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Spray droplets are considered to have significant effects on the gas mixing and depressurization in the
containment of nuclear power plants during hypothetical accident scenarios. The Eulerian-Lagrangian approach,
which enables the two-way mass, momentum, and energy coupling of the continuous gas and the dispersed spray
droplets, is promising to model the behaviours of spray droplets in 3D simulations of the full-scale containment.
Two-way heat and mass transfer models have been developed in the 3D CFD code GASFLOW. The particle group
method is applied in the Lagrangian approach to track the droplets. The ordinary differential equations which
couple the local heat and mass exchanges between each droplet group and the surrounding gas mixtures have
been solved using the Runge-Kutta method. The GASFLOW coupling this new approach is validated by TOSQAN
water spray experiments, which demonstrate the good feasibility of implementing the approach. The analysis of
the impact of the spray on containment atmosphere indicates that: 1) the droplet swarm entrains and mixes the
surrounding gas, breaking up the gas stratification, with turbulent diffusion dominating momentum mixing in
dead zones; 2) the thermal and mass exchanges between the spray droplet swarm and gas jointly determine the
atmosphere depressurization, with the evaporation of the spray-formed film/sump on heat structures of great
importance for the containment pressure development; and 3) these spray thermodynamic and dynamic effects

highly depend on the droplet size distribution and the spray shape.

1. Introduction

During loss-of-coolant accidents in nuclear power plants (NPPs),
steam is released from breaks or valves, as a result, hydrogen would be
generated due to cladding oxidation (IAEA, 2011). The spray system is
an emergency cooling strategy to depressurize the atmosphere, remove
atmospheric heat, enhance the mixing of hydrogen, and wash-out
airborne radioactive aerosols during nuclear accidents inside the
containment. Spray droplet dynamics have significant impacts on steam
condensation and global gas mixing in the containment atmosphere.

Numerous experimental and numerical investigations have been
carried out in the past decades to study the heat and mass transfer of
spray droplets in the atmosphere. Early spray experiments have been
performed 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 in vessels conducted in the small/intermediate-scale
facilities include: TOSQAN (7 m®), THAI (60 m®), MISTRA (98 m?),
and PANDA (515 m3) (Gupta et al., 2017; Malet et al., 2011a; Malet

et al., 2011; Oecd, 2012). These facilities investigated the influence of
spray droplets on the atmosphere that are generated via one or multiple
spray nozzles. The TOSQAN facility located at the IRSN in France, THAI
facility at the Becker Technologies in Germany, MISTRA facility at the
CEA also in France, and PANDA facility at the PSI in Switzerland (Erkan
et al., 2011; Gupta et al., 2017; Malet et al., 2011; Oecd, 2012; Porch-
eron et al., 2007), studied the containment depressurization due to heat
and mass transfer between spray droplets and gas, and the atmosphere
mixing in the containment vessel, such as the break-up of the light gas
stratification caused by water spray. Although PANDA (Erkan et al.,
2011) investigated the spray in two interconnected vessels, few data
were published for CFD code validation. THAI (Gupta et al., 2017) and
MISTRA (Oecd, 2012) also provided insights and databases for devel-
oping and validating the codes to simulate the heat and mass transfer
between spray droplets and the atmosphere. However, TOSQAN (Malet
et al., 2011) investigated a wider range of the spray water temperature
(30-120 °C) compared to the other experiments, so the droplet evapo-
ration was observed during the tests.

Numerical analyses of spray water droplets behaviours in the NPP
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Nomenclature

A particle/droplet projected area on the relative velocity
direction, m?

Ay particle/droplet surface area, m?

As wall surface area, m>

Bn mass Spalding number

Br heat Spalding number

b velocity of the control surface S, m/s

Cq4 drag force coefficient

c constant

Cp,Cpys Cpg Water, vapor, gas specific heat capacity, J/(kg-K)

D binary diffusion coefficient, m?/s

d particle/droplet diameter, m

d mean particle/droplet diameter, m

Fp drag force vector, N

Fy buoyancy force vector, N

G, particle/droplet gravity, N

g gravity acceleration, m/s2

ha/h; film evaporation/condensation coefficient/corrected one,
W/(m?°C)

he droplet heat transfer coefficient, W/(m?°C)

(™ droplet mass transfer coefficient, kg/(s-mz)

hy, film heat transfer coefficient, W/(m2-°C)

Ly, latent heat for the droplet evaporation/condensation, J/kg

Nu Nusselt number

Mhyo steam mole fraction in bulk

s hyo steam mole fraction at the wall

pPr Prandtl number

p pressure, Pa

R relaxing ratio

Re, particle/droplet Reynolds number

Sc Schmidt number

Sh Sherwood number

So source term of the field variable ®

S). hz0:Sm,Se  Mass, momentum, energy source terms, kg/s, N-s, W
T temperature, K

Tourt particle surface temperature, K

Te gas temperature in the bulk, K

T, particle/droplet temperature, K

t time, s

At final time step, s

At time step of the gas flow, s

At, time step of the particle-tracking method, s

ug gas velocity vector, m/s

i, gas time averaged velocity, m/s

u:g gas velocity fluctuation, m/s

u, particle/droplet velocity vector, m/s

i, particle time averaged velocity, m/s

u;, particle velocity fluctuation, m/s

u wall shear velocity, m/s

u* dimensionless velocity

% control volume, m>

y vapor mass fraction

Ysurf vapor mass fraction on surface
thermal diffusivity/particles volume fraction in gas cell,
mz/s, -

film thickness, m
turbulent kinetic energy, m?/s>

Kp particle turbulent kinetic energy,m?/s>
Ag thermal conductivity, W/(m-K)
normally distributed numbers
[ outward normal fractional area vector
Om correction factor of mass-transfer coefficient
u dynamic viscosity, Pa-s
Ue turbulent dynamic viscosity, Pa-s
p density, kg/m>
Py gas density, kg/m®
Pp/ Py particle/droplet density, kg/m?

Phyo.co steam density in the bulk, kg/m>
piemme liquid film density, kg/m>
7 particle response time,s

containment atmosphere have been performed with Lumped-Parameter
(LP) and Computational Fluid Dynamics (CFD) codes. LP codes (e.g.,
MELCOR, COCOSYS, ASTEC, etc.) describe a nuclear containment as a
network of control volumes/zones connected with flow paths/junctions,
which can simulate the hypothetical accident scenario without
providing the details of the local flow field. On the contrary, CFD codes
that are capable of capturing local fields (e.g., CFX, OpenFOAM, GAS-
FLOW, etc.) are recently preferable to investigate the containment spray
phenomena. The homogeneous two-phase flow model in the serial
GASFLOW code, which assumes of thermal non-equilibrium and me-
chanical equilibrium between the gas and droplet phases, has been used
to model the spray system in the containment of NPPs (Kim et al., 2006;
Movahed et al., 2005; Royl et al., 2000). These studies investigated the
spray impact on hydrogen distribution in APR1400, EPR, and German
reactor type Konvoi, respectively. It is also interesting and of great
importance to investigate spray effect in small modular reactors (SMR)
with compact equipment and less containment free volume per unit
power compared to the larger water-cooled reactors (Subki, 2020).
GASFLOW has been used to analyze the loss-of-coolant accident with an
engineered spray system in SMR with regard to the hydrogen mitiga-
tions (Wang et al., 2022; Zou et al., 2022). The homogeneous two-phase
model is an option to model the spray in both large and small nuclear
containment. However, the assumption that liquid droplets are
dispersed in a gaseous medium ignores the momentum coupling, which

is not valid for hundred-micron droplets flowing in the atmosphere.
Recently, the approach of using the Eulerian method for the
continuous gas phase and the Lagrangian method for the dispersed
droplet phase has been adopted. Babic et al. (Babic et al., 2009) pre-
sented this two-way interaction approach in the CFD code CFX4.4,
solving the droplet transport via the Lagrangian droplet-tracking model
(incorporated in CFX via user-defined subroutines). Whang et al.
(Whang et al.,, 2021) also implemented the Eulerian (carry 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 momentum interaction between two phases
were considered, but the heat and mass transfer are neglected. Ding
etal. (Ding et al., 2017) developed a similar approach and implemented
it into the GASFLOW code. The heat and mass transfer between the
water droplets and gas were considered. However, the droplet genera-
tion characteristics and spray shape are not considered. More impor-
tantly, the spray water droplets could adhere to the surfaces of the walls
and rivulets, or a film could be formed, which may largely change the
total mass of the steam and the overall pressure in the confined vessel.
There are few publications discussing the effect of water film evapora-
tion on containment pressure development. Ding et al. (Ding et al.,
2017) mentioned droplet-wall interaction in his simulations without
describing the model and discussing the effects on the results. In these
literatures, the two-way coupling approach usually assumes that
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droplet-to-droplet interactions (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). 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 a hot gas. However, it is assumed that the water droplets
were accumulated on the walls with a hemispherical form and then
changed to steam using a symmetric extension of the nucleate boiling
model. The evaporation of the water film on the walls was not
considered.

The Lagrangian droplet-tracking approach is a promising method to
model the behavior of water droplets produced from the spray system in
3D CFD simulations of full-scale NPP containment. However, improve-
ments have to be implemented in a newly developed two-way coupling
approach, such as full coupling of mass, momentum, and heat transfer
between the gas and droplet phases instead of the homogeneous two-
phase flow model, the extension of the heat and mass transfer correla-
tions for severe accident conditions, the generated cone spray shape, and
the effects of droplet-wall interaction and film evaporation. The above
aspects were taken into account in the current development of GAS-
FLOW parallel version. The effects of the droplet swarm and the film
effect on the atmosphere were also analyzed with respect to the atmo-
sphere thermodynamics and the gas stratification break-up.

2. Eulerian-lagrangian coupling approach

GASFLOW is a parallel finite-volume code based on robust compu-
tational fluid dynamics numerical techniques that solve the compress-
ible Navier-Stokes equations for 3D volumes (Xiao et al., 2016). The
generalized conservation equation is:

E/<I>dV = ffb(b u)~0dS+/S¢dV (€D)
at)y s v

where V denotes the control volume, b is the velocity of the control
surface S, and u is the velocity of the fluid field. The outward normal
fractional area vector is denoted by € and is introduced by the fractional
area methodology of the FAVOR algorithm. This methodology is useful
in modeling variable flow areas that are involved in complex geomet-
rical representations with greater ease and accuracy. S¢ is the source
term of the field variable ®. The time-rate-of-change of ® in an arbitrary
control volume V is equal to the inflow of ® through the boundary in
addition to the source term. The term b - u denotes the relative velocity
between the control surface and the fluid. The Lagrangian form is
recovered when b = u. On the other hand, when the control volume is
fixed with respect to the coordinate axes, b = 0, and the Eulerian form is
recovered. The Implicit Continuous Eulerian - Arbitrary Lagrangian
Eulerian (ICE’d-ALE) solution algorithm is adopted. This technique is
applicable to all speed flows, which means the code is valid in both sub-
and supersonic flow regimes. The heat transfer mechanisms, including
convective heat transfer, radiation heat transfer, heat conduction and
phase change, can be modeled in the code.

2.1. Droplet-tracking

The Lagrangian droplet-tracking with the extended heat and mass
transfer models have been implemented into the code. This droplet-
tracking method describes the movement of the spray droplets as the
spatially-dispersed phase with the following features and assumptions
(Ding et al., 2017):

1. Droplet group method has been implemented into the spray model,
which consists of a group of spray droplets with identical location,
velocity, temperature and diameter in the same gas cell. There could
be many groups of water droplets in one gas cell.

2. Two-way couplings of mass, momentum, turbulence and energy
between the gas mixtures and water droplets are taken into account
in the GASFLOW code.

3. Droplet-to-droplet interactions, such as droplets fragmentation and
coalescence, are not considered in the current model.

4. The dispersed phase is considered to be in the form of discrete single-
component rigid spherical liquid droplets.

The droplet velocity uj, is determined by the sum of the forces acting
on the particle, namely the drag force Fp, gravity G, and buoyancy force
Fy:

d
mp% =Fp+G,+F, @

The gravity force and buoyancy force are combined as:

G,+F, = gd3g(pp Py) (3)

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

1
Fp = EcdpgA‘”g up| (g wy) “

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

:pg{”g |
Hs

g

Re, 5)

24
——+4.5Re, <5
Re, + €p

Ca={ 24 L s
R_ep<1+€Rep 5 < Re, < 1000

(6)

0.44Re, > 1000

For perfect laminar flow Re, < 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
Re, > 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 < Re, < 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 Re,
should take into account the turbulence effects of gas and particle, i.e.

ug:ﬁg+u'g;upzﬁp+u;) @)

where #,, , are the gas and particle time-averaged velocities given by

GASFLOW solver. u, and u, are the velocity fluctuations of gas and
particle. The turbulent dispersion can be obtained by the discrete
random walk model, namely the velocity fluctuation follows the
Gaussian distribution random presumptively (Gosman and loannides,
1983).
wy =\ o, = 0y [ ®
where { is normally distributed numbers, and x and «;, are the turbulence
kinetic energy of gas and particle.

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

dm,

L= Aecln(1+By) 9)
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dT, dm,
mpc,,d—;’ =hA,)(To T,) er—t"L,~g (10)
where B,, = fzes Yuoe o the mass Spalding number (Spalding, 1953);
P g P 8

1 Yhgousat
Yngosat @Nd Yhy00 are the vapor mass fraction at droplet surface (satu-
rated) and in the bulk gas, respectively. L, is the latent heat for the
droplet evaporation/condensation, and A, is the surface area of the
droplet. h, and hy, are the heat and mass transfer coefficients, respec-

tively, which can be calculated by the Nusselt number Nu = % and

Sherwood number Sh = h;ﬁd. D is the binary diffusion coefficient. These
two dimensionless numbers can be calculated by the widely used Ranz
and Marshall correlations (Ranz and Marshall, 1952):

Nu = 2+0.552Re}/*Pr'/* an

Sh = 2+0.552Re;/*Sc'”? 12

However, it has been found that Ranz and Marshall correlations
(Ranz and Marshall, 1952) could overestimate the transfer rate at low
Reynolds number (Re, < 10). As an alternative, the Clift correlation
(Clift et al., 1978) is recommended when Re, < 400. Furthermore, the
subcooling droplets could be surrounded by a high-temperature atmo-
sphere during severe accidents. It has been reported in previous studies
that the expected high rate of phase change would reduce the droplet
heat and mass transfer (Amani and Nobari, 2013; Zhifu et al., 2013). An
uniform formulation based on Ranz and Marshall correlations with a
correction factor, is highlighted in our previous work (Wang et al., 2023)
as follows:

Nu' = (14 Br) (14 (1 + Re,Pr) max(1,Re2") ) 3)

Sh" = (1+B,)** (1 +(1+ RepPr)l/zmax<1,Reg'°77) ) 14

where Br is the heat Spalding number. By is a function of B,,(Abramzon

and Sirignano, 1989; Strizhak et al., 2018), which can be computed as
rgDpy

Br~ (1+ Bm)( % ) 1. ¢, is the vapor specific heat capacity, and

Ag H,
Le =+
PgDepg Py

number and Schmidt number, respectively. The “1/3 rule” is used to
estimate the droplet surface temperature Ty,s, and the vapor mass
fraction ygy¢:

is the Lewis number. Pr = % and Sc = % are the gas Prandtl

1
Tout = T, +3 (T T,) (15)

1
Ysurf = Yhyo,p +3 (yhzo.oe yhzo.p) (16)

3

It is recommended in Ref. (Yuen and Chen, 1976) to use Yy, to
calculate the thermal properties in the thin gas layer around the droplet
surface. The vapor mass fraction at the droplet surface y,,, (TP) is ob-
tained when the droplet temperature is given.

The coupled mass and energy ordinary differential equations are
solved using the Runge-Kutta method. The location, diameter, velocity
and temperature of each droplets group will be updated. The contribu-
tions of each droplets group to the continuous phase are served as the
source terms So in the mass, momentum and energy conservation
equations Eq. (1) of the gas phase, i.e.

dm,
Sp. hyo = d_lp (17)
Sm= > Fodt (18)
d7, dmy,
Se = Z mpcp? + Z ?Lfg (19)

The maximum residuals of the droplet diameter, temperature and
velocity are converged to 10", 10”° and 103, respectively. The time step
of the particle integration At, is the minimum of the element length scale
over the particle speed. The global time step for the transient gas flow
At, is subject to the Couran-Friedrichs-Lewy (CFL = 0.25 default)
number. The adopted time step for both gas and particle phases At =
min(Atg, Atp).

2.2. Spray droplets’ generation

Water spray creates multiple droplet clouds, with each cloud repre-
senting a group of droplets possessing equal characteristics such as po-
sition, velocity, size, and temperature. The droplet clouds are
generated in each time step with a specific spray water injection rate
and a user-defined simulation droplet number. The initial droplet tem-
perature is the same as the spray injection temperature. The size of the
droplets is determined by selecting a droplet diameter d from a log-
normal distribution, which is the single-tailed probability distribution
with a droplet mean diameter d and variance o2 as follows (Erkan et al.,
2011):

! (in(d/d) )’
@)= dexp< 20 ) (20)

In reality, the size distribution is associated with the type of spray
nozzle and injection pressure. High injection pressure could generate
droplet sizes with smaller deviation, and vice versa. The spray droplets
are generated randomly in a used-defined zone where the spray nozzle
installed in the containment. The input deck should include information
regarding the injection location, diameter, velocity, and number of
droplets in each droplet class.

The shape of the spray is determined by the type of nozzle used.
Fig. 1 shows two types of sprays used in industries that generate a full or
hollow cone spray (the spray experiment images are extracted from
(Foissac et al., 2011). The spray shape and size distribution in the spray
area close to the nozzle seem to be independent of the distance from the
nozzle. The droplet velocity consists of an axial and radial component,
while the swirl created by the nozzle is attenuated very quickly in the
first few centimeters from the nozzle. In a full cone spray, as seen in
Fig. 1 (a), the droplets are distributed homogeneously throughout the
entire spray section, which can be divided into several annular sections
that represent the Gaussian velocity distribution on the spray section. In
a hollow cone spray, as seen in Fig. 1 (b), most of the droplets are
concentrated in an annular spray section, and a maximum water mass is
present in the middle area, which can also be approximated as a
Gaussian distribution.

2.3. Spray-Wall interaction and water film evaporation

Water spray can create rivulets and film on walls, and sumps in the
containment cavity. A heat transfer model of spray-wall interaction was
developed and implemented in GASFLOW with the following
assumptions:

e A water film is formed as soon as the water droplets adhere on the
wall surfaces. Only water film evaporation on the walls is considered,
and boiling or evaporation of the water droplets and rivulet on the
walls is not modelled.

A critical water film thickness is used. The extra water above the
critical thickness will be moved directly to the sump. Water evapo-
ration and steam condensation could occur on the surface of the
water sump.

Phase changes can occur between gas and structures on any surface
within the containment, including walls, ceilings, floors, and internal
structures. Such phase changes can occur under either of two conditions
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Fig. 1. Full and hollow cone spray shape.

(Xiao et al., 2016b): (1) when the surface temperature is lower than the
saturation temperature of the water vapor present near the surface,
leading to condensation, or (2) when condensate is already present on a
given structural surface, and the temperature of the condensate surface
is higher than the saturation temperature of the gas mixture adjacent to
the surface, leading to vaporization. The rate of phase change on a
structural surface can be described as follows:

mg = h;AS (tho p.&,sal) o

where hj is the corrected mass-transfer coefficient, p,,, is the water
vapor density in the gas mixture, and p; ,, is the saturation water vapor
density at the structural surface. The saturation density is computed

from the saturation pressure and the structural surface temperature

(T . . .
Pssat = ‘%(_TS), where the saturation pressure is evaluated as a function of
5 90 Ls

temperature from the integrated Clausius-Clapeyron equation py, (T) =
cy+ep T

10%.e” =7 . The mass-transfer coefficient can be expressed in terms of
the heat-transfer coefficient,

2
h, [(Sc\ *
hy= (—C) (22)
pc, \Pr

by using the Chilton-Colburn empirical analogy between heat and
mass transfer. The Reynold analogy is adopted for calculating the heat-
transfer coefficient,

hy =Erprd 23)
where u" is wall shear velocity and u* is dimensionless velocity, ut =
u./u’, u. is cell-center fluid velocity. Following similar ideas as with the
heat-transfer coefficient for relatively large steam mass fractions, the
mass-transfer coefficient is corrected by

by =0,k (24)

log(R+1
R

where 0, = ), and the relaxing ratio R is expressed as R =

n, n . . .
1"2,17‘1"2 N nyo 1S the steam mole fraction at the wall, and ny,, is the steam
e TS

mole fraction in the gas mixture.

For the situation where “dryout” of a surface may occur, i.e., the
liquid film totally evaporates leaving the surface dry, a better formula-
tion of the surface mass transfer equation is

OA PR
727 hdAs (phzo

e Prsw) 25)

my = max

where § is the film thickness. Note that a positive sign in the equation
indicates condensation, while a negative sign signifies vaporization of
the liquid film. At the point of near dryout, we only allow half of the
available film to evaporate in a given time step. The total mass source or
sink term due to phase change involving structural surfaces in gas
conservation equations for all surfaces will then be calculated.
A" .

//Sp.hz0,condensalion/vaporizationdV = zmax |: T, hdA.v ([)hZo ps,sal)

(26)
3. Validations by one single droplet experiments

To validate the Lagrangian droplet-tracking approach in GASFLOW
(Wang et al., 2023); we first tested the velocity of a free-falling droplet
without heat and mass transfer. The terminal velocities of water droplets
with various sizes falling in stagnant air measured by Gunn and Kinzer
(Gunn and Kinzer, 1949) were compared with the calculated results with
a very small deviation (maximum of discrepancy of 0.2%). This indicates
that the momentum prediction of droplets-gas coupling has good
agreement with the analytical solution and measurement data.

Next, we investigated a GASFLOW simulation (Wang et al., 2023) of
the evaporation dynamics of an isolated, stagnant droplet in dry air and
compared it with the experiment of Ranz and Marshall (Ranz and
Marshall, 1952). The simulation results, analytical solution, and
experimental data showed excellent agreement. The current heat and
mass transfer correlations are valid for a wide range of spray droplet
sizes, from 50 pm to 1000 pm.
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The mass, momentum, and heat transfers of a single droplet were
investigated in the IRSN CARAIDAS experiment (Malet et al., 2011a;
Plumecocq and Passalacqua, 2001) under typical post-accident atmo-
sphere conditions. The behaviors of a single droplet revealed good
agreements in the comparisons between the approach predicted and the
experimental data (Wang et al., 2023), although uncertainties still exist
in droplet evaporation tests with a large phase change rate.

However, the simulation of a single droplet only reveals one-way
coupling results. Therefore, it is necessary to simulate a spray droplet
swarm in the atmosphere to validate the newly developed two-way
coupling approach.

4. Validations by integral spray experiments
4.1. TOSQAN spray experiments and GASFLOW modelling setup

The heat and mass transfer of a single droplet has a very slight in-
fluence on the temperature, pressure, and gas concentration in the at-
mosphere. The quantity of heat and mass transfer is too small to
significantly vary the global or local temperature. The current Eulerian-
Lagrangian two-way coupling approach considers the sum of multiple
droplets’ effects as source terms in the continuous gas phase equations.

There are two major impacts of spray multiple droplets on the at-
mosphere: the dynamic (gas entrainment and mixing) and thermody-
namic (steam condensation and droplet evaporation) effects of the
spray. To investigate these phenomena, spray experiments were per-
formed in the TOSQAN facility (Malet et al., 2011; Porcheron et al.,
2007), as shown in Fig. 2 (a). The cylindrical vessel has a volume of 7
m®, is 4.8 m high, and has an internal diameter of 1.5 m. The spray
system is located 0.65 m from the top of the enclosure on the vertical
axis, which produces a full cone (spray angle 55°) water spray, as seen in
Fig. 1 (a). Gas temperature is measured by thermocouples, and gas
concentration is measured by mass spectrometry and Raman spectros-
copy. Droplet velocity and size distribution are measured by PIV and
visualization techniques (Porcheron et al., 2002).

Spray injection nozzle

The reference GASFLOW mesh with 32 x 32 x 98 cells (cell length
Ax = 5 cm, red points are the measurement locations) is presented in
Fig. 2 (b). The coarse (cell length Ax =10 cm) and fine mesh (cell length
Ax = 2.5 cm) are also utilized for the mesh independence analysis, as
shown in the results in the supplementary data. These results indicate
that the reference mesh is acceptable for simulations with regard to
calculation accuracy and time consumption.

The TOSQAN 113 test investigated the mixing of the atmosphere in
the containment vessel, which was initially filled with air-helium, and
the break-up of the helium stratification caused by the spray effect.
Helium, which is a light gas, is usually used to simulate the burnable gas
hydrogen in experiments due to safety concerns. Prior to the test,
compressed air is injected into the vessel to clean the remaining gas
mixture from previous tests. Then, the vessel is closed, and helium is
injected radially, at a mass flow rate of around 1 g/s at the top of the
dome. When the vessel pressure reaches 2 bar (temperature around
30 °C), the helium injection is stopped. After a delay to establish the
helium stratification, the spray is activated. The atmosphere becomes
homogeneous after several hundred seconds and reaches a steady state
at the end of the test. The characteristics of the spray injection and the
initial conditions are given in Table 1 and Table 2. However, in reference
to Movahed and Travis (Movahed and Travis, 2010), the full calculation
(pre-calculation before spray) provided valuable insights for obtaining

Table 1
Spray injection characteristics.
TOSQAN 101 TOSQAN 113

Spray mass flow rate 29.96 g/s 30.0 g/s
Spray angle 55° 55°
Injected water temperature (linear interpolation between two steps)
att=0s 119.1 °C 30°C
att=311s 22.1°C
att=1000s 27.7 °C
Droplet mean diameter dio 145 ym 137 ym
Initial droplet velocity ~10 m/s ~10 m/s

Helium upper

injection nozzle s
= A
Jiax T P—]
[re—= b= =
i 4
]
; 1.5m
— window
3
) E Vessel
\mi'::‘: D,y =0.041 m j‘:f@ height
i 3.93
Lower gas B ] = 2 s A
injection nozzle :
Injection
height ) v 1 Z1R8
2.1m Sump - o=
l 0.87 m
0
a. TOSQAN facility b. mesh

Fig. 2. TOSQAN experiment facility (Malet and Huang, 2015) and GASFLOW mesh.
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Table 2
Initial conditions before spray.

TOSQAN 101 TOSQAN 113

Elevation / Gas
temperature
3.97m/31.8°C
3.13m /36.9 °C
2.67m/34.7 °C
2.04m /30.1°C
1.2m/ 28.7 °C

Elevation / Helium
concentration

3.97 m / 99%
3.13m / 85.8%

- 2.8m / 47.6%

- 1.9m / 2.3%

0.87 m / 10% 0.87 m / 1.9%

Elevation* / steam
concentration
4.8 m /70%

Note: *elevation from the vessel bottom.

accurate boundary conditions, such as temperature and gas distributions
prior to the spray. Instead of initializing conditions homogeneously in
the vessel, a full simulation of the TOSQAN 113 test is performed, which
considers the pre-helium injection phase resulting in the gas stratifica-
tion in the containment, and then the calculations with various droplet
sizes and spray shapes are restarted at the moment of spray activation.

The TOSQAN 101 air-steam initialized spray test was aimed at
investigating atmosphere depressurization due to heat and mass transfer
between spray droplets and gas. At the beginning of the TOSQAN 101
test, the vessel is filled with air (1 bar and 120 °C). Superheated steam
(151 °C, 13 g/s) is then injected from the lower nozzle into the vessel
until the atmospheric condition reaches 2.5 bar of pressure, 131 °C of
temperature, 213 mol of air, and 308 mol of steam (average steam
concentration 59.1 vol%). The vessel walls, which are heated with oil,
have a sufficiently high temperature to prevent steam condensation. The
walls are insulated, and the wall temperatures are not uniform but rather
quite similar, at around 120 °C (see Tab. 2 in ref. (Malet et al., 2011).
After the steam injection, the spray starts at 4.15 m elevation on the
vessel axis with a mass flow rate of approximately 30 g/s. The charac-
teristics of the spray injection are given in Table 1. Due to the upward
steam injection in Test 101 at the 2.1 m vessel elevation before the spray,
a steam molar fraction variation in the vertical direction is measured
during the experiment, as shown in Table 2. To obtain the boundary
condition before the spray, a full simulation that considers the pre-steam
injection is performed, rather than a simulation that initializes homo-
geneously with temperature and steam concentration. In both Test 113
and Test 101, the data in Table 2 are used to verify the accuracy of the
pre-calculations before the spray.

The spray droplets are generated in a cylindrical zone, occupying at

least one cell in height (rather than a planar surface). This zone is sit-
uated at a specific distance from the nozzle and initialized with exper-
imental data encompassing size and velocity distributions. In the
simulations of TOSQAN spray experiments, as depicted in Fig. 1 (a), the
spray is implemented within a 10 cm high zone located 5 cm below the
spray nozzle. The bottom surface of the spray zone has a circular radius
of 15 cm. The spray angle 55° determines the direction of droplet ve-
locities. The velocity distribution on the spray section is represented by
three annular sections with velocities of 10 m/s (center), 8 m/s, and 6
m/s, respectively, as derived from experimental data (Porcheron et al.,
2007). Fig. 3 presents the TOSQAN spray droplet size distribution. The
droplet number follows a log-normal distribution (Malet et al., 2005).
The corresponding mass fraction is reconstructed by knowing the
droplet size and number. A bigger size droplet has a larger mass fraction
despite a smaller droplet number. The mass fraction of each droplet size
is used to distribute the spray mass to each droplet cloud. From the
perspective of heat and mass transfer, using the Sauter mean diameter of
droplets seems like an alternative to the geometric mean diameter. The
Sauter mean diameter is defined as the diameter of a sphere that has the
same volume-to-surface area ratio as a particle of interest. The Sauter

mean diameter is obtained by its definition: d3; = 6%% = 212 ym. The
'p

numerical information used in GASFLOW modelling is summaried in
Table 3.

Table 3
Numerical information in GASFLOW modelling.
Turbulence k& model
model
Advection Van Leer, 2nd order
scheme
Mesh TOSQAN 101 TOSQAN 113
Cylindrical, cell length Ax = Cartesian, cell length Ax =
3cm S5cm
CFL number 2.5 2.5
Time step automatic time step control

Initial 10" Initial 10
Gas conditions Pre-calculation before spray
Wall Time-dependent table

temperature

B Droplet number

Droplet number

I Droplet mass fraction

ro0s

006

§
Droplet mass fraction

PSR LIPFELECEEE I PP PP PPT P PSSP PP PRSP
Droplet diameter (um)

Fig. 3. Tosqan spray droplet size distribution.
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4.2. Gas mixing driven by spray droplets in TOSQAN test 113

4.2.1. Gas mixing

The simulation of TOSQAN 113 test was performed to investigate
how spray entrains and mixes gas to break up the light gas stratification
in the containment vessel. The evolution of helium distribution in the
test vessel over time is illustrated in Fig. 4. The image at time t = 0 s was
obtained by pre-calculation of the helium injection phase, which is
consistent with the boundary conditions given in Table 2. After the spray
activation, the gas entrainment caused by droplet injection resulted in
the erosion of the helium stratification. This erosion developed down-
wards and upwards, and definitely the downward erosion was much
more intensive than the upward one in the current case due to the
downward water spray. The zone above the nozzle appeared as a *dead’
zone since the velocity there was too small to mix the gas effectively. The
gas in the dead’ zone was mainly eroded by diffusion. At the end of the
test, the gas was mixed very well below the spray nozzle, and it could be
expected that the gas concentration would be homogeneous throughout
the vessel if the spray continued long enough.

The shape of the droplet number concentration in the test vessel, as
shown in Fig. 5, revealed that modified GASFLOW was feasible to model
the engineered spray nozzles to initialize droplet generation and spray
shape. Initially, a full cone spray was generated, but the size of the cone
became smaller due to the gas flow effect. It appeared that only the area
of the nozzle exit maintained the cone shape, and the shape of the
droplet swarm in the lower part appeared as a cylinder. The change in
spray shape could be explained by the development of the velocity
vector and gas entrainment in the test vessel, as shown in Fig. 6. At the
very beginning of the spray, the droplets dragged the gas to flow
downwards, then two flow circulations yielded both in the upper and
lower vessel. The gas in the upper part generally flowed from the wall to
vessel center, which decreased the radial component of droplet velocity.
Thus, the droplet swarm shape became cylindrical. Interestingly, the
helium-air interface was located between the two layers of circulated
convections, consequently, the droplets dispersed radically around the
interface. These results were exactly as expected with the Eulerian-
Lagrangian two-way coupling approach.

4.2.2. Effects of droplet size and spray shape

The evolutions of helium volume fraction at different heights with
droplet size effect are presented in Fig. 7. All calculations consider the
injected droplet velocity profile with a Gaussian distribution. The results

of the reference case with a log-normal droplet size distribution and full
cone spray shape agree well with the experimental data. The geometric
mean diameter djy = 137 um and Sauter mean diameter d3; = 212 pm
are used instead of the droplet size distribution to observe the droplet
size influence. The comparison with various droplet sizes generally
shows that the results of the reference case have the best agreements
with experimental data. The droplet size distribution has a small influ-
ence on the upper helium stratification, as seen in the measurements of
713,711, and Z10. The biases mainly remain in the measurements of Z5
and Z1 in the lower part of the test vessel. In these two locations, a large
concentration gradient occurs due to the gas entrainment by the spray. It
can be seen that the spray with a smaller diameter d;o mixes the gas
more strongly than the one with a larger diameter d3», so that the helium
is entrained earlier from the upper part to the lower part.

The sum of the drag force of the droplets with terminal velocity is
actually independent of the droplet size since the spray mass flow is
identical in each calculation, and each droplet’s drag force equals its
gravitational force. However, the small droplet has a small terminal
velocity (Wang et al., 2023), so that the smaller droplet with an identical
initial velocity needs a larger or longer drag to be decelerated to its
terminal velocity. This demonstrates the importance of the small spray
droplet size in obtaining good gas entrainment in the lower part of the
vessel. Additionally, it seems that the helium concentration in the lower
part increases at a very later time, since the turbulent diffusion rather
than the convective flow dominates the gas mixing there. The turbulent
diffusion coefficient surely depends on the turbulence model (x ¢
model used here) but also the modeling mesh effect because of the nu-
merical error, as shown in the supplementary data, which indicates that
the main deviations between the results of reference and fine meshes are
located in the lower part of the test vessel.

The calculations with a full and hollow cone spray shape respectively
are performed to investigate the shape effect, as shown in Fig. 8. These
two calculations have an identical spray mass flow rate, droplet size
distribution, and velocity profile. However, the area of the spray section
is quite different. The case of the hollow cone spray has worse gas
entrainment than the full one since the area of the hollow cone spray
section is smaller. The helium is entrained into the middle height of the
vessel at the beginning of the spray, but the entrainment slows down in
the lower part. The measurement Z10R8 is an example to depict the
deviation. Actually, there is an even higher bias at lower locations since
the helium arrival there is delayed a lot in the case of the hollow cone
spray.Fig. 9.

Fig. 4. Helium distribution in test vessel.
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4.3. Thermohydraulic effects of spray droplets in TOSQAN test 101

4.3.1. Initial and boundary conditions

Previous simulations (Babic et al., 2009; Ding et al., 2017) assumed
that the atmosphere inside the vessel consisted of an air-steam mixture
with 70% and 10% steam in the upper and lower parts of the TOSQAN
facility, as presented in Table 2. However, it has been found that this
assumption differs substantially from the conditions of the experiment
(Malet et al., 2011; Porcheron et al., 2007). This discrepancy may
introduce uncertainties and errors into the results of the numerical
simulation. Therefore, the simulation of the steam injection phase has
been performed to establish the initial conditions of temperature and
steam concentration in the experimental vessel.

Fig. 12 illustrates the calculated temperature of the air-steam
mixture (left side) and steam volume fraction (right side) before the
spray activation, respectively. Qualitatively similar results were

obtained from the experimental data by Refs. (Lemaitre et al., 2005;
Mimouni et al., 2010). The temperature and volume fraction fields were
found to be non-uniform. The high-temperature area is located under
the steam injection nozzle, which is consistent with the interface of
steam stratification. The development process of temperature and water
vapor concentration is synchronous. The steam released upwards and
compressed the interface of gas stratification downwards under the
release location at 2.1 m height, leading to an increase in temperature in
that area. The maximum gas temperature difference is over 40 °C, which
can significantly affect various heat transfers between the droplets and
gas. The steam concentration generally separates into two parts, in
agreement with the data in Table 2. However, the simulation shows an
obvious transition region of approximately 1 m height under the steam
release location. After the spray activation, droplets could enter into a
dry and hot area, leading to rapid vaporization for approximately a
hundred seconds. Direct entrainment by the spray would be the primary
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dynamic phenomenon during this stage. Therefore, the initial

stratification of temperature and steam concentration could signifi-
cantly affect the droplet heat and mass transfer at the beginning of the
spray, which is of great importance for simulating the thermodynamics
of the spray impact on the atmosphere.

4.3.2. Pressure and temperature evolutions

The simulation of the TOSQAN 101 test was performed to investigate
the effects of spray droplets on the thermodynamics in the facility.
Fig. 10 presents the comparisons of three global parameters over time:
pressure, average gas temperature, and total gas mole number in the
TOSQAN vessel for the full calculation, including the simulation
of the pre-steam injection phase. The comparison of the calculate-
d results with the measured experimental results shows good agreement
in all five phases, namely, the pre-steam injection, droplet (and film)
evaporation, steam fast condensation phase, steam slow condensation,
and finally, the steady-state equilibrium phase. The maximum de-
viations are less than 10% for all three global values, which occur during
the evaporation phase due to uncertainties from the evaporation of
high-temperature droplets and film on walls. The temperature of the -
water spray is so high (119 °C) that the superheated gas may heat the
droplets, probably up to the boiling temperature. When the droplet
temperature reaches the boiling point, a boiling rate equation in the heat

transfer model should be applied using a modified B,, = M
g
Considering the contributions of the pressure increase due to the
droplets and film evaporation and decrease due to the gas cooling by
water droplets, the depressurization rate due to the mass exchange and

the thermal exchange can be obtained using the ideal gas law:

dP R/ _dn dr
E’V(TEH’E) 27)

where 9 and 9T represent the rate of mass exchange and the thermal
exchange, whose contributions to pressure change, are plotted in
Fig. 10. It can be seen that the both mass and thermal exchanges affect
the pressure positively (increase the pressure) at the beginning of the
spray, but the mass (steam) exchange dominates the gas depressuriza-
tion rate during the whole test process. The positive effect is balanced by
the negative effect of mass (steam) exchange afterward. Finally, a
steady-state is obtained since neither thermal nor mass exchange occurs
anymore.

The measured average temperature was obtained from limited
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thermal couples installed in the test vessel. Due to a lack of information
on the exact locations of the thermal couples, the arithmetic mean value
of the calculated temperature in each computational cell was used. The
comparison demonstrates the deviation due to the temperature strati-
fication, as seen in Fig. 12 and Fig. A3 in the supplementary data, which
show that the gas temperature distribution is quite heterogeneous in the
axial vertical direction. Another two average temperatures obtained via
the experimental and calculated pressure and total gas mole number
(by the ideal gas equation T = £¥) are plotted in Fig. 10 blue curves,
which agree well with the GASFLOW prediction (black curve),
comparing the deviation between the experimental data (black dots)
and the GASFLOW prediction at the beginning of the spray.

Fig. 11 presents the time evolution of the local gas temperature after
spraying (upper subfigure) and the radial profile of the gas temperature
(lower subfigure) at 600 s and at the final equilibrium at a height of 2.04
m on the TOSQAN central axis, directly above the steam release loca-
tion. The calculated local temperature is in good agreement with the
experimental data, with a decreasing trend similar to the mean tem-
perature in the facility, ranging from 127 °C to 105 °C. The radial profile
of the temperature indicates no significant temperature gradient in the
horizontal direction. While there is clear thermal stratification along the
vertical axis, the temperature is quite homogeneous horizontally.

4.3.3. Effect of water droplets and film evaporation
The wall temperature was kept constant at approximately 120 °C
throughout the entire test. Accurately predicting the spray-wall

interaction and water evaporation on the hot walls is of great impor-
tance for the success of the numerical simulation. The evaporation rate
of the spray-formed film is determined by the film heat transfer coeffi-
cient, which depends on the flow pattern of the spray droplets attaching
to walls and forming rivulets and films (Wang and Zhao, 2021).
Although the evaporation of the water droplets was well-predicted at the
beginning of the spray, the evaporation of the film and sump on walls at
the temperature of 120 °C in the following phase is significant. Cases
without sump and film evaporation have been conducted for comparison
purposes, as seen in Fig. 10. It shows that without taking film evapo-
ration into account, the pressure, temperature, and amount of gas spe-
cies decrease significantly, reaching 1.26 bar, 88 °C, and 295 mol at the
equilibrium state. This indicates that the contribution of water film
evaporation on the walls to the total amount of gas is roughly 40%.

At the very beginning of the spray (0-6 s), the water droplets at
119 °C cool down the steam at 127 °C in the upper part of the vessel, and
the pressure decreases because the amount of vaporized water cannot
compensate for the heat losses. When the water droplets move to the
lower part of the vessel, strong evaporation occurs in this region with a
temperature of 162 °C and a steam volume fraction of 30%. The tem-
perature of the droplet surface is reduced to around 70 °C due to the
evaporation. When the water droplets arrive at the bottom of the vessel
where the initial gas temperature and steam volume fraction are 125 °C
and 5%, very strong evaporation occurs, including the water droplets’
evaporation in the dry hot gas mixtures, as well as the water film
evaporation on the hot walls. As shown in Fig. 10, it seems that the
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evaporation on the solid hot walls dominates the pressure increase and
steam generation from 6 s to 150 s because the pressure and amount of
steam decrease rapidly without considering the film evaporation. This
detailed pressure evolution has not been revealed and discussed in
previous researches (Ding et al., 2017; Malet et al., 2011a; Malet et al.,
2011; Mimouni et al., 2010). This study assumes that the water film
uniformly covers the surface of the wall. The water coverage area could
be smaller in reality if rivulets are formed on walls. That is why the
calculated pressure is slightly larger than the experimental data from
100 s to 500 s. The effect of rivulets on the water evaporation rate is
worthy of further investigation. After 500 s, the gas temperature and
total steam mass decrease slowly due to the cooling of the injected water
droplets, and an equilibrium state (2.2 bar and 110 °C) is gradually
established in the vessel when the heat extracted by the water droplets is
balanced by the energy supplied from the hot walls. This shows that the
initial conditions before the spray injection and the water evaporation
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on the hot walls are of great importance for the containment

thermohydraulics.

5. Conclusions

The spray system is considered to be an effective measure to prevent
overpressure and enhance hydrogen mixing with the air-steam mixtures
in the nuclear containment during hypothetical severe accidents. To
enable 3D thermal-hydraulic analysis with the spray system in full-scale
engineering applications, an efficient Eulerian-Lagrangian modeling
approach has been developed in the CFD code GASFLOW, which has the
following features:

1) Two-way coupling of mass, momentum, energy, and turbulence be-
tween the continuous gas and discrete water droplets.
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2) A group of water droplets, enabling efficient 3D simulations of full-
scale reactor containment.

3) Heat and mass transfer between each group of water droplets and the
surrounding gas.

4) Droplet-wall interaction and static water film evaporation on solid
walls.

5) Droplet generation with droplet size and velocity distribution, and
various spray shapes according to engineered spray nozzles.

The models have been validated using the TOSQAN spray experi-
ments, which investigate the effects of the spray droplet swarm on the
continuous gas phase.

e The TOSQAN 113 test was used mainly to validate two-way mo-
mentum coupling between gas mixtures and spray droplets, inves-
tigating gas mixing and the break-up of helium stratification due to
spray droplet movement. Gas entrainment erodes helium stratifica-
tion both upwards and downwards due to diffusion and convection,
respectively. The spray droplet swarm maintains a cone shape only at
the nozzle outlet; however, it is highly influenced by the develop-
ment of the velocity vector and gas entrainment. Droplet size dis-
tribution and spray shape analysis indicate that using multiple
droplet sizes following a log-normal distribution yields better results
than using geometry or Sauter mean diameter. Smaller droplets
result in more intense gas mixing. The spray shape has a significant
impact on the dynamic and thermodynamic effect on the
atmosphere.

The TOSQAN 101 test was used to validate two-way mass and energy
couplings between the continuous and discrete phases, studying at-
mosphere depressurization due to heat and mass transfer. The results
showed good agreement between calculated and experimental data,
with deviations under 10%. Steam mass and thermal exchange
caused by the spray jointly determine containment pressure, with
mass exchange dominating the depressurization rate. Water film
evaporation contributes roughly 40% to the total gas, and pressure
evolution due to film evaporation on hot walls dominates steam
generation. The study highlights the importance of initial tempera-
ture and steam concentration distribution for predicting the early
phase and the correct calculation of water droplets and film evapo-
ration on solid walls for the entire successful simulation. In-
vestigations are needed to understand the uncertainties and the
effects of flow patterns of spray-formed film/rivulet on walls.

The newly developed GASFLOW offers the capability to investigate
3D thermal-hydraulic phenomena by integrating the Eulerian-
Lagrangian approach with film/structure heat transfer mechanisms.
Significantly, this tool exhibits promise in modeling a range of complex
scenarios, such as the impact of spray on containment depressurization,
hydrogen distribution, and radioactive aerosol wash-out in full-scale
containment.
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