure in it can increase
up to 5.69 bar, the temperature may rise to 145 ◦C, and the relative
humidity may increase to more than 100% (Ziegler and Allelein, 2013).
If a hydrogen deflagration occurs at the same time, the pressure may
further increase and exceed the design pressure. There is even the risk
of a failure of the containment, the last barrier of an NPP against
the releasing of the radioactive source term, resulting in the release
of radioactive aerosols into the environment and threatening human
health. All changes in thermodynamic conditions bring about unknown
changes in the aerosol spectrum, which in turn affect the behavior of
the aerosol in the containment (Dehbi et al., 1997; Wu et al., 2022a,b),
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such as depletion and interaction behavior, pool scrubbing efficiency,
etc. Hence, it is essential to investigate the influence of thermodynamic
parameters on the variation of aerosol-sized spectra.

A large number of experimental studies over the last few decades
have investigated on aerosol behavior, such as deposition, sedimen-
tation, agglomeration, and diffusion, by measuring the variation of
aerosol size distribution with time under different thermodynamic
conditions. A solid knowledge of aerosol depletion and deposition
behavior has been gained through a series of projects, such as the
DEMONA, VANAM, KAEVER, THAI, and SAAB experiments (Fromentin
et al., 1988; Firnhaber et al., 1996; Kanzleiter et al., 1991; Scheibel
et al., 1992, 1993, 1994; Firnhaber et al., 2002; Gupta, 2017; Gupta
et al., 2015; Kobalz and Allelein, 2017). All of these projects have
investigated aerosol behavior, including experimental measurements
of the particle size distribution of aerosols over depletion times, and
have provided detailed data for the improvement of modeling, some
of which have also contributed to the international standard problem
(ISP) in the nuclear field (Firnhaber et al., 1996, 2002). The effect
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Nomenclature

𝜏 Particle relaxation time in [s]
𝑐O2 ,𝑑𝑖𝑙𝑢 Oxygen volume concentration of dilution

air in [%]
𝑐O2 ,𝑒𝑥 Exhaust oxygen volume concentration in

[%]
𝑐O2 ,𝑖𝑛 Sampling inlet oxygen volume concentra-

tion in [%]
𝑑 Particle diameter in [cm]
𝑑𝑚𝑎𝑥 Upper diameter limits of a aerosol size

distribution in [μm]
𝑑𝑚𝑖𝑛 Lower diameter limits of a aerosol size

distribution in [μm]
𝐷𝑠 Diameter of sampling pipe in [mm]
𝐹𝑎𝑑ℎ Adhesive force in [dyn]
𝑁 Dilution ratio
𝑄 Sampling flow rate in [m3 s−1]
𝑈0,𝑐𝑟𝑡𝑖𝑐𝑎𝑙 Critical gas velocity for sampling in still air

in [ms−1]
𝑢𝑐O2 ,𝑒𝑥 Uncertainty of exhaust oxygen volume con-

centration
𝑢𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 Uncertainty of dilution ratio
𝑢O2 ,𝑑𝑖𝑙𝑢 Uncertainty of oxygen volume concentra-

tion in dilution air
𝑢O2 ,𝑖𝑛 Uncertainty of sampling inlet oxygen vol-

ume concentration
ACMD Aerodynamic Count Median Diameter
AMMD Aerodynamic Mass Median Diameter
ASNS Atomizing Spray Nozzle System
FCVS Filtered Containment Venting System
GSD Geometric Standard Deviation
ISP International Standard Problem
LOCA Loss Of Coolant Accident
NPP Nuclear Power Plant
PDB Powder Dispersing with Brush
RH Relative Humidity
RT Room Temperature
SA Severe Accident

of relative humidity and the type of aerosol species were the greatest
concern in these projects. Detailed information on the experimental
conditions of the different projects and their concerns are presented in
the reference Wu et al. (2022a). Although the effects of temperature
and pressure were not a major topic addressed, a large amount of
measurement data was available for further analysis. Essentially, the
aerosol depletion behavior under the influence of various thermody-
namic parameters (temperature, pressure and relative humidity) was
summarized through a systematic investigation of the SAAB project
(Wu et al., 2022a,b). Furthermore, the range of aerosol particle size
distribution decreases with time until the ‘‘self-preserving’’ point is
reached, where the geometric standard deviation (GSD) of this dis-
tribution is about 1.5 (Hinds, 1999). Li et al. (2018) have studied
the transportation and deposition of polydisperse micron-sized aerosol
particles in a horizontal low Reynolds number turbulence channel
using Direct Numerical Simulation coupled with Lagrangian Particle
Tracking. Their aim was to develop a model for assessing aerosol
loss and establishing the relationship with leak rate. Notably, they
utilized Count Median Diameter values as input for their simulation, a
parameter influenced by thermodynamic conditions in fact. Kim et al.
(2016) mainly explored changes in aerosol size distribution during the
2

Table 1
Overview of the experimental matrix for testing the influence of thermodynamic
parameters on the nuclear aerosol spectrum.

Mass ratio T/°C P/bar (g) RH

(SnO2: CsI) RT 60 120 3 6 dry med high con

1:0 (pure SnO2)
√

–
√ √ √ √ √ √ √

7:3
√ √

–
√ √

–
√ √ √

4:6
√ √

–
√ √

–
√ √ √

0:1 (pure CsI)
√ √

–
√ √ √ √ √ √

operation of a Filtered Containment Venting System (FCVS) using the
NAUA code. They revealed the dominant aerosol deposition mecha-
nisms based on temperature differences between the wall and internal
air through their model. However, the effect of changes in internal
air temperature on changes in aerosol particle size distribution was
not of concern to them. However, how the aerosol size distribution
changes with the thermodynamic parameters is unclear. For example,
what is the difference in aerosol particle size distribution between 60
°C and 150 °C in the containment? To the best of authors’ knowledge,
longitudinal comparison and analyses of aerosol spectral changes under
different temperatures, pressures, and relative humidities are lacking.
As the aforementioned thermodynamic conditions in a severe accident
(SA) change rapidly and dramatically, an understanding about aerosol
spectra changes with the thermodynamic parameters is able to assist
in improving the severe accident management. It can also contribute
to improving the accuracy of simulations due to more precise inputs of
the aerosol distribution.

A series of experiments were performed at the IN–EX facility at the
Forschungszentrum Jülich. The aerosol size distribution was measured
under various temperature, pressure and relative humidity conditions.
In the experiments, the aerosol was divided into insoluble species
(SnO2) and soluble species (CsI) in order to verify whether the solubility
of aerosols would affect the results. The purpose of this paper is to
report on the effect of the thermodynamic parameters on the aerosol
size spectral variation observed.

2. Facility information

The main components of the IN–EX facility include the IN–EX vessel,
aerosol generators, and a measurement system consisting of a sampling
pipe, dilution system, and measurement instruments (here, ELPI+), as
shown in Fig. 1. The IN–EX pressure vessel is capable of operating
at a maximum gauge pressure of 8 bar and temperature of 200 °C.
Its internal volume is 1.1 m3, with a height of 2 m and an internal
diameter of 800 mm. The vessel is equipped with an electric heating
system to adjust the temperature and has a compact thermal insulation
covering to maintain the temperature inside and reduce heat losses
(as shown in Fig. 2). The sampling pipe, connected to the dilution
system and measurement instruments, was situated at a height of 1.5
m. In our experimental design, the selection of the sampling height at
1.5 m was a thoughtful decision based on two primary considerations.
Firstly, we aimed to measure the aerosol in a position where the gas
flow had fully developed. Practical constraints within the IN–EX vessel
limited us to measure at a maximum height of 1.5 m. Secondly, we
positioned the sampling pipe in the middle of the vessel at 1.5 m to
mitigate radial influences. The experimental temperatures were room
temperature (RT), 60 °C, 120 °C, and 180 °C, while the pressures were
tested at 0 bar, 3 bar, and 6 bar. Humidity was tested in dry (0%–
30% r.h., in the following referred to as ‘dry’), medium (30%–80%
r.h., in the following referred to as ‘med’), high (80%–100% r.h., in
the following referred to as ‘high’), and condensation (>100% r.h., in
the following referred to as ‘con’) conditions. An overview of the test
matrix for pure aerosols (SnO2 and CsI) and their mixture in two mass
fractions (7:3 and 6:4) is presented in Table 1.

To experimentally-investigate the impact of thermodynamic pa-

rameters on the variation of the aerosol spectrum, it is essential to
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Fig. 1. IN–EX facility structure information.
Fig. 2. Measured temperature change during the test from heating controller TRC5101
and thermocouple TI5108 for gas (heating temperature is set as 120 °C) (Wu et al.,
2022a).

have a well-designed experimental procedure. As outlined in refer-
ence Wu et al. (2022a), the experimental process comprises three
sequential stages: flushing, pre-conditioning (including pre-heating,
pre-pressurizing, and pre-humidification), injection and measuring. The
flushing stage aims to establish consistent initial conditions, particu-
larly in terms of particle concentration, across all experiments. Pre-
conditioning phase ensures that all the thermodynamic conditions in
IN–EX vessel are stable before aerosol injection. In our experiments,
ELPI+ was used to measure the particle size distribution of aerosols.
ELPI+ is an improved type of cascade impactor, that combines electrical
detection of charged particles with a low pressure cascade impactor
(Keskinen et al., 1992). According to the manufacturer, this allows real-
time measurements of particle size distributions in a broad particle size
range from 6 nm to 10 μm with 14 particle size fractions. Moreover,
ensuring the stability and reproducibility of aerosol generation, proper
setting and operation of the aerosol injection, and accurate aerosol
sampling, are crucial factors for obtaining reliable measurements.
3

2.1. Aerosol generation

At the Forschungszentrum Juelich, there are two aerosol generators,
namely Powder Dispersing with a Brush (PDB) and the Atomizing Spray
Nozzle System (ASNS). The PDB is specifically designed to produce
insoluble aerosols, specifically SnO2, whereas the ASNS is utilized for
generating soluble aerosols such as CsI. Other studies (Wu et al., 2022a;
Wu et al.) have demonstrated that the generation profile of PDB and
ASNS is both stable and reproducible. Table 2 displays the Aerody-
namic Mass Median Diameter (AMMD), Aerodynamic Count Median
Diameter, and Geometric Standard Deviation (GSD) of the aerosol size
distribution from generators. To ensure the accuracy of the results
comparison, the generated size distribution curves were measured in
the IN–EX vessel, thereby avoiding any influence of particle loss in the
injection line. The reliability of PDB and ASNS aerosol generation, as
assessed by AMMD/ACMD/GSD, is demonstrated by the relative devi-
ations observed in repeated measurements. The results indicate that
SnO2 and CsI have comparable AMMD values, and yet CsI generates
more submicron particles due to its lower ACMD values. Moreover, CsI
displays a broader particle size distribution compared to SnO2, which
can be attributed to CsI having a higher GSD value than SnO2.

2.2. Aerosol injection

Before injecting the aerosol into the IN–EX vessel, it is passed
through a long injection tube for particle mixing and aerosol condi-
tioning. However, due to the small diameter of the tube (1 inch), it is
not feasible to install sensors such as thermocouples, relative humidity
sensors, and pressure sensors. To overcome this, as is illustrated in
Fig. 3, a diffuser is used to enlarge the diameter of the line to enable
the installation of the sensors. Following the conditioning section, the
diameter of the injection tube is then returned to 1 inch to maintain
a consistent injection rate. However, it should be noted that due to
the sudden reduction in carrier gas velocity after passing through
the diffuser, large particles may not follow the gas line again due to
their higher gravitational attraction, resulting in their deposition after
the diffuser. One advantage is that unfocused large particles can be
removed first before injecting aerosols into the vessel. Furthermore, the
loss of large particles after the diffuser should be consistent, which the
aerosol generation profile confirms. The injection will not begin until

the vessel reaches the desired conditions of stable state, which include
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Table 2
Values of AMMD, ACMD, and GSD obtained from aerosol generators.

Generators AMMD ACMD GSD

[μm] Deviation [μm] Deviation – Deviation

PDB (SnO2) 1.57 ± 0.055 3.50% 0.50 ± 0.002 0.40% 1.85 ± 0.015 0.81%
ASNS (CsI) 1.59 ± 0.031 1.95% 0.37 ± 0.019 5.14% 2.01 ± 0.034 1.69%
Fig. 3. Large particle deposition through the injection line.
the appropriate temperature, pressure, and relative humidity. Wu et al.
(2022a) provides more detailed information regarding the distribution
of temperature and changes in relative humidity within the vessel and
injection line.

Once the temperature, pressure, and relative humidity within the
IN-EX vessel reach the desired test conditions, the aerosol injection
phase starts. In order to ensure result comparability, consistent particle
generation (using ASNS and PDB) and injection procedures are em-
ployed across all experiments. ASNS uses a CsI solution (concentration
approx. 34.9 w%) to generate soluble CsI particles, while PDB injects
SnO2 particles as representatives of insoluble particles into the vessel.
Nitrogen (N2) serves as the carrier gas, maintaining a constant flow
rate of 20 m3 h−1 throughout each experiment. The injection phase per-
sists for 30 min in each trial, yielding particle number concentrations
reaching up to 107 (Wu et al., 2022a).

2.3. Aerosol sampling

The process of aerosol sampling is arguably the most crucial com-
ponent of the experiments, as most errors tend to occur during this
phase. The accuracy of measurements can be affected by several factors,
including the sampling method, setup and length of the sampling line,
dilution system, and configuration of the measuring instrument. Davies
(1968) suggests Eq. (1) as a criterion for selecting a sampling method
based on the gas velocity in the vessel. There are two recommended
approaches for sampling: if the velocity does not exceed 𝑈0,𝑐𝑟𝑡𝑖𝑐𝑎𝑙, the
recommended approach is to sample in still air; otherwise iso-kinetic
sampling is advised.

𝑈0,𝑐𝑟𝑡𝑖𝑐𝑎𝑙 =
1
5
( 𝑄
4𝜋𝜏2

)1∕3 (1)

Calculation of the sampling flow rate 𝑄 is essential for determining
the critical gas velocity 𝑈0,𝑐𝑟𝑡𝑖𝑐𝑎𝑙 and subsequently selecting the ap-
propriate sampling method. During the IN–EX experiments, a dilution
system was employed to reduce the density of measuring particles,
thus preventing overloading of the ELPI+. Additionally, the sampling
flow rate 𝑄 varied depending on the dilution ratio. A smaller sampling
4

flow rate is required for accurate measurements, especially in light of
the limited volume of the IN–EX vessel, which is only 1.08 m3. As
the dilution ratio increases, the sampling flow rate correspondingly
decreases. Therefore, it is crucial to set a high dilution ratio to ensure
the measuring accuracy. During the IN–EX experiments, the dilution
ratios were set to three different values depending on the particle
concentration within the vessel: approximately 8, 40, and 70. It is
important to note that the dilution system assumes that particles are
uniformly mixed in the mixing chamber. Any deviation from this as-
sumption can result in a difference between the particle concentration
before and after dilution. For example, if a dilution ratio of 70 is used in
the IN–EX experiments, the corresponding sampling flow rate Q is 0.43
L/min. The maximum measurable particle size with ELPI+ is 10 μm,
and based on this, the highest relaxation time 𝜏 is calculated to be 0.27
ms. From this, the maximal critical gas velocity 𝑈0,𝑐𝑟𝑡𝑖𝑐𝑎𝑙 is determined
to be 0.39 m/s. Therefore, if the gas velocity in the IN–EX vessel
exceeds 0.39 m/s, iso-kinetic sampling should be employed. During
the experiments, the injected 𝑁2 volume flow remained constant at 20
m3/h. Under the conditions of 60°C, 0 bar, and dry during injection,
the gas velocity 𝑈0 in the IN–EX vessel was approximately 0.013 m/s.
This value is significantly lower than the critical gas velocity 𝑈0,𝑐𝑟𝑡𝑖𝑐𝑎𝑙
of 0.39 m/s, indicating that sampling in still air is appropriate for the
IN–EX experiments.

To ensure consistent measurement accuracy, the length of the sam-
pling line in the IN–EX experiments remains constant to ensure that
the particle loss through the line is consistent. Additionally, in order to
avoid diffusion loss during sampling, it is essential that the temperature
of the sampling pipe be the same as that of the particles. The orientation
of the sampling pipe also affects the accuracy of the measurements.
In the IN–EX experiments, the sampling pipe is placed in a horizontal
direction. However, due to the gravity and inertia of large particles,
they may settle on the surface of the sampling pipe or have an impact-
ing effect at the bend. As a result, the measured particle concentration
is smaller than the actual concentration. However, Davies (1968) has
shown that these errors can be neglected through Eq. (2) by controlling
the diameter of the sampling pipes. The lower and upper limits of
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Fig. 4. Operating principle of the Dekati DI-1000.
Source: Modified from Ltd. (2018).

the three pairs of sampling pipe diameters were calculated when all
dilution ratios were taken into account. The sampling pipe was suitable
for all dilution ratios. Therefore, the diameter of the sampling pipe
should be within the range of the highest lower and lowest upper limits
for all dilution ratios. The highest lower diameter limit of the sampling
pipe was found to be 9.20 mm when a dilution ratio of 8 and particle
size of 10 μm were used. On the other hand, the lowest upper diameter
limit was calculated to be 11.72 mm when the dilution ratio was 70 and
the particle size 10 μm. As a result, a sampling pipe with a diameter
of 10 mm was selected for the experiments to ensure accurate and
consistent particle measurements.

10(𝑄𝜏
4𝜋

)1∕3 ≤ 𝐷𝑠 ≤
2
5
( 𝑄
𝜋𝜏𝑔

)1∕2 (2)

As is shown in Fig. 4, the Dekati DI-1000 was applied in the exper-
iments. To determine the dilution ratio therein, direct measurement of
the inlet sampling volume flow 𝑉̇𝑖𝑛 was not possible with the dilution
system used. To address this, a gas analyzer was connected to the
system to measure the exhaust oxygen volume concentration 𝑐O2 ,𝑒𝑥
before and during sampling, which allowed for accurate calculation of
the dilution ratio (Eq. (3)) and determination of particle concentrations
in the sampling line. However, reading the oxygen volume concentra-
tion values on the PC introduces a margin of uncertainty. Moreover,
the uncertainty propagation of the dilution ratio is affected by slight
fluctuations in the sampling and dilution gas, which can result in a
variation in the dilution factor ranging from 1% to 7%, as determined
by Eq. (4). For each experiment, the length of the connecting line
between the dilution system and ELPI+ was held constant, and the
ELPI+ settings were kept identical for experiments performed under the
same conditions.

𝑁 = 1 +
𝑐O2 ,𝑒𝑥 − 𝑐O2 ,𝑖𝑛

𝑐O2 ,𝑑𝑖𝑙𝑢 − 𝑐O2 ,𝑒𝑥
(3)

𝑢𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 =
√

(𝑓 ′(𝑐O2 ,𝑒𝑥)𝑢𝑐O2 ,𝑒𝑥 )
2 + (𝑓 ′(𝑐O2 ,𝑖𝑛)𝑢𝑐O2 ,𝑖𝑛 )

2 + (𝑓 ′(𝑐O2 ,𝑑𝑖𝑙𝑢)𝑢𝑐O2 ,𝑑𝑖𝑙𝑢 )
2

(4)

2.4. Aerosol evaluation

Selecting an appropriate method for evaluating the aerosol size
distribution is crucial. While double logarithmic plotting is a common
approach, it only displays the shape and trend of the size distribution.
In our experiments, we aimed to examine changes in the aerosol
size spectrum under different thermodynamic conditions. Thus, double
logarithmic plotting was not suitable for our purposes. Instead, we
chose to use the lower and upper limits (𝑑𝑚𝑖𝑛 and 𝑑𝑚𝑎𝑥) of the aerosol
aerodynamic diameter to describe these changes. By combining these
limits with the values of AMMD and GSD, we were able to gain a
more complete understanding of how the thermodynamic parameters
affected the changes in the aerosol size spectrum. As the aerosol size
distribution typically follows a lognormal distribution, the lower and
upper diameter limits could be calculated using Eqs. (5) and (6) with a
5

confidence level of 95%. It should be noted that this range between 𝑑𝑚𝑖𝑛
and 𝑑𝑚𝑎𝑥 is asymmetrical. Additionally, the Hatch–Choate conversion
in Eq. (7) provides insight into the relationship between AMMD, ACMD,
and GSD, which can help determine the profile of the aerosol size
spectrum (Hinds, 1999).

𝑑𝑚𝑖𝑛 = 𝑒𝑥𝑝[𝑙𝑛𝐴𝑀𝑀𝐷 − 2𝑙𝑛𝐺𝑆𝐷] = 𝐴𝑀𝑀𝐷∕𝐺𝑆𝐷2 (5)

𝑑𝑚𝑎𝑥 = 𝑒𝑥𝑝[𝑙𝑛𝐴𝑀𝑀𝐷 + 2𝑙𝑛𝐺𝑆𝐷] = 𝐴𝑀𝑀𝐷 ∗ 𝐺𝑆𝐷2 (6)

𝐴𝑀𝑀𝐷 = 𝐴𝐶𝑀𝐷𝑒𝑥𝑝(3𝑙𝑛2𝐺𝑆𝐷) (7)

3. Results and discussion

A wide-ranging analysis was conducted to measure the aerosol
size distribution in a series of experiments, varying the temperature,
pressure, and relative humidity conditions. The measurements were
carried out using pure SnO2, CsI, and their mixtures. Based on the
obtained values of the AMMD and GSD, the range of the aerosol
size spectrum was determined with a 95% confidence level. The next
section presents and discusses the results in detail. To account for the
dynamic effects of fluid flow during the injection phase, the data used
in this analysis were measured after a ten-minute period following
the injection. This time delay enabled the stabilization of the system
and ensured that the measured data accurately represented the steady-
state conditions without the influence of transient effects. Additionally,
the data collected following a one-hour depletion period offers further
validation of our conclusion.

3.1. Temperature impact

Throughout the experiments, continuous electrical heating was ex-
ternally applied to the injection line and vessel to maintain a constant
temperature of 60 °C. It is worth to mention that the SnO2 experiments
were conducted at 120 °C while the other experiments were conducted
at 60 °C due to a limitation we encountered during the experiments,
i.e., our existing equipment peripherals were unable to achieve con-
densation conditions at 120 °C. The insulation efficiency of this heating
system was documented and presented in Wu et al. (2022a). Based on
the measured particle size distributions, Table 3 displays the calculated
basic parameters, including AMMD, GSD, 𝑑𝑚𝑖𝑛, and 𝑑𝑚𝑎𝑥, for assessing
the changes in the aerosol size spectrum. The relative errors in the table
were calculated based on the aerosol generator uncertainties. It was
observed that in the IN–EX experiments, when the GSD values were
comparable, the AMMD values decrease with a decrease in the com-
position of SnO2 in the mixture, regardless of whether the experiments
were conducted at room temperature (RT) or 60 °C. For example, under
RT conditions, the AMMD decreased from 1.64 to 1.17. Moreover, there
were almost no significant differences in the AMMD and GSD values for
CsI between RT and 60 °C.

To visually represent the change in aerosol size spectrum more
clearly, the correlated values of 𝑑𝑚𝑖𝑛 and 𝑑𝑚𝑎𝑥 were plotted in Fig. 5.
It was observed that the aerosol spectrum for SnO2 particles widened
with an increase in temperature, indicating a broader range of particle
sizes. On the other hand, there were almost no significant differences
observed in the aerosol size spectrum for CsI particles between the two
temperatures. The mixture with a mass composition of SnO2 to CsI at
a ratio of 7:3 exhibited no significant change in 𝑑𝑚𝑖𝑛, whereas 𝑑𝑚𝑎𝑥
increased at two different temperatures, indicating a shift in the aerosol
spectrum towards larger particles. Conversely, for the mixture with
a mass composition of 4:6, 𝑑𝑚𝑎𝑥 remained unchanged, whereas 𝑑𝑚𝑖𝑛
decreased, suggesting that the aerosol size spectrum widened towards
finer particles at high temperatures.

As the temperature increases, the kinetic energy of particles also
does, leading to more active motion and collisions amongst them. This
increased kinetic energy promotes particle movement and enhances
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Table 3
Impact of temperature on the aerosol size spectrum under medium humidity and atmospheric pressure.

Material AMMD/μm GSD 𝑑𝑚𝑖𝑛/μm 𝑑𝑚𝑎𝑥/μm

RT 60 °C RT 60 °C RT 60 °C RT 60 °C

SnO2
a 1.64 1.82 1.60 1.96 0.64 ± 0.012 0.47 ± 0.009 4.20 ± 0.213 6.99 ± 0.363

7 ∶ 3b 1.45 1.60 1.63 1.73 0.55 ± 0.0006 0.53 ± 0.001 3.85 ± 0.205 4.79 ± 0.247
4 ∶ 6b 1.37 1.26 1.60 1.69 0.54 ± 0.005 0.44 ± 0.004 3.51 ± 0.179 3.60 ± 0.189
CsI 1.20 1.12 1.62 1.61 0.46 ± 0.007 0.43 ± 0.006 3.15 ± 0.165 2.90 ± 0.165

a SnO2 experiments were carried out at 120 °C.
b The ratio is the mass composition ratio of SnO2 to CsI.
Fig. 5. Comparing the aerosol size thresholds at two different temperatures under medium humidity and atmospheric pressure.
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he likelihood of particle interactions and collisions. Consequently, the
erosol particles exhibit more dynamic behavior and can be subject to
gglomeration or de-agglomeration processes, resulting in changes in
he aerosol size distribution and spectrum. The mechanisms of agglom-
ration and de-agglomeration involve particle collisions, where the
articles either stick together or break apart upon impact. In the case
f particles with similar sizes, it is generally assumed that they adhere
ogether upon collision rather than breaking up (Hinds, 1999). In this
aper, however, polydisperse particles with a wide size spectrum were
sed, and the agglomerates formed were typically porous and prone
o breaking apart. Previously, particle de-agglomeration was not con-
idered to be significant in severe accidents involving nuclear reactors.
owever, tests conducted in the ARTIST program have demonstrated

hat under SGTR conditions, it is possible for aerosol particles such as
iO2 to deagglomerate within the tube and the expansion zone behind
he tube’s exit (Lind et al., 2010). Although the test velocity in our
xperiments was much lower than that in the ARTIST program, it still
heds a light on the consideration of de-aggregation effects in our tests.
herefore, it is essential to consider the effects of both agglomeration
nd de-agglomeration processes in discussion of the aerosol spectrum,
ven if the de-agglomeration effect is relatively weak. On the other
and, as the temperature increases, the gas expands, resulting in an
ncrease in the diameter aerosol particles. The aerosol particle size
istribution is expected to exhibit a shift towards larger particles. It is
mportant to highlight that this phenomenon is particularly noticeable
or larger aerosol particles, as the gas contribution becomes more
ignificant.
6

b

The increase in 𝑑𝑚𝑎𝑥 is a result of agglomeration or gas expansion,
hereas the decrease in 𝑑𝑚𝑖𝑛 can be attributed to de-agglomeration.
he cumulative mass distribution of SnO2 (left) and CsI (right) aerosols
t two different temperatures in Fig. 6 depicts this phenomenon more
learly. This graph was constructed by considering the frequency of
asses of particles less than the specified size. Both particle types
emonstrate comparable behavior: at high temperatures, larger parti-
les are required to achieve the same mass contribution beyond 45%,
hereas finer ones are needed for mass contributions below 45%.
his observation implies an enlargement of the aerosol size spectrum.
otably, the influence on CsI particles appears to be limited, possibly
ue to their lower temperature condition of 60 °C, in contrast to
he 120 ◦C of SnO2 particles. The higher temperature promotes both
he agglomeration and de-agglomeration processes in SnO2 particles.
s the AMMD values for SnO2 particles increased (indicating a size
istribution shift towards larger particles), this suggests that the ag-
lomeration effect is more dominant than the de-agglomeration one.
his observation is further supported by the results of the 7:3 (SnO2:
sI) mixture, in which 𝑑𝑚𝑎𝑥 increased. For pure CsI particles, it appears

hat the effects of agglomeration and de-agglomeration counterbal-
nce each other, resulting in no significant change in the aerosol size
pectrum with increasing temperature. In the case of the 4:6 (SnO2:
sI) mixture, the observed decrease in 𝑑𝑚𝑖𝑛 at a high temperature is
ore likely attributed to the presence of SnO2 particles in the mixture,
hich enhances the de-agglomeration effect. At a high temperature,

he presence of SnO2 in the mixture upsets the equilibrium between
he agglomeration and de-agglomeration rates of CsI, creating a new
alance that enables the de-agglomeration effect to be quantified.
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Fig. 6. Comparing the cumulative mass distribution of SnO2 (left) and CsI (right) at two different temperatures under medium humidity and atmospheric pressure.
Fig. 7. Comparing the cumulative mass distribution of SnO2 (left) and CsI (right) at two different temperatures under medium humidity and atmospheric pressure after 1 h
depletion.
Consequently, the size spectrum of the SnO2 aerosol becomes broader
as the temperature increases. However, the presence of CsI in the
mixture may suppress or inhibit this expansion. Fig. 7 displays the
accumulated mass distribution after aerosol depletion over a period of
one hour. Whether it is SnO2 particles or CsI particles, the trend of
the temperature-influenced distribution plot of both aerosols after 1 h
of depletion is similar to the previously mentioned phenomena. This
further validates the influence of temperature on the change in aerosol
size spectrum.

3.2. Pressure

In order to maintain a controlled pressure level during the aerosol
experiments, a PID pressure valve was utilized. The valve remained
closed until the desired pressure was reached, and was then gradually
opened to regulate and stabilize the pressure at the desired level. This
approach ensured that the injection process for the pressure tests was
dynamically balanced, allowing for precise control and maintenance of
the desired pressure throughout the experiment. In the IN–EX exper-
iments, two different gauge pressures, namely 3 bar and 6 bar, were
tested. The AMMD, GSD, 𝑑𝑚𝑖𝑛, and 𝑑𝑚𝑎𝑥 were also calculated and are
displayed in Table 4. Comparatively, the values of AMMD and GSD are
generally higher at 3 bar, except for the case of SnO2.

The aerosol size spectrum change resulting from the impact of pres-
sure is plotted in Fig. 8. For pure SnO2 aerosols, there does not appear
to be a significant change in the values of 𝑑 and 𝑑 . Although
7

𝑚𝑖𝑛 𝑚𝑎𝑥
there is a tendency towards an increase in 𝑑𝑚𝑎𝑥, the overlapping error
margins suggest that the differences may not be statistically significant.
In contrast, for pure CsI aerosols, it is observed that 𝑑𝑚𝑎𝑥 decreased and
𝑑𝑚𝑖𝑛 remains unchanged, indicating a shift in the aerosol size spectrum
towards smaller particles. The mixtures exhibit a similar phenomenon
as CsI, with a decrease in the 𝑑𝑚𝑖𝑛 value as well.

The observed phenomena can be attributed to the compression of
aerosols under pressure, which leads to a decrease in particle size
and, consequently, a shift towards smaller particles in the distribution.
Meanwhile, the particles’ movement becomes more rapid, increas-
ing the likelihood of collisions. In particular, for aggregate clusters,
these collisions can cause the clusters to break up, resulting in en-
hanced de-agglomeration. Liu and Hrenya (2018) mentioned that de-
agglomeration commonly occurs with an increase in collisional impact
velocity, which can be influenced by both temperature and pressure.
To et al. (2009) observed in their measurements that nanoparticle
aggregates can be broken at higher pressures, indicating that pressure
increase enhances de-agglomeration effects. This breakup of clusters
contributes to the reduction in 𝑑𝑚𝑎𝑥 and 𝑑𝑚𝑖𝑛, as the larger agglomerates
are broken down into smaller particles. These collisions may enhance
the agglomeration effect as well, and unlike the temperature influence,
the enhanced agglomerates may be compressed to smaller sizes due
to the pressure effect, which leads to a decrease in 𝑑𝑚𝑎𝑥 and 𝑑𝑚𝑖𝑛.
The observations in the mixtures and CsI particles support the afore-
mentioned argument. They show a shift in the aerosol size spectrum
towards smaller particles. However, it is noteworthy that the SnO2
particles did not exhibit the same phenomena, and their aerosol size
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Table 4
Impact of pressurea on the aerosol size spectrum under the RT and dry conditions.

Material AMMD/μm GSD 𝑑𝑚𝑖𝑛/μm 𝑑𝑚𝑎𝑥/μm

3 bar 6 bar 3 bar 6 bar 3 bar 6 bar 3 bar 6 bar

SnO2 1.08 1.12 1.75 1.77 0.35 ± 0.007 0.36 ± 0.007 3.31 ± 0.167 3.51 ± 0.182
7:3 1.65 1.23 1.87 1.82 0.47 ± 0.004 0.37 ± 0.003 5.77 ± 0.295 4.07 ± 0.214
4:6 1.65 1.31 1.81 1.76 0.50 ± 0.0006 0.42 ± 0.0004 5.41 ± 0.279 4.06 ± 0.216
CsI 1.51 1.31 1.58 1.52 0.60 ± 0.009 0.57 ± 0.008 3.77 ± 0.197 3.03 ± 0.164

a Pressure refers to gauge pressure.
Fig. 8. Comparing the aerosol size thresholds at two different pressures under RT and dry conditions.
did not appear to be influenced by the changes in pressure. Although
measurement error could be a potential explanation, the consistent
results obtained from all three replicated tests suggest otherwise. Fig. 9
has been plotted to provide insight into the aforementioned distribution
shifting to smaller particles. The diagram illustrates a comparison of
cumulative mass distributions between SnO2 (left) and CsI (right) under
two different pressures. When analyzing SnO2 particles, it was observed
that there is no size shift between 3 bar and 6 bar. This suggests that
SnO2, being a solid particle, cannot be further compressed. It forms a
dynamic equilibrium between the agglomeration and de-agglomeration
processes, leading to no further changes in aerosol size within the
pressure range from 3 bar to 6 bar. In the case of CsI particles, a dis-
tribution shift towards smaller particles is observed at 6 bar. Moreover,
the presence of CsI disrupts the balance between the agglomeration and
de-agglomeration effects of SnO2 particles in the mixture, leading to a
shift towards smaller particles. As a result, the aerosol size spectrum
becomes narrower as the pressure increases, except for insoluble SnO2
aerosols. Fig. 10 illustrates the accumulated mass distribution following
the depletion of aerosol over a one-hour period. There are minimal
discrepancies compared to Fig. 9, whether it pertains to SnO2 particles
or CsI particles. This observation further substantiates the impact of
pressure on the alteration of the aerosol size spectrum.

3.3. Relative humidity

Controlling relative humidity in the IN–EX experiments posed a
challenge due to the limitations of the steam generator. Achieving
and maintaining an exact humidity level becomes impractical under
8

such circumstances. As a solution, it is more feasible to describe the
influence of humidity on the changes in the aerosol size spectrum by
utilizing a range of humidity (see Section 2). The calculated values for
AMMD, GSD, 𝑑𝑚𝑖𝑛, and 𝑑𝑚𝑎𝑥 are displayed in Table 5. For CsI particles,
the AMMD values increase with increasing relative humidity, except
under the condensation condition, under which both the AMMD and
GSD for CsI particles display a significant decline. We suspect that the
reason for this is that as CsI is soluble, the particles readily interact
with the condensed water surface. Before reaching the sampling height
(1.5 m), CsI particles may have already settled with the water droplets,
preventing them from being captured in the measurement. Therefore,
the data for CsI under the condensation condition may not provide
valuable information regarding the influence of humidity on the aerosol
size spectrum. We do not discuss this in this paper.

The aerosol spectrum changes due to the influence of relative
humidity on SnO2, CsI, and their mixtures, which are presented in
Fig. 11. It can be observed that there is an increasing tendency in
𝑑𝑚𝑎𝑥 for both SnO2 and CsI aerosols with increasing humidity. For the
mixture of SnO2 and CsI with a mass composition ratio of 7:3, the
𝑑𝑚𝑎𝑥 value at high relative humidity appears to be an outlier, possibly
due to measurement error. However, it still demonstrates an obvious
increase in 𝑑𝑚𝑎𝑥 with increasing humidity, similar to pure substances.
For the mixture of SnO2 and CsI with a mass composition ratio of
4:6, a different result was obtained: as the relative humidity increased,
there was a decrease in the 𝑑𝑚𝑎𝑥. In the condensation scenario, the
behavior of this mixture resembled that of pure CsI (CsI is dominant
in this mixture), where condensed water surface tension plays a dom-

inant role. Due to this effect, it is difficult for the particles to reach
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Fig. 9. Comparing the cumulative mass distribution of SnO2 (left) and CsI (right) at two different pressures under RT and dry conditions.
Fig. 10. Comparing the cumulative mass distribution of SnO2 (left) and CsI (right) at two different pressures under RT and dry conditions after 1 h depletion.
Table 5
Impact of relative humidity on the aerosol spectrum under RT and atmospheric pressure.

Material AMMD/μm GSD 𝑑𝑚𝑖𝑛/μm 𝑑𝑚𝑎𝑥/μm

dry med dry med dry med dry med

SnO2 1.67 1.64 1.57 1.60 0.68 ± 0.012 0.64 ± 0.012 4.12 ± 0.208 4.20 ± 0.218
7:3 – 1.45 – 1.63 – 0.55 ± 0.005 – 3.85 ± 0.203
4:6 – 1.37 – 1.60 – 0.54 ± 0.0006 – 3.51 ± 0.187
CsI 1.16 1.20 1.59 1.62 0.46 ± 0.006 0.46 ± 0.007 2.93 ± 0.159 3.15 ± 0.165

Material high con high con high con high con

SnO2 1.72 1.69 1.62 1.69 0.66 ± 0.013 0.59 ± 0.011 4.51 ± 0.228 4.83 ± 0.250
7:3 1.84 1.50 1.74 1.72 0.61 ± 0.006 0.51 ± 0.004 5.57 ± 0.285 4.44 ± 0.228
4:6 1.17a 1.17 1.59a 1.65 0.46 ± 0.0005 0.43 ± 0.0005 2.96 ± 0.156 3.19 ± 0.165
CsI 1.39 0.51 1.73 1.33 0.46 ± 0.007 0.29 ± 0.004 4.16 ± 0.218 0.90 ± 0.049

a The relative humidity conditions for this experiment were between 100% and more than 100%.
the measuring height, as mentioned previously, resulting in the 𝑑𝑚𝑎𝑥
decreasing. For high humidity conditions, it is important to highlight
that the relative humidity in this test reached levels of 100% and
even exceeded it. Consequently, the behavior observed under this ‘‘high
humidity’’ condition is similar to that observed in the condensation
scenario, with a decrease in the 𝑑𝑚𝑎𝑥.

Fig. 12 illustrates the cumulative mass distribution of SnO2 and CsI
at various relative humidities. For the insoluble particles (SnO2), it is
challenging to observe a shift towards larger particles with an increase
in humidity in this diagram. However, relative humidity is a crucial
parameter that affects the adhesive forces between aerosol particles.
When aerosol particles come into contact with each other, the presence
of water vapor in the air can facilitate the formation of liquid bridges
9

between them. These liquid bridges act as adhesive forces, causing
the particles to stick together and form agglomerates. Eq. (8) from
Hinds (1999) provides a useful expression for estimating the adhesive
force between hard materials, such as SnO2 particles. It can be seen
that the extent of agglomeration depends on the relative humidity
level. A higher relative humidity provides a greater availability of
water vapor, resulting in stronger adhesive forces and potentially larger
agglomerates. Hence, the 𝑑𝑚𝑎𝑥 values of pure SnO2 aerosols and the
mixture (SnO2: CsI = 7:3) increases with the rise in relative humidity.

𝐹𝑎𝑑ℎ = 150𝑑[0.5 + 0.0045(%𝑅𝐻)] (8)

Unlike SnO2 particles, the CsI size distribution shifts towards large
particles with an increase in relative humidity, as shown in Fig. 12.
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Fig. 11. Comparing the aerosol size thresholds at two different pressures under RT and atmospheric pressure.
Fig. 12. Comparing the cumulative mass distribution of SnO2 (left) and CsI (right) at different relative humidities under RT and atmospheric pressure.
This can be attributed to the hygroscopic properties of CsI, which
enhance the influence of humidity on the adhesive force between
particles, leading to an enhanced agglomeration effect. Additionally,
studies conducted by Mishra et al. (2019) have shown that the growth
factor for CsI remains constant within the relative humidity range
of 30%–90%, further supporting the positive effect of humidity on
the agglomeration enhancement of CsI particles. The mixtures exhibit
similar results to those observed in pure substances. As a result, the
size spectrum of aerosols becomes broader, particularly for insoluble
aerosols such as CsI. The Fig. 13, depicting the cumulative mass af-
ter one hour of aerosol depletion, provides further validation of the
previously mentioned results for both particles.

4. Conclusion

A series of experiments were performed using an IN–EX facility, and
the results have been analyzed to discuss the effects of temperature,
10
pressure, and relative humidity on the changes in the aerosol spectrum
of SnO2, CsI, and their mixtures.

Increasing the temperature results in higher particle kinetic energy
and an increased possibility of particle collisions, leading to enhanced
agglomeration and de-agglomeration processes. As a result, the aerosol
spectrum of SnO2 particles becomes broader with increasing tempera-
tures. However, for CsI aerosols, the enhancement of de-agglomeration
and agglomeration appears to be counterbalanced. The presence of CsI
in the mixture may act to suppress or inhibit the expansion of the
aerosol size spectrum.

Under pressure conditions, particles move more rapidly and have
higher collision rates, causing the breakup of aggregates and increased
de-agglomeration. Meanwhile, the agglomeration rate is also enhanced.
The aggregates may be compressed to smaller sizes under continuous
pressure. As a result, the aerosol size spectrum of CsI particles and
mixtures shifts towards smaller particles. However, in the case of SnO2
particles, the enhanced de-/agglomeration effects reach an equilibrium,
resulting in no significant changes in the size spectrum with pressure
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Fig. 13. Comparing the cumulative mass distribution of SnO2 (left) and CsI (right) at different relative humidities under RT and atmospheric pressure after 1 h depletion.
variations. The presence of CsI in the mixture can disrupt this balance
and cause a shift in the size spectrum towards smaller particles.

With increasing relative humidity, the adhesive force between solid
particles improves, leading to enhanced agglomeration. As a result, the
aerosol size spectrum of SnO2 and CsI aerosols shifts towards larger
particles. Due to the hygroscopic property of CsI, the effect of the size
spectrum’s expansion becomes even more pronounced.

The experiment yields valuable insights into aerosol behavior by
illuminating the changes in the aerosol size spectrum under different
thermodynamic conditions. This information can be practically applied
in severe accident scenarios. For instance, increasing the humidity
inside the containment can be considered a strategy for shifting the
aerosol spectrum towards larger particles. This approach aims to en-
hance the settling rate of aerosols, thereby reducing the risk of their
release into the environment. Nevertheless, it is important to note
that all the findings presented here are derived from our experimental
data. To offer additional evidence supporting our conclusion about the
de-/agglomeration effects, it certainly would be desirable to conduct
theoretical assessments based on molecular dynamics theory in the
future.
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