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A B S T R A C T

Spray droplet dynamics are expected to significantly affect steam condensation, droplet evaporation, and global 
gas mixing in the containment atmosphere. During severe accidents, droplets may evaporate under high gas 
temperatures (>200 ◦C) such as hydrogen fire radiation, and water-soluble aerosols such as CsI and CsHO may 
dissolve in droplets. An extension of the droplet heat transfer model was conducted to account for these con-
ditions and coupled with a Lagrangian approach for droplet tracking. The approach was comprehensively 
validated through single droplet experiments, demonstrating the feasibility of this new approach. Analyses of the 
effects of high atmosphere temperature, droplet curvature, and aerosol solute indicate that, 1) High gas tem-
perature significantly reduces heat transfer, with the effect increasing at higher gas temperatures; 2) Droplet 
curvature enhances droplet evaporation, but this effect is limited to tiny droplets (<100 nm) compared to other 
effects; 3) The solute effect significantly impacts small droplet evaporation and dry aerosol growth, dominating 
the final equilibrium droplet diameter. The extended droplet/aerosol heat transfer model fills a gap in the 
knowledge of containment spray under severe accidents. A feasible way to approximate the minimum spray 
droplet size in the heat transfer model is to truncate or initialize the small droplet by the equilibrium diameter.   

1. Introduction

Heat and mass transfer between spray droplets and the atmosphere is
a classical scenario that is very common in industrial applications, such 
as raindrops on airfoils, liquid fuel spray in combustion engines, nuclear 
containment cooling, and so on (Amani and Nobari, 2013; Babić et al., 
2009; Wang et al., 2021; Wu and Cao, 2015). During a loss-of-coolant 
accident at a nuclear power plant (NPP), steam is released from 
breaks or valves, and hydrogen can subsequently be generated by 
cladding oxidation, which can combust and explode in the containment 
vessel (IAEA, 2011). A spray system is an emergency containment 
cooling strategy designed to depressurize the atmosphere, remove heat 
from the atmosphere, mix the hydrogen, and wash out airborne radio-
active aerosols inside the containment during the accident (van Sebille 
et al., 2018; Wang and Cheng, 2020). Spray droplet dynamics are ex-
pected to have significant effects on steam condensation and global gas 
mixing in the containment atmosphere. Therefore, spray droplet dy-
namics are of noticeable importance when evaluating the effectiveness 
of the containment spray system in an NPP. 

Numerous investigations have been carried out on the heat and mass 

transfer of spray droplets in the atmosphere, both experimentally and 
numerically, over the past few decades. Early spray experiments were 
conducted in large-scale facilities, such as CSE (751 m3), NUPEC (1300 
m3), and CVTR (6500 m3) (OECD, 1999). In the last 20 years, experi-
ments on spray droplets in vessels conducted in small/intermediate- 
scale facilities include TOSQAN (7 m3), THAI (60 m3), MISTRA (98 
m3), and PANDA (515 m3) (Gupta et al., 2017; Malet et al., 2011; Malet 
et al., 2011; Oecd, 2012), which have comprehensively investigated the 
influence of spray droplets on atmospheric behavior. In the field of 
nuclear engineering, most experiments have investigated droplet 
behavior in containment vessels generated via one or multiple spray 
nozzles. The data are not suitable for validating the heat transfer of a 
single droplet. The CARAIDAS experiment focused on the heat and mass 
transfer of a single droplet in the atmosphere (Malet et al., 2011), which 
was a separate-effect experiment investigating the motion and conden-
sation/evaporation of a single droplet. There are very few experiments 
with single droplets under thermal–hydraulic containment conditions. 
Supplementary experiments for extending and validating heat transfer 
models include evaporation or condensation experiments of single 
droplets in air (Ranz and Marshall, 1952) and under the temperature of 
gas from fire/fuel combustion (Yuen and Chen, 1978). 
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Numerical analyses of spray effects on NPP containment atmosphere 
have been performed using Lumped-Parameter (LP) and Computational 
Fluid Dynamics (CFD) codes. LP codes, such as MELCOR, COCOSYS, 
ASTEC, etc., describe a nuclear containment as a network of control 
volumes/zones connected with flow paths/junctions, which simulate a 
long physical time accident scenario quickly but cannot provide the 
local field details. In contrast, CFD codes capture the local field (e.g. 
ANSYS/CFX, OpenFOAM, GASFLOW, etc.) and are recently preferred for 
investigating the containment spray phenomena. The authors prefer to 
adopt the modelling approach of using the Eulerian method for the 
continuous gas phase and Lagrangian method for the dispersed droplet 
phase. The use of the Lagrangian approach has gained significant 
importance in recent decades due to various reasons, including ad-
vancements in computer power and the development of stochastic 
modeling to account for the turbulence effect on droplet trajectories. 
The literature related to the importance of the Lagrangian approach in 
different research fields shows that it has been extensively used in 
various applications, including atmospheric studies (e.g., tracking of 
atmospheric particles and pollutants (Tinarelli et al., 2012), oceanog-
raphy (e.g., modeling of ocean circulation and plankton distribution 
(van Sebille et al., 2018), and fluid mechanics (e.g., simulating turbulent 
flows and particle-laden flows (Kuerten, 2016). 

In the nuclear field, Babić et al. (Babić et al., 2009) presented a two- 
way interaction approach in the CFD code ANSYS/CFX4.4 to solve 
droplet transport using the Lagrangian droplet-tracking model via user- 
defined subroutines. Whang et al. (Whang et al., 2021) also imple-
mented the Eulerian (carrier gas) – Lagrangian (dispersed droplets) 
approach in OpenFOAM to calculate this two-phase phenomenon and 
analyze the effects of buoyancy and droplet size. The mass and mo-
mentum interaction between the two phases were considered, but heat 
and mass transfer were neglected. Ding et al. (Ding et al., 2017) devel-
oped a similar approach and implemented it into the GASFLOW code, 

where heat and mass transfer between water droplets and gas were 
considered. Although Ding et al. mentioned droplet-wall interaction in 
their simulations, they did not describe the model or discuss the effects 
on the results. Mimouni et al. (Mimouni et al., 2010) proposed a droplet- 
wall interaction model dedicated to the evaporation of droplets attached 
to a heated wall and surrounded by hot gas. In these literatures, the two- 
way coupling approach usually assumes that droplet-to-droplet in-
teractions (droplet fragmentation and coalescence) are neglected due to 
the complexity of spray droplet collision (Foissac et al., 2011; Foissac 
et al., 2013; Rabe et al., 2010). 

However, none of the heat transfer models used in CFD modelling 
(Babić et al., 2009; Ding et al., 2017; Mimouni et al., 2010; Whang et al., 
2021) consider the particularities of droplet heat transfer in severe ac-
cident conditions, such as the effects of high gas temperatures (>200 ◦C) 
and aerosol solutes. The acquired knowledge of heat transfer of a single 
droplet is essential to understand and predict the performance of water 
sprays. However, most of the work done in the past has been concen-
trated in environmental temperatures from 20 ◦C to 150 ◦C. During se-
vere accidents, the containment temperature could be very high due to 
hydrogen fires. From previous works (Renksizbulut and Yuen, 1983; 
Renksizbulut et al., 1991; Yuen and Chen, 1976; Yuen and Chen, 1978; 
Zhifu et al., 2013), a clear picture of the effect of evaporation on droplet 
heat transfer emerges. The mass flux from evaporation dynamically af-
fects the flow field surrounding the droplet. Meanwhile, evaporation 
causes large temperature gradients and changes the chemical composi-
tion (e.g., dissolved aerosols). These effects could significantly alter the 
heat and mass transfer processes. Furthermore, during severe accidents, 
the evaporating droplets and aerosol particles (hygroscopic growth) 
could be small <100 nm. The curvature effect should be considered 
when calculating the heat transfer (Bowley, 2021), as the greater the 
droplet curvature, the greater the chance that water molecules on the 
surface can escape, thus increasing the evaporation rate. On the 

Nomenclature 

A particle/droplet projected area, m2 

Ap particle/droplet surface area, m2 

Bm mass Spalding number 
BT heat Spalding number 
Cd drag force coefficient 
c constant 
cp water specific heat capacity, J/(kg⋅K) 
cp,cp,v, cp,g water, vapor, gas specific heat capacity, J/(kg⋅K) 
D binary diffusion coefficient, m2/s 
d particle/droplet diameter, m 
FD drag force vector, N 
Fb buoyancy force vector, N 
Gp particle/droplet gravity, N 
g gravity acceleration, m/s2 

h heat transfer coefficient, W/(m2⋅◦C) 
Is Van’t Hoff factor 
kc mass transfer coefficient, kg/(m2⋅s) 
Lfg latent heat for the droplet evaporation/condensation, J/kg 
Mw water molecular weight, 0.01802 kg/mol 
Ms salute molecular weight, e.g. CsI, 0.25981 kg/mol 
Nu Nusselt number 
ns moles of total dissolved solute, mol 
nw moles of water, mol 
Pr Prandtl number 
p pressure, Pa 
Pv,surf water vapor pressure on surface, Pa 
Psat saturated water vapor pressure, Pa 
R molar gas constant, 8.314 J/(K⋅mol) 

Rep particle/droplet Reynolds number 
r water droplet radius, m 
Sc Schmidt number 
Sh Sherwood number 
T temperature, K 
Tsurf particle surface temperature, K 
T∞ gas temperature in the bulk, K 
Tp particle/droplet temperature, K 
t time, s 
Ut droplet terminal velocity 
ug gas velocity vector, m/s 
ug gas time-averaged velocity, m/s 
u′

g gas velocity fluctuation, m/s 
up particle/droplet velocity vector, m/s 
y vapor mass fraction 
ysurf vapor mass fraction on surface 
α thermal diffusivity/particles volume fraction in gas cell, 

m2/s, - 
λg thermal conductivity, W/(m⋅K) 
ζ normally distributed numbers 
κ turbulent kinetic energy, m2/s2 

μ dynamic viscosity, Pa⋅s 
ρ density, kg/m3 

ρg gas density, kg/m3 

ρp/ρw particle/droplet density, kg/m3 

ρs solution density, kg/m3 

ρh2o,∞ steam density in the bulk, kg/m3 

σw water surface tension, N/m 
τp particle response time, s  
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contrary, if aerosol particles that are soluble in water, such as Cesium 
iodide (CsI) and Cesium hydroxide (CsOH), are present in the atmo-
sphere, they can dissolve in water droplets. The concentration of solute 
(CsI, CsOH, etc.) prevents water molecules from escaping from the 
droplet surface. Adding more solute to the solution makes it more 
difficult for water molecules to escape (Bowley, 2021). These effects are 
often considered in aerosol growth in the atmosphere (Köhler, 1936) 
(Pruppacher and Klett, 1980), including the radioactive aerosol growth 
in nuclear containment (Li et al., 2020; Mishra et al., 2019), but are 
rarely seen in the spray droplet heat transfer model. 

In a short summary, there is a tendency to adopt the Lagrangian 
droplet-tracking approach to model the spray droplets in the atmo-
sphere. However, advanced considerations on droplet heat and mass 
transfer models are worthy of implementation in a newly developed 
approach, such as the effects of high gas temperature, droplet curvature, 
and the aerosol solute. The above aspects are taken into account in the 
extension of the droplet heat transfer model. The behaviors of a single 
droplet in evaporation and condensation atmosphere conditions are 
investigated with respect to each new consideration. 

2. Lagrangian approach

2.1. Universal droplet-tracking model

The Lagrangian droplet-tracking method describes the movement of 
the spray droplets as the spatially dispersed phase (Ding et al., 2017). 
The dispersed phase is considered to be in the form of discrete single- 
component spherical liquid droplets (Babić et al., 2009). Momentum 
transfer between phases is a function of the drag force. The energy and 
mass exchange between phases are assumed to occur through convective 
heat transfer and the resulting condensation/evaporation. For two-way 
coupling, the generic Lagrangian equations describing the velocity (up), 
mass (mp), and temperature (Tp) of one simulated single particle/droplet 
represent a particular group (particle cloud). 

The droplet velocity up is determined by the sum of the forces acting 
on the particle, namely the drag force FD, gravity Gp, and buoyancy force 
Fb: 

mp
dup

dt
= FD +Gp +Fb (1) 

The gravity force and buoyancy force are combined as: 

Gp +Fb =
π
6

d3g
(
ρp ρg

)
(2) 

The shape of the liquid droplet is assumed to be spherical, so the drag 
force can be calculated: 

FD =
1
2
CdρgA

⃒
⃒ug up

⃒
⃒
(
ug up

)
(3)  

where A is the droplet projected area on the velocity direction,A =
1
4 πd2. The subscripts g and p denote gas and particle, respectively. ρg is 
the gas density. Cd is the drag force coefficient depending on particle 
Reynolds number (Putnam, 1961): 

Rep =
ρg

⃒
⃒ug up

⃒
⃒

μg
(4)  

Cd =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

24
Rep

+ 4.5Rep < 5

24
Rep

(

1 +
1
6
Re2/3

p

)

5 < Rep ≤ 1000

0.44Rep > 1000

(5) 

For perfect laminar flow Rep < 5, Oseen (Oseen, 1910) extended the 
coefficient from Stokes’ law by taking the inertia terms in the Navier- 
Stokes equations partly into account. For turbulent wake flow 

Rep > 1000; the drag coefficient remains approximately constant 0.44 
(the so-called Newton’s law for the terminal velocity). For the flow be-
tween the above two regimes 5 < Rep ≤ 1000, the coefficient is usually 
given by an empirical correlation, e.g. Schiller and Naumann (Schiller 
and Naumann, 1935) correlation currently. 

The gas velocity in the definition of particle Reynolds number Rep 

should take into account the turbulence effects of gas, i.e. 

ug = ug + u′
g (6)  

where ug are the gas and particle time-averaged velocities. u′
g is the 

velocity fluctuations of gas. The turbulent dispersion can be obtained by 
the discrete random walk model, namely the velocity fluctuation follows 
the Gaussian distribution random presumptively. 

u′
g = ζ

̅̅̅̅̅
2κ
3

√

(7)  

where ζ is normally distributed numbers, and κ is the turbulence kinetic 
energy of gas. 

The droplet heat and mass transfer model is applied to estimate the 
evaporation/condensation rate: 

dmp

dt
= kcApρg,∞ln(1+Bm) (8)  

mpcp
dTp

dt
= hAp

(
T∞ Tp

)
+

dmp

dt
Lfg (9)  

where Bm =
yh2o,sat yh2o,∞

1 yh2o,sat 
is the mass Spalding number, yh2o,sat and yh2o,∞ 

are the vapor mass fraction at droplet surface (saturated) and in the bulk 
gas, respectively. Lfg is the latent heat for the droplet evaporation/ 
condensation, and Ap = πd2 is the surface area of the droplet. h and kc 

are the heat and mass transfer coefficients, respectively, which are 
determined by the Nusselt number Nu = hd

λg 
and Sherwood number Sh =

kcd
D . D is the binary diffusion coefficient. These two dimensionless 

numbers are calculated by the widely used Ranz and Marshall correla-
tions (Ranz and Marshall, 1952): 

Nu = 2+ 0.552Re1/2
p Pr1/3 (10)  

Sh = 2+ 0.552Re1/2
p Sc1/3 (11)  

where Pr = μgCp
λg 

and Sc =
μg

ρgD are the gas Prandtl number and Schmidt 

number, respectively. The ‘‘1/3 rule” is used to estimate the droplet 
surface temperature Tsurf , and the vapor mass fraction ysurf : 

Tsurf = Tp +
1
3
(
T∞ Tp

)
(12)  

ysurf = yh2o,p +
1
3
(
yh2o,∞ yh2o,p

)
(13) 

The vapor mass fraction at the droplet surface yh2o,p
(
Tp
)

is obtained 
when the droplet temperature is given. Note that Ref. (Yuen and Chen, 
1976) recommended using ysurf for calculating the thermal properties in 
the thin gas layer around the droplet surface. The Lagrangian droplet- 
tracking equations (mass, momentum, energy) are solved via the im-
plicit algorithm. 

2.2. Extension of droplet heat transfer model 

2.2.1. Effect of high gas temperature 
During severe accidents, the spray droplets may be surrounded by a 

high-temperature atmosphere (>200 ◦C), including a hydrogen fire. A 
high rate of phase change is expected, and special attention should be 
paid to the effect of fast heat and mass transfer. This is because the steam 
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concentration near the droplet surface is significantly different from the 
bulk concentration. To account for the fast phase change effect, the Ranz 
and Marshall correlations should be corrected. Renksizbulut et al. 
(Renksizbulut and Yuen, 1983; Renksizbulut et al., 1991) measured heat 
transfer rates to simulated and freely suspended water droplets in an 
atmospheric hot air tunnel with Reynolds numbers ranging from 25 to 
2000. They found that the experimental data can be correlated by 
introducing a factor that multiplies the Ranz and Marshall correlations, 
indicating that evaporation reduces heat transfer rates directly by a 
factor of (1 + BT)

0.7 at higher temperatures. Zhifu et al. (Zhifu et al., 
2013) summarized various methods for modeling heat and mass transfer 
between the droplet (fuel) and gas phases (in the burning chamber). 
They tested the validity of various models by comparing model pre-
dictions to three sets of experiments with small, intermediate, and large 
evaporation rates. They found that all models perform nearly identically 
for cases with low evaporation rates, but significant deviations among 
model predictions emerge when the evaporation rate increases. Finally, 
they propose a uniform formulation based on Ranz and Marshall cor-
relations with a correction factor as follows: 

Nu* = (1 + BT)
− 2/3

(
2+ 0.552Re1/2

p Pr1/3
)

(14)  

Sh* = (1 + Bm)
− 2/3

(
2+ 0.552Re1/2

p Sc1/3
)

(15)  

where BT and Bm are the heat and mass Spalding numbers (Spalding, 
1953). BT is a function of Bm(Abramzon and Sirignano, 1989); 

BT = (1 + Bm)

(
cp,v
cp,g

)(

Sh*
Nu*

)

1
Le

1 ≈ (1 + Bm)

(
ρgDcp,v

λg

)

1 (16)  

where cp,v is vapor specific heat capacity, the Lewis number Le =
λg

ρgDcp,g
. 

Note that the heat Spalding number BT is obtained by the iteration of 
corrected Nu and Sh numbers, however, it can be approximated via 
assuming Sh*

Nu* ≈ 1 (Strizhak et al., 2018). 
Furthermore, the droplet diameter, as well as the droplet velocity, 

becomes small due to the evaporation. At low Reynolds number 
(Rep ≤ 10) of droplet, the Ranz and Marshall correlations (Ranz and 
Marshall, 1952) overestimate the transfer rate. As an alternative, the 
following correlations by Clift et al. (Clift et al., 1978) are recommended 
when Rep ≤ 400, which can be coupled in the correction for high tem-
perature atmosphere. 

Nu = 1+
(
1 + RepPr

)1/3max
(

1,Re0.077
p

)
(17)  

Sh = 1+
(
1 + RepSc

)1/3max
(

1,Re0.077
p

)
(18)  

2.2.2. Curvature (Kelvin) effect 
During severe accidents, spray droplets and aerosol particles (un-

dergoing hygroscopic growth) can be very tiny, with diameters smaller 
than 100 nm. For the heat and mass transfer of these small droplets, the 
curvature (Kelvin) effect should be considered for calculating the vapor 
partial pressure on the droplet surface (Bowley, 2021; Topping et al., 
2005). This effect considers that the droplet size modifies the droplet 
surface tension. The surface tension force, a net inward attractive force, 
increases as the droplet diameter reduces. Therefore, there is a greater 
probability of a water molecule escaping from the liquid and entering 
the vapor phase as the diameter decreases. As the curvature increases, 
the surface water molecules can escape more easily. It takes less energy 
to remove a molecule from a curved surface than from a flat surface. As a 
result, the evaporation rate increases when the diameter decreases. 

The Kelvin Equation corrects the vapor pressure on a curved droplet 
surface: 

Pv,surf

Psat
(
Tsurf

) = exp
(

4σw

RTsurfnwd

)

= exp
(

4Mwσw

RTsurfρwd

)

(19)  

where Pv,surf is the equilibrium water vapor pressure over the droplet 
surface, Psat

(
Tsurf

)
is the saturated vapor pressure over a flat surface, σw 

is the water surface tension, nw is the number of moles of liquid water 
per unit volume, and R is the universal gas constant. Note the pro-
nounced increase in vapor pressure for particles that have small radius 
(<100 nm). The Kelvin effect is important only for tiny droplets. As the 
droplet gets bigger enough (radius increases), the ratio Pv,surf

Psat(Tsurf)
ap-

proaches 1. Assuming that the σw and ρw vary little with temperature 
and the solute of aerosols (discussed later), the ratio can be approxi-

mated as exp
(

6.6×10 7

Tsurf d

)
(Pruppacher and Klett, 1980). 

2.2.3. Solute effect (Raoult’s Law) 
During severe accidents, the containment atmosphere is not clean. 

There are types of soluble aerosol particles in the atmosphere, most of 
which are hydrophilic and water-soluble, such as cesium iodide (CsI), 
cesium hydroxide (CsOH), and other possible soluble dry aerosols 
(Foissac, 2011). They like water and dissolve in water droplets. The 
solutes of the radioactive chemical compounds (CsI, CsOH, etc.) could 
dissolve in the solvent spray water droplets. The molecules of the 
chemical compounds are distributed in the water (solvent), and there-
fore some solute molecules occupy surface sites and prevent water 
molecules from escaping. Adding more solute means that more surface 
sites would be occupied by solute molecules, and water vapor would 
have even less opportunity to break hydrogen bonds and escape the 
liquid. The real mechanism is more complicated due to the electrostatic 
interactions between water and solute molecules that cause an attrac-
tion between them, but the basic result is the same as the above expla-
nation (Bowley, 2021).The vapor pressure over a solution can be 
quantified with Raoult’s Law, which describes the solute effect (chem-
ical activity) that tends to decrease vapor pressure over a solution 
droplet: 

Pv,surf

Psat
(
Tsurf

) = exp

⎛

⎜
⎜
⎝

IsMw
ms
Ms

πd3ρs
6 ms

⎞

⎟
⎟
⎠ ≈ exp

(
2ns

nw

)

(20)  

here, Is is the number of ions generated by a solute molecule dissocia-
tion, which is called the Van’t Hoff factor and accounts for the splitting 
of the solutes into components when they dissolve. For example, CsI 
splits into two ions in solution, Cs + and I–, so in this case, Is = 2. Mw and 
Ms are the molecular weights of pure water and solute, respectively. ms 

is the mass of dissolved solute, and ns is the moles of total dissolved 
solute in a wet particle. For the sufficiently dilute solution, assumptions 
are usually applied when calculating the chemical activity (Pruppacher 
and Klett, 1980). Since the droplet is very tiny, there is no significant 
temperature gradient between the droplet and atmosphere, dT/dt ≈
0 thus T∞ = Tsurf . The solute mass is much less than the water mass, 
ms≪mw. Water density equals solution density, ρw = ρs. To calculate the 
Kelvin effect, the water surface tension equals the solution surface ten-
sion, σw = σs. 

A combination of the two expressions, the Kelvin equation and 
Raoult’s law, is often used to describe the vapor pressure change on the 
surface of a small water droplet with solute (Köhler, 1936; Pruppacher 
and Klett, 1980). The Kelvin term governs the increase in water vapor 
pressure over a curved surface, while the Raoult’s law term describes the 
solute effect that tends to decrease vapor pressure over a solution 
droplet. The modified vapor pressure is used to correct the mass fraction 
of vapor and the Bm in the droplet heat and mass transfer model. 
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Pv,surf

Psat
(
Tsurf

) = exp

⎛

⎜
⎜
⎝

4σs

RTsurfnwd
IsMw

ms
Ms

πd3ρs
6 ms

⎞

⎟
⎟
⎠ (21)  

3. Model validation

3.1. Free-falling droplet without heat and mass transfer

To validate the Lagrangian droplet-tracking model implemented in 
the GASFLOW code, we investigated the velocity of a free-falling droplet 
without heat and mass transfer. We compared the terminal velocities of 
water droplets with various sizes falling in stagnant air, as measured by 
Gunn and Kinzer (Gunn and Kinzer, 1949), with the calculated results, 
which revealed a very small deviation (maximum discrepancy is 0.2%), 
as shown in Table 1. The air pressure was 1 atm, and the temperature 
was 20 ◦C. The air density (relative humidity 50%) was 1.198 kg/m3, 
and the density of the particle was 1.0 X 103 kg/m3. The air dynamic 
viscosity was 1.795 X10-5 kg/(m⋅s). The particle diameter and constant 
drag coefficient, Cd, are listed in Table 1. The gravitational settling of a 
single particle was calculated by balancing the drag force. The terminal 
velocity is given by: 

up(∞) = lim
t→∞

Ut

(
1 e− 2gt/Ut

1 + e− 2gt/Ut

)

= Ut =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4ρpdg
3Cdρg

√

(22) 

Due to the tiny mass loading of the discrete phase, the effect of the 
discrete phase on the continuous phase is negligible. In principle, the 
calculation results of one-way and two-way coupling should be iden-
tical. One-way means the particle does not influence the flow. The two- 
way coupling results are the first glance on code verification. More 
validation details of the two-way momentum coupling in GASFLOW are 
presented in the companion paper (Wang et al., 2023). The calculations 
are compared with the theoretical solutions, as shown in Fig. 1. The 
particle velocity increases with time due to the gravity, and eventually 
reaches a constant terminal velocity. It seems that both the momentum 
predictions of one-way and two-way coupling have good agreements 
with the analytical solution. For more details, please refer to our pre-
vious work (Xiao et al., 2013). 

3.2. Stagnant droplet evaporates in the dry air 

Simulations were conducted to validate the heat and mass transfer 
model by studying the evaporation of a single, isolated droplet. The 
experiment by Ranz and Marshall (Ranz and Marshall, 1952) investi-
gated the evaporation dynamics of a motionless droplet. In our numer-
ical setup, a stagnant droplet with an initial diameter of 1.05 mm was 
placed in air with 0% relative humidity (dry air) and temperature of 
25 ◦C. The droplet’s initial temperature was 9 ◦C. The temperature 
difference between the droplet and bulk gas was so small that the 
thermal properties were assumed to be constant. The droplet’s diameter 
was tracked as it evaporated in the surrounding environment, and the 
results were compared to experimental data. Fig. 2 shows the compar-
ison between the simulation results, analytical solution, and experi-
mental data, which reveal excellent agreement. The ’Python’ legend 
refers to the predictions made by our in-house Python code, which 
solves the coupling mass and energy ordinary differential equations 

using the SciPy library. The prediction of a stagnant droplet evaporating 
in dry air with Ranz and Marshall correlations shows good agreement 
with most of the experimental data. 

The analytical solution is the droplet evaporation represented by the 
d2- law, which states that the square of the droplet diameter varies 
linearly with time (Crowe et al.,). The d2- law can be shown by appli-
cation of the mass equation, which can be rewritten as: 

dmp

dt
=

d
(
ρp

π
6d

3
)

dt
= hmApρg,∞ln(1+Bm) = ShπdDρg,∞ln(1+Bm) (23)  

d
dd
dt

=
2ShDρg,∞

ρp
ln(1+Bm) (24) 

Taking the right side as constant and integrating the equation yields: 

d2 = d2
0 c • t (25)  

where the constant c =
4ShDρg,∞

ρp
ln(1+Bm). This mass equation form has 

been used extensively. Data for droplet evaporation have been 
frequently reported as a value for c. Obviously, c will not be a constant in 
a flow with changing freestream conditions, but for many situations the 

approximation may be adequate (Crowe et al., 2012). The lifetime d
2
0
c of 

an evaporating droplet is obtained by setting d = 0. 
In the Ranz and Marshall experiment, the droplet is stagnant, 

therefore, the evaporation occurs primarily due to the diffusional effect 
(i.e. Sh ≈ 2, see the Ranz and Marshall correlations in case of Rep = 0). 
The temperature between the droplet and bulk gas is quite small, so that 

Table 1 
Comparison of the measured and analytical terminal velocity.  

Case dp, cm Cd mp, mg Rep Ut, exp., cm/s Ut, cal., cm/s 

1  0.05  1.28  0.0655 68.7 206  206.4 
2  0.10  0.671  0.524 269 403  403.2 
3  0.20  0.517  4.190 866 649  649.6 
4  0.30  0.503  14.140 1613 806  806.5 
5  0.50  0.660  65.500 3033 909  909.1  

Fig. 1. Comparison of theoretical and calculated particle settling velocity.  

Fig. 2. Stagnant droplet evaporation in dry air.  
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the droplet temperature can be assumed having a slight change during 
the evaporation. The constant c = 1.4 × 10 9 m2/s, which is obtained by 
using the initial droplet temperature 9 ◦C. The lifetime of this evapo-

rating droplet d
2
0
c is around 787.5 s. 

3.3. Steam condensing and droplet evaporating in moist air 

The mass, momentum, and heat transfers of a single droplet were 
investigated in the IRSN CARAIDAS facility (Malet et al., 2011; Plume-
cocq and Passalacqua, R., 2001). CARAIDAS experiments studied 
droplet evolution under typical post-accident atmospheric conditions. 
The cylindrical enclosure is 5 m high with a 0.6 m inner diameter. Ho-
mogeneous atmospheric conditions with gas temperatures ranging from 
20 to 160 ◦C, absolute pressures ranging from 1 to 8 bar, and relative 
humidity ranging from 3 to 95% are prepared before droplet injection. 
The drop generator is located at the top of the vessel to maintain a 
constant temperature regardless of the vessel temperature. The gener-
ated water droplets have diameters ranging from 200 to 700 μm and 
temperatures ranging from 20 to 80 ◦C. After a droplet is injected into 
the vessel, its diameter is modified by steam condensation or/and 
droplet evaporation. The droplet diameter is optically measured at three 
elevations: at the top (droplet generator, z = 0 m), at z = 2.51 m, and at 
the bottom (z = 4.39 m). The specific test conditions with mean values 
are given in TABLE. 2: ’evaporation’ and ’condensation’ tests are named 
EVAP-i and COND-i, respectively. More details of the experiments can be 
found in Refs. (Malet et al., 2011; Plumecocq and Passalacqua, R., 
2001). 

Information on droplet velocity or droplet temperature is not avail-
able; thus, both are only subject to the code-to-code comparison. The 
code-experiment comparison is presented in Fig. 3 for the droplet sizes 
at the lowest location (Z = 4.39 m). The analytical solutions are obtained 
by the Python code, which solves the coupling mass, momentum, and 
energy ordinary differential equations of a single droplet. Thermal 
properties here are obtained via polynomial temperature functions. The 
comparison indicates that the predictions of droplet diameters are in 
good agreements with the experimental data. Note that the droplet in 
case EVAP24 evaporates completely. 

Nevertheless, the main discrepancies are obtained in tests EVAP13, 
EVAP18, and EVAP21 (relative error < 20% in the current work). 
Similar results were demonstrated in the SARNET-2 activities, regardless 
of the results obtained via LP or CFD codes (Malet et al., 2011). Some 
predictions in SARNET-2 activities have quite large errors (e.g., evapo-
rating completely in EVAP18 and having about a 70% relative error in 
EVAP21). It is worth to note that the heat and mass transfer correlations 
used in SARNET-2 activities are exactly the same as Ranz and Marshall 
correlations with a slight change of the constants. According to the 
boundary conditions of tests EVAP13, EVAP18, and EVAP21, some 
common points can be found: the relative humidity is low (3–15%), the 
temperature difference between the droplet and moist air is high 
(68.2–104.3 ◦C), indicating that more attentions should be paid to 
continuous evaporation. 

Fig. 4 (a) and (b) present the evolutions of droplet diameter and 
temperature of tests COND7 and EVAP21. The results labeled CFX_IRSN 

are the predictions from IRSN using the CFD code ANSYS/CFX, which 
are extracted from Ref. (Malet et al., 2011). In test COND7, the droplet 
diameter increases firstly and decreases almost linearly later due to the 
condensation on the droplet and evaporation of the droplet successively. 
It can be seen that in test EVAP21 the differences between the calcula-
tions become higher as the droplet size decreases with evaporation. 
Generally, before the vertical displacement is 1 m from the injection 
point, the reached droplet equilibrium temperature is rather similar 
between all calculations. The relative difference between the equilib-
rium temperature obtained is lower than 5% (<10 ◦C). The de-
velopments of droplet velocity alone the vertical displacement are 
presented in Fig. 4 (c). The droplet velocity in COND10 is accelerated, 
while in EVAP13 it is decelerated to the terminal equilibrium velocity. 
The settling velocity of the droplet, with no longer evaporation or 
condensation, can be obtained theoretically via the balance between 
drag and gravity forces. The values presented in Fig. 4 (c) given by all 
calculations indicate that the bias is generally lower than 20%. 

4. Analysis and discussion

4.1. Effect of high atmosphere temperature

The dimensionless heat transfer rate, Nusselt number, of liquid 
droplets’ evaporation/condensation is function of Reynolds number and 
Prandtl number, as the Ranz and Marshall correlation and the extended 
correlation presented in Section 2. In nuclear containment spray, the 
range of Reynolds numbers of interest for heat and mass transfer of 
liquid droplets is generally below 2000. Ranz and Marshall represents 
the best correlation in most codes (ANSYS/FLUENT, ANSYS/CFX, etc.) 
for evaporating liquid droplets and steam condensing on droplets at low 
temperatures within this range of Reynolds number. Yuen and Chen 
(Yuen and Chen, 1978) experiment measured the heat transfer rate of 
various liquid droplets (water and methanol) at higher temperatures, 
providing the data to develop and validate the extended correlations. 
Fig. 5 presents the comparisons between the experimental data and the 
correlations, which reveals that heat and mass transfer rates at high 
temperatures are lower than the predictions of the Ranz and Marshall 
correlation. The experimental data lie below the standard curve, indi-
cating a reduction in evaporation heat transfer. The extended correla-
tion with a correction factor of (1 + BT)

2/3 seems to yield better results 
in the high temperature range from 200 ◦C to 1000 ◦C. Previous authors 
commented on the reduction in heat transfer by adjusting the exponent 
of (1+BT) (Yuen and Chen, 1978). It is notable that the temperature 
range is so wide that the extended correlation is suitable for nuclear 
severe accident conditions, even for spray droplet evaporation under a 
hydrogen fire. However, when the droplet is heated up to the boiling 
temperature by the superheated gas, a boiling rate equation in the heat 

transfer model should be applied using a modified BT =
cp,∞(T∞ Tp)

Lfg
. 

The aforementioned analysis of the CARAIDAS experiments indicates 
that the Ranz and Marshall correlation underpredicts the evaporation 
rate, as seen in Fig. 3, for cases EVAP18 and EVAP21, for instance. The 
gas temperature (100–135 ◦C) in these cases is relatively higher than in 

Table 2 
Gas characteristics and droplet initial conditions (Malet et al., 2011).  

Test Pressure, Bar Temperature, ◦C Relative humidity, % Droplet temperature, ◦C Droplet diameter, μm Droplet velocity, m/s 

EVAP3  1.00  20.1  20.5  20.6 611 ± 4  3.58 
EVAP13  5.42  100.1  15.0  31.0 605 ± 4  3.75 
EVAP18  1.00  135.2  3.0  30.9 309 ± 5  3.66 
EVAP21  4.29  97.4  12.0  29.2 311 ± 7  3.63 
EVAP24  4.97  135.0  4.0  30.3 296 ± 4  3.10 
COND1  4.00  141.3  55.0  36.0 341 ± 2  4.90 
COND2  4.80  141.6  71.0  37.0 344 ± 2  4.70 
COND7  5.30  139.3  87.0  35.0 593 ± 11  2.10 
COND10  2.40  121.5  79.0  16.0 673 ± 5  2.10  
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other cases. The evaporation rate could reduce since the vapor con-
centration at the surface is a balance of production on one hand and 
diffusion and convection on the other hand. It is certain that the 
expectation by using the extended correlation would be worse in these 
cases. We comment here that the uncertainties of the evaporation tests 
could play an important role in the discrepancy. Uncertainties of the 
tests with both condensation and evaporation are difficult to observe 
because the discrepancy of condensation is compensated by that of 
evaporation, vice versa. A bias of the case EVAP24 with various corre-
lations is expected since the droplet size reduces a lot, and the time- 
accumulated bias would appear clearly. 

Fig. 6 shows the calculated results of EVAP24 by our Python script 
with the two heat and mass transfer correlations. The “high” tempera-
ture in the legend means the gas temperature of 270 ◦C (double that of 
135), the “middle” temperature is exactly the test temperature of 135 ◦C, 
and the “low” temperature donates 67.5 ◦C (half of 135 ◦C) for com-
parison. The other parameters are the same as those of EVAP24 test 
conditions, as seen in Table 2. We can see that, at the beginning, the 

temperature of the droplet rises rapidly when the droplet is suddenly 
exposed to the hot environment. Evaporation affects heat transfer rates 
through the changes in both the composition (non-condensable gas) and 
temperature of the surrounding gaseous medium. For the low gas tem-
perature, this effect is weak (Nu*/Nu = ~0.98) and has almost no in-
fluence on the developments of droplet temperature, velocity, and 
diameter (until becoming a very tiny size). On the contrary, for the high 
gas temperature, the bias of these predictions with the two correlations 
is pronounced (Nu*/Nu = ~0.7), as well as for the middle gas temper-
ature (Nu*/Nu = ~0.84). Droplet temperature predicted by the 
extended correlation is lower because of the reduction of Nu; as a result, 
the diameter is larger, as well as the mass-dependent velocity. The de-
viation of droplet temperature keeps almost stable, but those of the 
velocity and diameter increase over time due to the accumulation of 
deviation. The higher the gas temperature, the more significant its effect 
on heat transfer. 

Fig. 3. Droplet diameter comparison between predictions and experimental data, Z 4.39 m (Interval of confidence 67%).  

Fig. 4. Droplet diameter, temperature, and velocity along the height.  
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4.2. Effects of curvature and solute 

The effects of curvature and solute are discussed together, as these 
two effects are pronounced only for small droplets. We analyzed the 
curvature and solute effects on small droplet evaporation and conden-
sation using the test conditions of EVAP24. We assumed that CsI parti-
cles with a diameter of 100 nm dissolve in the evaporating water 
droplet, as well as in the hygroscopic growth of the aerosol particle. This 
size is typically used for the initial size of aerosol hygroscopic growth 
under severe accidents (Li et al., 2020; Mishra et al., 2019). To inves-
tigate the curvature effect, we let the droplet evaporate starting at an 
initial diameter of 1 μm (instead of the initial test diameter of 296 μm). 
The other thermal conditions are the same as those in the EVAP24 test. 
The calculation results of this evaporating droplet in 4% dry air with a 
relative humidity (RH) of 100% are shown in the upper subfigure of 
Fig. 7. The droplet diameter varies similarly for the cases with and 
without the curvature effect until the droplet diameter is very small 
(<0.1 μm). When the solute effect is considered, the droplet would 
evaporate until reaching an equilibrium diameter. We can see that the 
curvature effect governs the increase of evaporation, while the solute 
effect decreases the evaporation. Moreover, the solute effect causes the 
droplet to approach a final stable diameter since the increasing solute 
concentration decreases the vapor pressure over the solution droplet. 
When the vapor pressure balances with the relative humidity of the 
atmosphere, the equilibrium diameter appears. In this case, it is 0.106 
μm, slightly larger than the dry CsI aerosol diameter of 0.1 μm. This 

Fig. 5. Validation of droplet heat transfer correlations.  

Fig. 6. Development of droplet diameter, velocity, and temperature (CARAIDAaraidas EVAP24 Test).  
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equilibrium diameter mainly depends on the relative humidity and the 
solute mass dissolved in the water droplet. 

To investigate the effect of solutes on the hygroscopic growth of 
aerosols, we allowed particles to condense from an initial dry diameter 
of 0.1 μm CsI, and changed the relative humidity to 80%. The other 
thermal conditions were identical to those of the EVAP24 test. The 
predicted results of this droplet hygroscopic growth are presented in the 
lower subfigure of Fig. 7. The curves without solute effect show, at the 
very beginning, a tiny increase in diameter due to the condensation 
driven by the temperature difference. The droplet evaporates to a dry 
diameter once the droplet temperature is close to the gas temperature. 
The observed droplet dynamics are quite different if the solute effect is 
considered. The droplet diameter increases until it reaches an equilib-
rium value of 0.16 μm, which is quite larger than the evaporating case of 
0.106 μm, just due to the higher relative humidity. The curvature effect 
is negative, but the solute effect dominates the aerosol growth. The 
growth factors (ratio of equilibrium diameter to the dry aerosol diam-
eter) are 1.06 for HR 4% and 1.6 for HR 80% for CsI aerosol in a 
containment atmosphere, which is consistent with the experimental 
data in Ref. (Mishra et al., 2019). 

The small droplet evaporation and aerosol growth are completed in a 
very short time, so in nuclear engineering field, the temperature 
gradient between droplet and gas is often ignored to simplify the process 
as a quasi-steady state. Therefore, when simulating the spray droplets in 
a containment atmosphere, the minimum droplet size can be truncated 
as small as the equilibrium diameter in the evaporation case, and the 
droplet size can be initialized as large as the hygroscopic growth in the 
condensation case. 

5. Conclusions

The spray system prevents overpressure in nuclear containment in
case of steam injection. It also aims to enhance gas mixing in the pres-

ence of hydrogen and wash-out airborne radioactive aerosols. Spray 
droplets could evaporate under high gas temperatures (>200 ◦C) and 
with the effect of the dissolved aerosols CsI and CsHO. The droplet heat 
transfer model with respect to the above conditions is extended and 
coupled in a Lagrangian droplet-tracking approach. Conclusions are 
obtained as follows:  

1. The behavior of a single droplet reveals good agreement in the
comparisons between the newly developed approach and the
experimental data. However, there are still uncertainties in droplet
evaporation, as seen in simulations of CARAIDAS evaporation tests.

2. High gas temperatures reduce heat transfer rates by a factor of
(1 + BT)

2/3. The bias of the predictions with/without the high gas
temperature effect is pronounced (Nu*/Nu = 0.7–0.84). The droplet
diameter predicted by the extended model is larger than the original
one because of the reduction of Nu. The higher the gas temperature,
the greater the reduction of droplet evaporation.

3. Droplet curvature enhances droplet evaporation, but this effect only
works for tiny droplets (<100 nm). Solute effect is essential for small
droplet evaporation and dry aerosol growth, which dominate the
final equilibrium droplet diameter. The droplet equilibrium diameter
mainly depends on the relative humidity and the solute mass dis-
solved in the water droplet. However, it is recommended to inves-
tigate further the impact of reducing solute molar concentration in
the droplet on aerosol hygroscopic growth.

4. The extended droplet/aerosol heat transfer model considers new
features, which fill the gap in knowledge of the containment spray
under severe accidents. This approach is valuable not only for
improving the accuracy of the spray model but also for simplifying
the minimum spray droplet size as a truncated or initialized equi-
librium diameter in containment codes for applications.

Spray swarms can significantly mix gas. Simulations (Wang et al.,
2023) of the TOSQAN test 113 and test 101 spray experiments have been 
completed to investigate the two-way coupling phenomena in the 
containment atmosphere, including spray entrainment, gas mixing, and 
thermal dynamics such as droplet swarm cooling of the containment, the 
effect of spray shape, droplet size, and the evaporation of the spray- 
formed film on containment walls, and so on. 
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