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Studies of behavioral characteristics of ﬁssion product aerosols are extremely important in
context of suspected environmental release during a severe nuclear reactor accident. Fission
product aerosols generated in such a case are expected to travel from coolant systems to the
containment and may get released to the environment in the most unlikely scenario of containment breach. Presence of steam also aﬀects their dynamic behaviour and fate. Interaction of
aerosol particles with water vapor in subsaturation domain modiﬁes their physical and chemical
characteristics. The objective of this study was to examine the hygroscopic nature of nuclear
accident relevant cesium bound compounds viz. CsI, CsOH with the use of Hygroscopic Tandem
Diﬀerential Mobility Analyzer (HTDMA). The growth factors for single component aerosols were
obtained for diﬀerent initial size of particles at diﬀerent relative humidity levels. Growth factor
curves as well as deliquescent parameters for CsI and CsOH particles have been obtained for the
ﬁrst time and have a crucial role towards environmental source term estimations in the event of
nuclear accident. Experimental results were also compared with the theories available in literature.

1. Introduction
Cesium gets emitted to atmosphere through activities e.g. terrestrial erosion, ore mining-milling etc. Once in air, it gets attached
to the surfaces of existing aerosol particles (Kristiansen et al., 2016). Its dynamics and fate in the environment then is governed by the
characteristics of the aerosol size spectrum. Depending on the mean size, cesium bound particles get transported (short and long
range) and ultimately settle on the earth's surfaces. These particles contaminate water and soil due to their chemical and radiotoxicity. Their presence at high concentration has potential to aﬀect the quality of the inhaled air as well. Biomass burning events
provide another mechanism for the remobilization of cesium deposited on trees and plants (Paliouris, Taylor, Wein, Svoboda, &
Mierzynski, 1995, pp. 153–166). An estimated 40–70% of the cesium in the biomass fuel gets released to the atmosphere during a
typical ﬁeld ﬁre with release increasing with the temperature (Amiro, Sheppard, Johnston, Evenden, & Harris, 1996). The higher
levels of cesium in northern ecosystems have been attributed to the cesium re-suspension from Boreal ﬁre episodes (Paliouris et al.,
1995, pp. 153–166).
In another domain, compounds (CsI, CsOH) of radioactive cesium (Cs-134, Cs-137) as ﬁssion product aerosols are/may get
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released to the environment during nuclear detonations and nuclear reactor accidents (Buckle, 1991; Kugeler, Epping, & Roes, 1989).
Due to the hazard they posses, these compounds are integral to probabilistic safety studies and source term estimations in context of
nuclear reactor accident research. Various nuclear accident scenarios are analyzed with nuclear safety codes (Saraswat, Munshi,
Khanna, & Allison, 2017; (Saraswat, Munshi, Khanna, & Allison, 2018). A total of 1.4% core mass consisting of structural materials
(3%), control materials (73%) and ﬁssion products (24%) may get released in a severe nuclear reactor accident (Wichner & Spence,
1985). Fission product vapors such as CsI and tellurium released from breached fuel rods condense on the particles in cooler regions
above the core (Petti, 1989). CsI in presence of steam in reactor sections may convert to CsOH and a combination of CsI and CsOH is
expected to be retained in containment following severe accident conditions (Allelein, Auvinen, & Ball, 2009; Jokiniemi, 1988). As a
major component in reactor component, cesium aﬀects the source term calculations for other compounds. 95% of iodine released in
an event of reactor accident is assumed to be in the form of CsI (U. N. R. Commission, 2000). The large scale nature and severity of
impacts of nuclear reactor accidents have been proven in terms of signatures such as spreading of radioactive plume over the northern
hemisphere after Fukushima accident (Adachi Kouji & Mizuo, 2013; Leon et al., 2011). Some studies have also discussed the exposure
of ﬁreﬁghters and general population from resuspended cesium on account of wildﬁres in areas near Chernobyl (Hao, Bondarenko,
Zibtsev, & Hutton, 2008; Yoschenko et al., 2006). Radionuclides of cesium were also detected in huge amounts at various places,
months after the Fukushima Daiichi Nuclear Power Plant accident (Long et al., 2012). Estimation of release amounts of cesium
discharged into the atmosphere after nuclear reactor accidents has been discussed in detail in various studies (Adachi Kouji & Mizuo,
2013; Long et al., 2012; Nagai, Katata, Terada, & Chino, 2014, pp. 155–173). For example, after Fukushima Daiichi Nuclear Power
Plant accident, a study was conducted by Stohl et al. (2012) at several dozen stations in Japan, North America and other regions,
which reports a cesium activity release of 9–36 peta-becquerel(PBq) (Adachi Kouji & Mizuo, 2013; Stohl et al., 2012).
Evolution of aerosol size distribution via extrinsic processes (condensation, deposition etc.) and intrinsic modulations (e.g.
coagulation) is linked with the fate of particles. Hygroscopic growth is another characteristic which plays crucial role in aerosol
dynamics. In sub-saturation humidity levels, aerosol particles absorb or release vapor molecules governed by local saturation ratios.
Precise information of hygroscopic growth of particles is crucial as it aﬀects other parameters such as size, boiling point, droplet
viscosity etc. Deposition rate of particles are expected to be aﬀected at high RH (>90%) reﬂecting in increased settling rates. This
enhancement is due to the increase in size after hygroscopic growth which gets reﬂected as higher gravitational settling velocities
(Seinfeld and Pandis, 1998; Singh, Gupta, Tripathi, Jariwala, & Das, 2011). Aerosol particles released during nuclear power plant
accidents include hygroscopic compounds in signiﬁcant amount. These compounds in favorable conditions absorb water and hence
have potential to grow in sub saturated conditions (Wichner & Spence, 1985). The growth in size further aﬀects the dynamic
characteristics (e.g. coagulation, condensation) and the source term in environment evolves with changing life-times of particles. A
thorough study of the mechanisms of aerosol formation has been carried out by Petti (1989). He concluded that aerosol formation
takes place rapidly (in less than 1–100 s) and the resulting particle size distribution can be calculated analytically by uncoupling
vapor depletion from aerosol growth. Deliquescence relative humidity (DRH), threshold RH above which particles begin to absorb
water or dissolve as solution, is also decisive parameter for depositional and transportation characteristics. Studies aimed at determining DRH and Eﬄorescence relative humidity (ERH i.e. point of recrystallization) rely on accurate measurements of particle size
modiﬁcations with change in humidity levels (Cohen, Flagan, & Seinfeld, 1987; Jokiniemi, 1990; Tang, 1976). Several studies have
been performed for studying the hygroscopic behaviour of various atmospheric relevant aerosols such as ammonium sulphate, sodium chloride, sodium nitrate, humic acid, succinic acid and dicarboxylic acids (Badger et al., 2006; Gysel, Weingartner, &
Baltensperger, 2002; Peng, Chan, & Chan, 2001; Sjogren et al., 2007; Wex et al., 2008; Wise, Surratt, Curtis, Shilling, & Tolbert,
2003). Materials which include inorganic salts (e.g. ammonium sulphate, sodium chloride) showing step function form of critical
points (DRH, ERH) and other electrolytes (e.g. sodium nitrate, malonic acid, glutaric acid) which absorb water at quite low RH (<
20%) showing continuous growth with humidity. Out of the techniques available for the measurement of hygroscopic growth factors
(McMurry & Stolzenburg, 1989; Onasch et al., 1999; Tang & Munkelwitz, 1994) of aerosol particles, Hygroscopic Tandem Diﬀerential
Mobility Analyzer (HTDMA) systems are most commonly used.
Although a lot of work has been performed for atmospheric relevant aerosol particles, essential knowledge of hygroscopic
properties for important nuclear relevant aerosol particles does not exist. Accurate understanding of dynamic behaviour of crucial
cesium compounds (CsI, CsOH) in aerosol phase is desirable. In literature, various properties (such as condensational growth, deposition) of cesium compounds are studied (Acquista, Abramowitz, & Lide, 1968; Badawi, Xerri, Canneaux, Cantrel, & Louis, 2012;
Inada & Akagane, 1996; Kuczkowski, Lide, & Krisher, 1966; Li et al., 2013; McFarlane, Wren, & Lemire, 2002). but hygroscopic
behaviour is a notable omission. Such an information is important for estimating/improving deposition fractions in coolant pipes
(Modi et al., 2014), evolution in containment atmosphere (Sapra et al., 2008) and source term to the environment in an event of
severe nuclear reactor accident (Camata, Hirasawa, Okuyama, & Takeuchi, 2000). Moreover, it is also expected to supplement the
predictive capability of numerical models against source term estimations and risk-hazard evaluations. In this study, the hygroscopic
properties at diﬀerent relative humidity of laboratory generated single salt CsI (cesium iodide) and CsOH (cesium hydroxide) aerosols
were investigated. Growth curves in humid air for both salts, the deliquescence relative humidity (DRH) and eﬄorescence relative
humidity (ERH) of CsI 100 nm particles were measured at room temperature (298 K). In addition, the growth factors of dry diameter
50, 100, 150 and 200 nm particles at diﬀerent RH were also measured separately for both CsI and CsOH to verify the signiﬁcance of
the Kelvin eﬀect during hygroscopic growth of these salts. A comparison of standard growth factor models with experimental observations is also presented.
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Fig. 1. Experimental setup

2. Experimental section and data analysis
The HTDMA system (experimental set-up and methodology) was used to determine the hygroscopic growth of CsI and CsOH
particles. This system has been employed and discussed in detail in available literature (Gysel et al., 2004; Johnson, Fletcher, Meyer,
Modini, & Ristovski, 2008; Villani, Picard, Michaud, Laj, & Wiedensohler, 2008; Weingartner, Gysel, & Baltensperger, 2002). The
system for the current work was calibrated against the growth factors of laboratory generated salts (e.g. NaCl or (NH4 )2 SO4 ) (Gysel
et al., 2002). Test solutes were dissolved in MilliQ water (typically 0.1 g/L, resistivity = 18.2M Ω. cm ) and aerosolized through aerosol
atomizer (TOPAS ATM 226). 0.1 M salt solutions (CsI, purity >99.5% ,Merck; CsOH, purity >99%, Merck) were used for this purpose.
As shown in Fig. 1, the generated particles ﬁrst entered into a fully clean chamber of 0.5 m3 volume used for homogenization of
generated aerosols. After 20–25 min, the steady state is achieved inside the chamber. Sample aerosol stream is subsequently passed
through a silica gel based diﬀusion dryer in order to dry the sample to RH <15% at 298 K. This dryer has also been used in our
previous work in diﬀerent contexts (Mariam, Khandare, Koli, & KhanSapra, 2017; Shamjad et al., 2012). Most of the aerosol particles
are expected to possess unit growth factors below this limiting RH (Villani et al., 2008). The dry aerosol stream is brought to charge
conditioner (TSI-3077) and then fed into the ﬁrst diﬀerential mobility analyzer (DMA)(TSI DMA 3081) of the experimental setup.
This DMA recorded the RH of the aerosol ﬂow stream apart from selecting monodisperse particle size for humidiﬁcation. Monodisperse aerosol stream is then entered to a humidiﬁer system in which controlled and stable humidity is maintained using a naﬁon
membrane (Perma Pure single tube MD-110-12S-4). Saturated air counter ﬂow technique is used for regulating the humidity in the
humidity control system, which is based on the machanism described by Villani et al. (2008).
Monodisperse aerosol particles were passed through membrane of humidiﬁer with a maintained counter ﬂow of saturated air
outside it. Moisture from saturated air can diﬀuse through the membrane into the aerosol stream. The diameter and concentration of
particles after equilibrium at a deﬁned RH is then measured by the Scanning Mobility Particle Sizer (SMPS, TSI 3082) consisting of
DMA (TSI 3081) and a condensation particle counter (CPC, TSI 3776). The RH of the second DMA sheath ﬂow is adjusted independently using another sheath humidiﬁer in which vertically oriented multiple naﬁon membranes (PermaPure multi-tube PH60T-12SS) are used. In the sheath ﬂow humidiﬁer, saturated air ﬂows through the interior of membranes in top to bottom order while
sheath air passes through outside the membranes in counter ﬂow manner to minimize pressure drop. The humidity of both the
humidiﬁers is regulated using a Proportional-Integral-Derivative (PID) controller which compares the set point values of RH and
temperature with those measured by the sensor (Rotronic, HC2 - P05). Both humidiﬁers maintain the same relative humidity equal to
the provided set point.
For eﬄorescence relative humidity (ERH) determination (decreasing RH experiments), another humidiﬁer system in which stable
humidity is maintained using a naﬁon membrane (Perma Pure single tube MD-110-12S-4) just after the ﬁrst DMA. Here also the
saturated air counter ﬂow technique is used for regulating the humidity, which is based on the machanism described by Villani et al.
(2008). When the aerosol particles passes through it, they get exposed to a very high relative humidity of 97–98% RH. This high RH is
suﬃcient to dissolve the salt particle completely, which is essential for the decreasing relative humidity behaviour study of the
aerosols.
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Hygroscopic growth of particles with diameter 50, 100, 150 and 200 nm has been measured in the humidity range of 20%–94%
RH with an accuracy of ± 1% RH employing above discussed experimental setup. The growth factor measurement accuracy depends
on the uncertainty in controlling and measuring RH (Gysel, McFiggans, & Coe, 2009). Necessary protocols, due calibration procedures including oﬀset calibration are followed during these experiments. All the data collected with this experimental setup is then
corrected with TDMAinv toolkit developed by Gysel et al. (2009). This inversion algorithm uses a full TDMA kernel function and it
also approximates the inverted growth factor probability density function (GF-PDF) as a piecewise linear function (Duplissy et al.,
2009; Gysel et al., 2009). The relative humidity inside the second DMA varies little around the ﬁxed target value which causes a
simultaneous variability in measured growth factors. So the measurements within a range of ± 2% of target RH were considered for
that particular RH and growth factors were recalculated according to the approach suggested by Gysel et al. (2009).
3. Theoretical approach
The Kohler theory (Kohler, 1936), which describes the growth of aqueous solution droplets in humid air is described in detail in
Seinfeld and Pandis (1998). The Kohler equation (equation (1)) is based on a combination of two expressions: the Kelvin equation and
modiﬁed Roult's law. Kelvin term governs the increase in water vapor pressure over a curved surface while modiﬁed Roult's law term
describes solute eﬀect that tends to decrease vapor pressure over a solution droplet.

ln

Pw (Dp)
P0

=

4Mw σw
6v n M
− s s 3w
RTρw Dp
πρw Dp

(1)

is the water vapor pressure over a ﬂat surface at the same
where Pw (Dp) is the water vapor pressure over the droplet of diameter Dp ,
temperature, σw is the surface tension of droplet, ρw is the density of pure water, Mw is the molecular weight of pure water, ns is
number of moles of solute, R is the universal gas constant, T is the temperature in kelvin, ρ is density of salt and vs is the number of
ions generated by dissociation of a molecule of salt. The saturation ratio (S) and the two constants Aw and Bs can be deﬁned as:

P0

S=

Pw (Dp)
P0

Aw =

4Mw σw
RTρw

Bs =

6vs ns Mw
πρw

Then equation (1) can be rewritten as:

ln S =

Aw
B
− s3
Dp
Dp

(2)

There are several forms of Kohler equation (under diﬀering approximations) presented in literature used for speciﬁc purposes
(Facchini, Decesari, Mircea, Fuzzi, & Loglio, 2000; Shulman, Jacobson, Carlson, Synovec, & Young, 1996; Wex et al., 2008). The most
frequently used form of equation (1), derived by Kohler (Pruppacher, Klett, & Wang, 1998) makes assumptions in addition to volume
additivity, the solution is dilute, the activity coeﬃcient of water can be assumed to be equal to 1 and the surface tension of the dilute
solution can be approximated by that of pure water. Under these assumptions in equation (2), values of Aw and Bs are:

Aw ≅
Bs ≅

0.66
T
3.44*1013vMs
Mw

where the units of Aw and Bs are μm and μm3 respectively.
A simpler form of Kohler model is proposed by Weingartner, Burtscher, and Baltensperger, (1997) and well explained by Brechtel
and Kreidenweis (2000). This equation can also be used for predicting theoretical growth factors of single salt solutions. This equation
reduces the need of surface tension and density data of the droplet at various concentrations. As the surface tension and density data
is not known at higher molalities for the examined salts, this approach (Weingartner et al., 1997), Brechtel and Kreidenweis (2000) is
adopted for theoretical predictions.
The model can be described in terms of relative humidity (RH) as:

βN
α
RH = 100 exp ⎧ ⎫ exp ⎧ 3 i 3 ⎫
⎨
⎬
⎨
⎬
D
D
⎩ p⎭
⎩ 0 − Dp ⎭

(3)

the droplet size (Dp) and dry particle size (D0) are in nanometers. The
where α is equal to 2.155 nm, β is equal to
unknown parameter Ni (number of dissociated molecules in the water layer of droplet), can be deﬁned by equation (4):

5.712*10−2nm3 ,

Ni = YNav (π /6) D03

(4)
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where Nav is Avagadro's number and according to Brechtel and Kreidenweis (2000), Y can be calculated by using equation (5) in
which ρs and Ms are density and molecular weight of solute respectively.

Y=

vs ρs
Ms

(5)

In another model Brechtel and Kreidenweis (2000), modiﬁed Kohler equation is developed in terms of parameters to be determined from HTDMA studies. The advantage of using this model is the parameterization of osmotic coeﬃcient data itself. This
model (equations (6)–(8))also assumes the surface tension of solution droplet same as that of pure water.

4σdrop νl ⎫
RH = 100a w exp ⎧
⎨
⎩ RTDdrop ⎬
⎭

(6)

where RH is in percentage, νl is partial molar volume of the solution, is surface tension of droplet, R is universal gas constant, T and
Ddrop are temperature and diameter of droplet respectively. a w is the water activity and for aqueous solutions of ionic compounds, it
can be deﬁned as (Robinson & Stokes, 1968; Robinson & Stokes, 2012):

a w = exp

{

−Mw νϕm
1000

}

(7)

where Mw is the molecular weight of pure water, ν is total number of ions of salt present in solution, ϕ is osmotic coeﬃcient of
solution and m is molality of the solution.
Due to the unavailability of purely theoretical model, a semi empirical model is considered for calculating the osmotic coeﬃcient
(Clegg & Pitzer, 1992; Gysel et al., 2002; Pitzer, 1973; Pitzer & Mayorga, 1973)

A ϕ I 0.5 ⎫
2v v
ϕ = 1 − |z1 z2 | ⎧
+ 1 2 {β0 + β1 exp(−αI 0.5)} m + 2(v1 v2)1.5Cϕ m2 / v
0.5 ⎬
⎨
1
+
b
I
v
pit
⎩
⎭

(8)

where the value of α and βpit are 2 and 1.2 at 298 K, respectively, z1 and z2 are charges on the ions respectively, v1 and v2 are the
number of diﬀerent molecules of ions produced by dissociation of a single molecule of solute, v is sum of total ions v = v1 + v2 , I is
solution's ionic strength and m is the molality of the solution. The coeﬃcients β0, β1 and Cϕ are dependent on the chemical composition of solute. The values of these coeﬃcients are tabulated by Pitzer and Mayorga (1973) for various salts. The ionic strength of
the solution can be calculated using the relation: I = 0.5 ∑ mi z i2 where mi is molality of species i and z i is charge on the ion of that
species. The value of Debye-Huckel coeﬃcient for the osmotic function A ϕ is 0.392 for water at 250 C, (Brechtel & Kreidenweis, 2000).
The extrapolation of available values of osmotic coeﬃcient for CsI from Robinson, 1937 gives the function of ϕ with molality (m)
of solution. This relation, shown in equation (9) can also be used for predicting the value of ϕ for cesium Iodide.

ϕ = 0.8481m(−0.031)

(9)

With the help of equations (3) and (6), theoretical growth factor curves with respect to relative humidity for CsI and CsOH have
been generated as a part of this study. The theory of Brechtel and Kreidenweis (2000) is more relevant for predicting the theoretical
growth factors of examined salts as it uses the actual solution properties such as osmotic coeﬃcient and density.
4. Results and discussions
Growth factor is the ratio of wet diameter and initial dry diameter (D0 ) of the particle. Growth factors measured for CsI and CsOH
at diﬀerent dry diameters were used for interpreting the growth factor curve. Reproducibility and repeatability of the data was
ascertained by performing 25–30 measurement runs for each RH value performed under room temperature (typically 23 to 27 0C ).
The results are as follows:
4.1. Cesium iodide (CsI)
Fig. 2 shows the measured hygroscopic growth factors for cesium iodide particles with a dry diameter of 100 nm. The increasing
and decreasing pattern of the growth factor with RH can be easily distinguished for CsI aerosols. The equilibrium size of CsI particle at
a particular RH shows a dependency on its RH history. This dependency can be explained by hysteresis eﬀect between its increasing
RH and decreasing RH growth factors. Growth factor curves obtained for increasing and decreasing RH conditions were used for
estimating DRH and ERH values for the test particles.
When starts from low RH, the dry CsI particles do not change their size until they reach the DRH, where a solution droplet is
formed. The small growth of particles just below the DRH point is caused by water adsorption on defected sites of the lattice as
described by Gysel et al. (2002) and Weingartner et al. (2002). After the DRH, further increase in relative humidity leads to particle
growth by condensation and this growth is responsible for high dilution of the solution droplet which is well explained by Kohler
theory.
Starting from high RH, the size of droplets decreases by evaporation of water. These droplets can also exist below the DRH in
metastable equilibrium state as a supersaturated solution. Continuous decrement in relative humidity leads to crystallization of the
solution droplets and lowest data point in decreasing growth factor trend provided ERH for CsI particles. The cystallization may occur
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Fig. 2. Experimental and theoretical hygroscopic growth factors of 100 nm dry CsI particle

above the actual ERH of the salt due to the presence of some insoluble impurities (Gysel et al., 2002).
In addition to the experimental values, theoretical growth factor curves are also plotted in Fig. 2. These theoretical curves are
based upon the equations discussed above in this paper. The agreement between the experimental values and theoretical model of
Brechtel and Kreidenweis (2000) is very good within the experimental errors while the model of Weingartner et al. (1997) also
captures the general trend within the proximity of experimental ﬁndings. The Brechtel and Kreidenweis (2000) model predicts the
experimental results more accurately because it uses the osmotic coeﬃcient correlation obtained for cesium iodide. Weingartner et al.
(1997) model is free from the variation of osmotic coeﬃcient, it only depends on droplet size and salt properties. The deliquescence
transition point was observed at 91 ± 1% RH and is in good agreement with literature data of CRC handbook of chemistry and physics
(Haynes, 2016). The experimental eﬄorescence relative humidity for CsI was measured at 59 ± 1% RH.
The eﬀect of particle size on the deliquescence transition was also interpreted in this study. Fig. 3 shows the increasing RH growth
factors of 50, 100, 150, 200 nm particle sizes of CsI salt. The vapor pressure over the droplet is inﬂuenced by the Kelvin eﬀect and the
Roult‘s law. The Kelvin eﬀect describes the increase in the vapor pressure over a curved surface of droplet relative to a ﬂat surface
(Seinfeld and Pandis, 1998). For the larger size particles (> 100nm ), inﬂuence of the Kelvin eﬀect on the DRH can be neglected.
Measurements shows that the DRH increases with decreasing particle diameter, which is due to Kelvin eﬀect. Insigniﬁcant diﬀerence
in DRH values for CsI particles larger than 100 nm also follows the general behaviour for other salt particles e.g. NaCl (Cinkotai,
1971; Gysel et al., 2002).

4.2. Cesium hydroxide (CsOH)
In Fig. 4, the measured hygroscopic growth factors for cesium hydroxide particles with a dry diameter of 100 nm are shown. The
growth factor pattern with increasing and decreasing RH can not be easily distinguished for CsOH aerosols. Measurements show that
the equilibrium size of CsOH particles at a particular RH is independent from its RH history.
As shown in Fig. 4, CsOH exhibits continuous water uptake with increasing RH and no phase transition or deliquescence transition
is observed. In the test RH range, CsOH particles were found to retain liquid at lower RH levels. Similar to other highly hygroscopic

Fig. 3. Increasing RH growth factor variations for diﬀerent dry sizes of CsI particle
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Fig. 4. Experimental and theoretical hygroscopic growth factors of 100 nm dry CsOH particle

species e.g. NaNO3 , complete re-crystallization is expected to occur at still lower RHs (6% for NaNO3 ) (Gysel et al., 2002). This type of
hygroscopic behaviour is also observed for some other atmospheric particles of interest such as Sodium Nitrate, Malonic acid,
Glutaric Acid, Citric acid and Phthalic acid (Gysel et al., 2002; Jing et al., 2016; Peng et al., 2001; Pope, Dennis-Smither, Griﬃths,
Clegg, & Cox, 2010; Prenni et al., 2001).
Theoretical growth factor curves are also plotted in addition to the experimentally measured growth factors in Fig. 4. The
theoretical curves are based upon modiﬁed kohler equations (Equations (3) and (6)) proposed by Weingartner et al. (1997), Brechtel
and Kreidenweis (2000). The assumption taken are same as that of taken for theoretical predictions of CsI particles in this study.
Predictions of both models Weingartner et al. (1997) and Brechtel and Kreidenweis (2000) matched very well with the overall
trend of experimental observations. The deviations observed at lower RH values can be seen to be reducing with RH level.
As the hysteresis eﬀect (the dependence of the state of a system on its history) is missing in the growth factor measurements of
CsOH particles, there is no signiﬁcant diﬀerence between the measured growth factors of increasing (deliquescence) and decreasing
(eﬄorescence) RH. The eﬀect of particle size for increasing relative humidity was also examined in this study for CsOH. Fig. 5 shows
the increasing RH growth factors of 50, 100, 150 and 200 nm particle sizes of CsOH salt. Measurements shows that the hygroscopic
growth of CsOH particles is independent from the initial particle size at lower relative humidity. CsOH is highly hygroscopic in nature
and it can absorbs water even at low relative humidities. The diﬀerent size particles have approximately the same growth factors in
RH range below 80%, it could be possibly due to more dominating nature of Roults law in lower RH region. Minor dependence on size
at higher RH range shows that the kelvin eﬀect is more inﬂuential/dominating in higher RH (RH > 80%) region for CsOH particles as
shown in Fig. 5.
Apart from obtaining hygroscopic growth factors at subsaturated conditions, behaviour of particles in supersaturated environment is also crucial. Activation potential of CsI and CsOH aerosol particles in conjunction with growth factors cover the dynamics of
water vapor with particles at all relative humidity levels. Cloud condensation nuclei counter (CCNC) can be used appropriately for
characterizing water uptake behaviour of particles in supersaturated environment. The behaviour under such conditions simulates
the early phase of reactor accident where steam is present in containment environment. Results of this work are mostly applicable to
the later phase of reactor accident representing normal thermodynamic conditions and absence of steam.

Fig. 5. Increasing RH growth factor variations diﬀerent dry sizes of CsOH particle
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5. Conclusions
In this study, the hygroscopic growth of laboratory generated CsI and CsOH aerosols was studied utilizing a HTDMA system.
Kohler equation based theoretical models were used for predicting the hygroscopic growth curves of both type of aerosols. The dry
sizes of examined salt's aerosol particles were in the range in which atmospheric particles may activate. The DRH and ERH of CsI salt
were found to be 91 ± 1% and 59 ± 1% respectively. CsOH exhibits continuous water uptake and no phase transition (no DRH) was
found with increasing RH. The minimum relative humidity obtained within the experimental limitations in decreasing RH measurements was not low enough for the crystallization of CsOH particles with no apparent ERH. The results indicates that the Kelvin
eﬀect is inﬂuential for the hygroscopic growth of CsI particles while the hygroscopic growth of CsOH particles was not aﬀected by
Kelvin eﬀect. Theoretical growth factor curves were found to match the trend of the measured growth factors for both the examined
salts. In the case of nuclear reactor accidents, there may be a chance of release of these water soluble compounds (i.e. CsI, CsOH) into
the containment and the environment. The growth factors obtained during this study could be used as an important data in getting
realistic source term or deposition rate predictions in various containment codes such as ASTEC, MELCOR or RELAP6. First time
determination of DRH and ERH of CsI particles is an important contribution since it is projected to be released in signiﬁcant fraction
during postulated reactor accident conditions. The experimental results presented in this study ﬁll the gap of our knowledge of
hygroscopic ﬁssion product aerosol behaviour.
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