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a b s t r a c t

The spray system is an emergency containment cooling strategy to depressurize and remove heat in the
steam or hydrogen generation scenarios. Different kinds of phenomena including gas-droplets mixing,
water vaporization, and steam condensation, are coupled into the complicated flow. The thermal-
hydraulic simulation code GASFLOW is widely used and verified in series of containment experiments.
Also, a homogeneous spray model which treats the droplets as one species in the gas mixture is incorpo-
rated in this code. This paper developed the Lagrangian tracking way for the spray simulation which
viewed the droplets as dispersed phase. And in this approach, the interactions for gas-droplets and
wall-droplets were considered in all aspects of mass, momentum and energy. The priorities of
Lagrangian tracking way over homogeneous way were showed by the TOSQAN 101 and 113 spray bench-
marks tests. Detailed comparisons between the two models were concentrated on the condensation-
evaporation procedure and gas mixing. All these revealed that the Lagrangian way could predict the
phase transition and momentum exchange correctly.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

During the course of a hypothetical severe accident in a Pressur-
ized Water Reactor (PWR), pressurization can be produced or
hydrogen can be released in a containment by the loss-of-coolant
accident (LOCA) event or loss of power transients. The spray sys-
tem begins to function to reduce the risk of structural damage or
hydrogen explosion. The aim of the containment spray system is
to depressurize the containment by steam condensation, cool the
containment by droplets evaporation and reduce local extremes
of hydrogen concentration by the enhancement of the containment
atmosphere mixing (Malet et al., 2011). It is required to study
spray procedures to check the feasibility and actual performance.

Many investigations have been made on the spray system both
experimentally and theoretically in the last few decades. There
were severe early experiments performed in large-scale facilities,
NUPEC, CSE and CVTR (Malet et al., 2014; Malet, 2003). Besides,
the SARNET spray benchmark based on TOSQAN and MISTRA
experiments has been investigated to study the influence of con-
tainment sprays on atmosphere behavior (Malet et al., 2011). The
TOSQAN 101 and MISTRA MASPn tests were carried out to deal
with depressurization by spray which is described as the
‘‘thermal-hydraulic part” of spray (Malet et al., 2005). Also, the
TOSQAN 113 and MISTRA MARC2b tests were investigated to deal
with light gas stratification break-up by spray (Abdo et al., 2006a,
b).

The correct numerical calculation of the spray system is a non-
trivial thing which deals with the mass, momentum and energy
exchange between gas mixture and droplets. As a liquid phase,
spray droplets can be described in either Lagrangian or Eulerian
method. The Lagrangian framework tracks the droplets as the dis-
persed phase, while the Eulerian framework regards spray as the
continuous phase. All approaches may be necessary during the
whole spray simulation. Babić used the droplet-tracking modeling
to simulate TOSQAN spray test based on the CFX code (Babić et al.,
2009). This model tracked droplets and viewed them as sources or
sinks of energy, mass and momentum in the single-phase gaseous
field. Analysis of containment spray activation effects on behavior
of steam and hydrogen in the Advanced Power Reactor (APR1400)
and the CPR 1000 type pressurized water reactor (PWR) have been
performed with the GASFLOW code (Kim et al., 2006; Huang et al.,
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2011; Xiong et al., 2009). The homogeneous two-phase flow model
is used with the assumption of thermal non-equilibrium and
mechanical equilibrium between the phases. Mimouni developed
the two-phase flow model to calculate TOSQAN spray test based
on the NEPTUNE_CFD code (Mimouni et al., 2010). This solver is
based on the classical two-fluid one pressure approach, including
mass, momentum and energy balances for each phase. Malet used
a Eulerian-Lagrangian model to simulate the evolution of the
helium concentration when the spray was activated (Malet and
Huang, 2015). The spray characteristic influence on local light
gas mixing was analyzed. Different kinds of approaches are already
applied in codes for simulating some spray phenomena to some
degree.

The homogeneous model is adopted in two-phase flow for dif-
ferent applications. This model is simple and easy to be incorpo-
rated into the basis solver. Moreover, it can capture the main
physical phenomena and reveal the basis discipline. The GASFLOW
uses it to represent the droplets evaporation and condensation
procedure. This paper tries to show the capability of this model
and its limits. On the other hand, the Lagrangian tracking method
is a more sophisticated approach to simulate the spray. Since a
large amount of droplets are tracked in the spray, the particle cloud
hypothesis is used in Lagrangian tracking method to improve the
calculation efficiency.

There still exist some arguments about the spray depressuriza-
tion and heat removing roles. The hot containment gas would
vaporize the droplets, which decreases the temperature yet
increases the pressure inside due to more steam. On the other
hand, the saturated steam would condense on the droplets with
lower temperature. The overall effect still remains unknown which
depends on all kinds of factors including the droplet injection rate
and temperature, the concentration for the steam, etc. The spray
benchmark TOSQAN 101 is mainly used to study this phase transi-
tion procedure. This paper tries to clarify the procedure by using
the two models to check what kind of phase change dominates
at different times and regions. The spray benchmark TOSQAN
113 test is used to study the gas mixing procedure and to compare
the capability of these two models.
2. Computational model

The well-tested CFD code GASFLOW (Travis et al., 1998) is used
in this study to provide the basic solver for calculating the trans-
portation of the containment atmosphere which is regarded as
the continuous phase or the ‘‘carrier fluid”. The code solves the
unsteady compressible Reynolds-averaged Navier-Stokes(RANS)
equations with the finite-volume scheme on the structured 3D
meshes. The ICE’d ALE approach is used in this solver that consists
of three operating steps (Travis et al., 1998). The first step is an
explicit Lagrangian phase for updating the source terms and diffu-
sion terms, the second step is an implicit pressure iteration process
to achieve convergence, and the last step is named by ‘‘rezone
phase” which used an upwind scheme to calculate the convective
terms. A homogeneous model is also applied in this code which
views droplets as a new species. This model uses the assumption
of the mechanical equilibrium and yet allows the mass/heat non-
equilibrium between phases, which means droplets have the same
velocity as gas and independent temperature. To consider the
velocity difference, the Lagrangian tracking way is adopted and
described below.
2.1. The homogeneous approach

The homogeneous approach was advanced by Carrier and Mar-
ble primarily in the study of particle-laden compressible flow,
which is called as ‘‘dust gas” (Carrier, 1958; Marble, 1970). This
approach considers spray droplets as a component in the continu-
ous phase and yet is thermally independent. The spray droplet has
its own diameter, temperature and effective component density.
This approach assumes that the particles are sufficiently small that
they perfectly follow the gas phase, which means the droplets
share the same velocity with the ambient gas. The governing equa-
tions of spray models are

� droplet concentration equation
@qh2ol

@t
þ divðqh2oluÞ ¼ Sq;h2ol: ð1Þ

� droplet energy equation
@ðqh2oleh2olÞ
@t

þ divðqh2oleh2oluÞ ¼ Se;h2ol: ð2Þ

� droplet diameter equation
@d
@t

¼ hu;rdi þ d
3
Sq;h2ol
qh2ol

: ð3Þ

where qh2ol is the species density of spray droplets in the gas-
droplet mixture, u is the velocity of the mixture, eh2ol is the
specific energy of the droplet, and d is the droplet diameter.
Sq;h2ol, Se;h2ol are the mass resource and the energy source of
the spray respectively which are written as,
Sq;h2ol ¼ hmApqi;1lnð1� BmÞ=V : ð4Þ

Se;h2ol ¼ heApðT1 � TpÞ � Sq;h2olLfg : ð5Þ
where Bm ¼ yh2o;sat�yh2o;1

1�yh2o;sat
is the mass Spalding number, yh2o;sat and

yh2o;1 are the vapor mass fraction at droplet surface and in the bulk
gas respectively. The homogeneous approach uses the temperature
of the spray droplet Tp to determine the temperature of the droplet

surface. Lfg is the latent heat for the droplet, and Ap ¼ pd2 is the sur-
face area for the droplet. hm and he are the mass transfer coefficient
and heat transfer coefficient respectively which are determined by
the Sherwood number Sh and Nusselt number Nu,

hm ¼ ShD
d

; hq ¼ Nuk
d

ð6Þ

And the non-dimensional numbers are calculated with widely
used Ranz and Marshall correlations (Ranz and Marshall, 1952),

Sh ¼ 2þ 0:552Re1=2p Sc1=3: ð7Þ

Nu ¼ 2þ 0:552Re1=2p Pr1=3: ð8Þ
The GASFLOW solver uses the global time step for the transient

gas flow which is subject to the Couran-Friedrichs-Lewy (CFL)
condition,

Dtg ¼ CFLminðDtconvection;DtdiffusionÞ: ð9Þ
where CFL is chosen to be 1 when not specified. In this equation, the
time step is constrained by both convective and diffusion time steps
which are defined by

Dtconvection ¼ 1
4maxfjui jDxi

; jv i j
Dyi

; jwi j
Dzi

g ð10Þ

and

Dtdiffusion ¼ 1=ð4kiÞ
1

Dx2
i
þ 1

Dy2
i
þ 1

Dz2
i

; ki ¼ maxfDeff ; meff ;
keff
qcp

gi ð11Þ
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with Deff , meff and keff be the effective mass diffusion, viscosity and
heat conductivity coefficients respectively. Since the homogeneous
model does not introduce any diffusion terms and the convection
velocity adopts the gas one, this time step naturally guarantees
the stability in solving Eqs. ((1)–(3)).

2.2. The Lagrangian tracking approach

The spray droplets are viewed as the spatially-dispersed phase.
Thus, the Lagrangian tracking method is a natural choice to
describe the movement of the droplets. Before further description
of this model, the requirement and consideration need to clarify
first,

(1) This model can simulate large amount of droplets;
(2) Mass, momentum and energy interactions between gas-

droplet and gas-wall need taking into account;
(3) Turbulence effect must be considered in droplets

movements;
(4) Droplets fragmentation and coalescence are neglected in

this paper for simplicity because of their limited effect on
phase transition and gas mixing.

For the point (1) above, the particle cloud hypothesis is imple-
mented in the spray model. The assumption is that one particle
cloud consists of a number of spray droplets with the same loca-
tion, diameter, temperature and velocity. At the injection nozzle,
the number of particle cloud Nc is evaluated as

Nc ¼ minjectDtinject
mc

ð12Þ

where minject is the injection rate from the spray nozzle, mc is the
mass for one group. Dtinject is the time step in the Lagrangian track-
ing model and is independent of time step for the gas phase. The
number of droplets in one group is therefore calculated by

Kc;p ¼ mc

mp
; mp ¼ 1

6
qppd

3 ð13Þ

where qp is the density of droplet andmp is the mass of one droplet.
Thus Kp relies on the number of particle cloud Nc which is given by
code users.

To consider the mass, momentum and energy interactions
between gas and droplet, only one droplet is taken to give the bal-
ance laws. The droplet velocity up is affected by the drag force FD,
gravity Gp and buoyancy force Fb. And its equation is given as

mp
dup

dt
¼ FD þ Gp þ Fb ð14Þ

Due to the assumption that the shape of the spray droplet is
regarded as the sphere, the drag force is written as

FD ¼ 1
2
CdqgAjug � upjðug � upÞ ð15Þ

where Cd is the particle drag coefficient, qg is gas density, ug and up

are gas velocity and particle velocity respectively, and A ¼ 1
4pd

2 is
the droplet projected area on the relative velocity direction. The
particle drag coefficient requires evaluation of the particle Reynolds
number Rep which is written as

Rep ¼
qgdjug � upj

lg
: ð16Þ

For Rep > 905:29, the drag coefficient is calculated from New-
ton’s resistance law which is chosen to be 0.44; for
0:7 < Rep 6 905:29, the coefficient is given by Clift et al. (Clift
et al., 2005); for Rep < 0.7, the coefficient is given by Oseen’s law
(Oseen, 1910). Thus we have
Cd ¼

24
Rep

1þ 3
16 Rep

� �
Rep 6 0:7

24
Rep

1þ 1
6 Re

2=3
p

� �
0:7 < Rep 6 905:29

0:44 Rep > 905:29

8>><
>>:

: ð17Þ

The gravity force and buoyancy force are combined as

Gp þ Fb ¼ p
6
d3
pgðqp � qgÞ: ð18Þ

The gas velocity in Eq. (15) should take into account of the tur-
bulence effect, i.e.

ug ¼ �ug þ u0
g : ð19Þ

where �ug is time averaged velocity given by GASFLOW solver for the
RANS equation, u0

g is the velocity fluctuation. This fluctuation can be
calculated by the discrete random walk model to obtain the particle
turbulent dispersion. In the discrete random walk model, the veloc-
ity fluctuation follows the Gaussian distribution random presump-
tively (Gosman and Loannides, 1983) and is written as

u0
g ¼ u0

g ;v
0
g ;w

0
g

� �
;u0

g ¼ v 0
g ¼ w0

g ¼ f
ffiffiffiffiffiffiffiffiffiffiffi
2k=3

q
ð20Þ

where f is normally distributed numbers, and k is the kinetic energy
of turbulence.

The standard droplet heat and mass transfer model proposed by
Godsave and Spalding is applied to estimate the mass evaporation
or condensation rate (Sazhin, 2006). This model is based on the so-
called ‘corrected spherical symmetry’ assumption. The dispersed
phase equilibrium is considered in this model and the equations
are

dmp

dt
¼ hmApqi;1lnð1� BmÞ: ð21Þ

mpcp
dTp

dt
¼ heApðT1 � TpÞ � dmp

dt
Lfg : ð22Þ

The terms on the right-hand side of Eqs. (21) and (22) follow the
same definition as Eqs. (6)–(8). For estimation of the droplet sur-
face temperature Tf and vapor mass fraction yf , the ‘‘1/3 rule” is
used to yield the most reliable results,

Tf ¼ Tp þ 1
3
ðT1 � TpÞ: ð23Þ

yf ¼ yh2o;satðTf Þ: ð24Þ
The mass and energy Eqs. (21) and (22) are coupled and solved

implicitly using the Newton iteration method.
The two-way interaction is considered in this paper, thus the

influence of continuous phase due to droplets is given as source
form in the gas balance equations, i.e.,

Sq;h2o ¼ �
X
c

Kc;p
dmp

dt
; ð25Þ

Smom ¼ �
X
c

Kc;pFDdt; ð26Þ

Se ¼ �
X
c

Kc;pmpcp
dTp

dt
: ð27Þ

where Kc;p is the droplet number of the practical cloud in one par-
ticular cell. The summation is cycled for all the particle clouds in
one cell.

The implicit algorithm is used to solve the Eqs. (14), (21) and
(22). The maximum residuals of the droplet diameter, temperature
and velocity are converged to 10�5, 10�4 and 10�3 respectively. The
stable time step of the particle tracking integration is chosen
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locally as the element length scale divided by the particle speed to
update the particle location, which is given by

Dtp ¼ Cparticle min
Dx
up

;
Dy
vp

;
Dz
wp

� �
: ð28Þ

where Cparticle is chosen to be 1 when not specified. The final time
step for both gas and particle chooses the minimal value of Eqs.
(9) and (28), i.e.

Dt ¼ minðDtp;DtgÞ: ð29Þ
Table 1
Initial conditions of integral parameters for the simulation of TOSQAN 101.

Mean gas
temperature out of
the spray zone

Mean gas
temperature in the
spray zone

Total
pressure

Initial gas
composition (from
mass balance)

131.1 �C 131.0 �C 2.5 bar Air: 213 mol;
Steam: 308 mol;
2.3. Wall boundary treatment

When spray droplets reach the facility wall or sump, the height
and temperature of the film or sump will be changed. The source
term of the mass and energy is adopted in the film balance equa-
tions to update the height and temperature of the film and sump,
which are written as

Sq;h2o;film=sump ¼
X
c

Kc;p;film=sumpmp: ð30Þ

Se;film=sump ¼
X
c

Kc;p;film=sumpmpepðTpÞ: ð31Þ

where Kc;p;film=sump is the droplet number of the practical clouds that
reach the wall or sump boundary. Due to the limited influence on
the mass change of the film and sump, the neglect of droplet splash
is reasonable. Besides, the movement of the film is not considered in
this paper for simplicity because of a small fraction droplets
reached wall other than the vessel bottom or sump. As for the heat
and mass transfer in the film and sump, the modified Reynolds
analogy model combining with Chilton-Colburn empirical analogy
is applied. The detail information about the spray-sump interaction
in the homogeneous approach and validations are given in (Travis
et al., 1998).

3. The experiments and GASFLOW input

3.1. TOSQAN 101

TOSQAN 101, originally initiated by FZK and IRSN in March
2003, is the spray benchmark to validate the spray ‘‘thermal-
Fig. 1. Schematic view of the TOSQ
hydraulic part” under typical conditions of the hypothetical
nuclear reactor accident (Malet et al., 2011; Porcheron et al.,
2007). The TOSQAN facility geometry and spray injection location
are presented in Fig. 1. The TOSQAN facility is a closed cylindrical
vessel with 7 m3 volume, 1.5 m diameter and 4.8 m height. The
temperature of the vessel wall is controlled by oil circulation.
The spray nozzle is located at 70 cm from the top of the facility
on the vessel axis. A steel sump with 0.68 m diameter is attached
at the bottom of the vessel. There are many available instrumenta-
tions applied in TOSQAN facility. Gas temperature is measured by
thermocouples. Spray droplet and gas velocities are measured with
particle image velocimetry (PIV) and laser Doppler velocimetry
(LDV). Gas concentrations are measured with a mass spectrometer
and spontaneous Raman scattering spectroscopy (SRS). Detailed
descriptions of the instrumentation position can be found
(Porcheron et al., 2007).

At the beginning of TOSQAN 101, superheated steam is injected
into the vessel until the total pressure reaches to 2.5 bars. The tem-
perature of the vessel walls is kept very high. After stopping the
steam injection, the spray starts at 25 �C droplet temperature
and 30 g/s mass flow rate. The test initial condition is presented
in Table 1.

The thermostatically controlled wall temperature of the vessel
is shown in Table 2. During the experiment TOSQAN 101, the wall
temperature is controlled by the circulation of heating oil through
different wall sections. Also, the temperature of the sump is deter-
mined by the wall temperature.

Due to the upward steam injection at 2.1 m of the vessel before
the spray activation, there is a strong atmosphere stratification
occurred in the vessel. The initial steam distribution in the vertical
direction is shown in Table 3. The parameters of spray in the TOS-
QAN 101 test are shown in Tables 4 and 5. These details of the TOS-
QAN 101 were available in the SARNET benchmark exercise (Malet
et al., 2011).
AN vessel (Malet et al., 2011).



Table 2
Prescribed variation of wall temperatures for the simulation of TOSQAN 101 spray
test.

Time (s) Lower wall
temperature (�C)

Middle wall
temperature (�C)

Upper wall
temperature (�C)

0–102 121.4 121.6 121.3
102–300 120.8 120.4 120.3
300–601 120.3 120.0 119.4
601 s–end 119.3 120.1 115.4

Table 3
Initial steam distribution for the simulation of
TOSQAN 101.

Elevation(m) Steam molar fraction

0.871 0.1
2.25 0.7
4.8 0.7

Table 4
Spray characteristics in the experiment TOSQAN 101.

Spray
flow-rate

Spray
angle

Spray injection
height

Initial
droplet size

Initial droplet
velocity

29.96 g/s 55� 0.65 m 146 lm 10 m/s

Table 5
The temperature of the spray for the simulation of
TOSQAN 101.

Time (s) The temperature of the spray (�C)

0–120 119.0–22.1, linear function of time
120–1500 22.1–27.7, linear function of time

Table 6
Initial conditions before spray injection in TOSQAN 113 test.

Z (from the
bottom, m)

Helium
concentration (%)

Mean gas
temperature (�C)

Z13 = 3.93 99.0 32.8
Z11 = 2.13 85.8 36.9
Z10 = 2.80; Z9 = 2.67 47.6 (Z10) 34.7 (Z9)
Z5 = 1.90; Z6 = 2.04 2.3 (Z5) 30.1 (Z6)
Z1 = 0.87; Z2 = 1.20 1.9 (Z1) 28.7 (Z2)

Table 7
Spray characteristics in the experiment TOSQAN 113.

Spray
flow-rate

Spray
angle

Spray
injection
height

Initial
droplet
size

Initial
droplet
velocity

29.96 g/s 55� 0.65 m 135 lm 10 m/s
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There are three phases during the test (Lemaitre et al., 2005).
Phase 1 is the initial droplet evaporation phase. Strong evaporation
of droplets occurred in the first 100 s due to high initial tempera-
ture (about 130 �C). Phase 2 is the condensation and mixing phase
for the next 200 s. During the transition to the atmosphere satura-
tion state, the steam condensation appears on droplets and mix-
ture is cooling due to convection heat transfer to droplets. Phase
3 is condensation phase. The gas temperature and steam mass
decrease slowly during the next 3000 s.
3.2. TOSQAN 113

Before the TOSQAN 113 test, the compressed air is injected into
the facility to remove helium and steam and the test condition
reaches a thermal steady state. The helium, which is used to
replace the flammable hydrogen, is injected into the facility at
about 1 g/s mass flow rate until the mean pressure reaches 2 bar.
The helium injection nozzle is situated on the top of the dome,
with 13 mm diameter. There is a delay of 400 s before the spray
injection in order to establish the helium initial stratification. The
initial conditions of the mean gas temperature and the helium
are given in Table 6. Then, the spray starts with a mass flow-rate
of 30 g/s and a steady state is reached at the end of test 113. The
characteristics of spray for this experiment are given in Table 7.
Besides, the wall of the vessel is insulated in this test. More infor-
mation about this test can be found (Malet et al., 2011).
4. Result and discussion

The numerical simulation presented in this section is used for
the evaluation of the homogeneous and Lagrangian tracking
approaches in the spray calculation in the small-scale contain-
ment. In the spray simulation cases, the TOSQAN facility was mod-
eled with the three-dimensional mesh, which contained 14040
elements shown in Fig. 2. All boundaries were treated as walls with
the specific temperature which are given in Table 2 and the wall
function was applied to the boundary layers. The adaptive time
stepping scheme was used in these cases with time step between
10�5 s and 10�3 s. These settings can ensure that the maximum
residuals of pressure value converged to 10�6 in every step. The
main purpose of TOSQAN spray test is the investigation on the
break-up of the stratified atmosphere and containment depressur-
ization by mass, momentum and heat transfer by spray droplets.
To satisfy the experiment demands in simulations, the evaporation
and condensation models were considered on the surface of sumps
and walls. The simulation condition is the same for the two spray
models except for the spray injection way.

4.1. TOSQAN 101

The grid and time convergence study on this test is conducted
in terms of the mean pressure. Three cases are considered in the
calculation. The first one is the standard case with the mesh shown
in Fig. 2 and Cparticle ¼ 1 for the Lagrangian time step, the second
one uses a fine mesh with half the grid size on every dimension
and Cparticle ¼ 1, and the third one uses the fine mesh and
Cparticle ¼ 0:5. The homogenous model is only valid for the former
two cases without Cparticle parameter. The measured results for
the time histories of mean pressure are shown in Fig. 3. The cases
with fine mesh or smaller time step all come quite close the stan-
dard case, which indicates the standard case is sufficient to com-
pute the TOSQAN 101 case.

The comparison of the total gas mole number between calcu-
lated data and experimental data is presented in Fig. 4. The total
gas mole number is determined by the total mass of the mixture
in the facility which consists of air and vapor. The time evolution
of the gas mole number is a specific parameter to represent the
process of spray droplet evaporation and steam condensation.
The Lagrangian tracking model can accurately predict the gas mole
number for the whole time while the homogeneous model seems
to under-estimate it after 200 s.

The time evolution comparison of the mean temperature in the
facility is shown in Fig. 5. During the first 100 s, the temperature
with Lagrangian tracking approach decreases rapidly for the sump
and spray evaporation is over-estimated due to high temperature.
As we know, the main aim of the TOSQAN 101 spray test is to study
atmosphere depressurization during the spray activation. Fig. 6



Fig. 2. The mesh of the TOSQAN vessel in the simulation.

Fig. 4. The comparison of gas moles (air and vapor) between calculated data and
experimental data in TOSQAN 101 simulation.
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shows the comparison of calculated average pressure and mea-
sured pressure. From the comparison in the figure, the Lagrangian
tracking approach predicts the pressure more accurately than
Fig. 3. Time history of the mean pressure for TOSQAN 101 simulation by the homogenou
and Cparticle .
homogeneous method. During the first 100 s, the pressure
increases also due to evaporation from the sump. During the next
200 s, Lagrangian tracking approach over-predict a bit the pressure
due to over-estimation in the sump evaporation. However, the
simulation has a good agreement with measured data with spray
injection.

The homogeneous model gives a lower gas moles, tempera-
ture and pressure than the Lagrangian approach. The main differ-
ence between the two approaches would be the transportation of
the droplets. The homogeneous model lack of momentum inter-
action would give a weak gas mixing. Also, the cause for the
depressurization and heat removing process also needs a clear
explanation.

Fig. 7 shows the diameter evolution of spray droplets between
the homogeneous and Lagrangian tracking approaches. Without
considering the drag force between gas and droplets, the droplets
with homogeneous model fall faster than that with Lagrangian
tracking model, which can be validated from the top figure of
Fig. 6. The size of the droplet with the homogeneous model is smal-
ler than that with a Lagrangian tracking model for the condensa-
tion reason and will be discussed in the next paragraph. For the
right figures using Lagrangian tracking model, the droplets with
larger diameter distribute on the external edge of the spray cone
zone since the droplets with the smaller diameter are easier
affected by the gas moving. The gas mixing causes a circulation
as depicted on the bottom of Fig. 6. In the homogeneous model,
the droplets movement adopts the gas velocity and can be easier
to carry by the gas. Thus the spatial distribution of the droplets
s approach (left) and the Lagrangian tracking approach (right) with different meshes



Fig. 5. The comparison of whole global mean temperature time evolution between calculated data and experimental data in TOSQAN 101 simulation.

Fig. 6. The mean pressure evolution between calculated data and experimental data in the TOSQAN 101 simulation.
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is much wider in the homogeneous model than that in the Lagran-
gian model.

Fig. 8 shows the comparison of the spray condensation and
evaporation rate in the TOSQAN 101 calculation. In the figure, neg-
ative values mean condensation, positive values mean evaporation
and 0 means no phase change. The top two subfigures show that
the spray evaporation region is around the spray nozzle in both
approaches at the beginning of spray injection. The spray droplets
temperature is high in the first phase of the test and the saturated
steam density is higher than the local steam density around the
spray droplets. Thus spray evaporation contributes to the main
phase transition in the first phase. For the second and third phases,
the spray droplet temperature is much lower than the ambient gas
according to Table 4. Thus spray condensation takes the main
phase transition, which can be verified from the middle and bot-
tom figures. These results coincide with Figs. 4 and 6 that pressure
and gas mole number increase at first 100 s and decrease
afterward.

However, there is a large discrepancy on condensation regions
for these two models for the second and third stages. As depicted
in Fig. 7 with the homogeneous model, the droplets can be trans-
ported all around the facility and the diameter gets smaller at
regions away from the central line. These lead to the condensation
occurrences in the whole containment except for the regions close
to the hot wall in the left figures of Fig. 8. And the condensation
rate becomes weaker away from the nozzle and the central line.
The too large condensation region would lead to over-
condensation which reflects on Figs. 4–6 that homogenous model
predicts lower values for gas mole number, pressure and
temperature.

The right-hand-side middle and bottom figures of Fig. 8 with
the Lagrangian approach show that the steam condenses at a large



Fig. 7. The comparison of the spray diameter between the homogeneous approaches (left) and Lagrangian tracking approaches (right) at 1 s, 150 s and 1000 s in the TOSQAN
101 simulation.
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Fig. 8. Comparisons of the condensation and evaporation rate (g/(s cm3)) between the homogeneous and Lagrangian tracking approaches at 1 s, 150 s and 1000 s in the
TOSQAN 101 simulation.

P. Ding et al. / Annals of Nuclear Energy 101 (2017) 203–214 211



Fig. 9. The mass rate evolution of evaporation and condensation by the spray and
sump with the two methods.

Fig. 12. The mean pressure evolution between calculated data and experimental
data in the TOSQAN 113 simulation.
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rate right under the nozzle for about 0.5 m height, and then dro-
plets evaporate at a rather low rate when falling down. Although
the evaporation covers much larger area than the condensation
zone, the net mass rate for spray phase change shown in Fig. 9
proves that the condensation plays the leading role.

Moreover, the distribution of condensation and evaporation for
the Lagrangian model can be further verified from another side.
First, we track the diameter changing process for every class of
the droplets. The four classes with different initial diameters calcu-
lated with the Lagrangian approach are shown on the left of Fig. 10.
From the figure, the diameters of four classes all increase quickly
Fig. 10. The diameter evolution (left) of the spray droplet and th

Fig. 11. Time history of the mean pressure for TOSQAN 113 simulation by the Homog
meshes.
after coming out of the spray nozzle which corresponds to the con-
densation process shown in the right figures of Fig. 8. And then the
diameter with larger initial diameter decreases slowly during the
evaporation process. Even for droplets with the smallest initial
diameter, the evaporation would not be sufficient to vaporize them
back to the initial size. This means condensation mass rate in the
shorter time is larger than the evaporation mass rate in the longer
time. Also, the droplet temperature in the vertical direction is com-
pared to the experimental data and reference (Babić et al., 2009), as
shown on the right of Fig. 10. From the spray nozzle z = 4.0 to
z = 2.0, the temperature of different sizes quickly increases to a
high value due to condensation, and then reaches a quasi-steady
state Due to the fast falling speed of droplets and the decreasing
e droplet temperature (right) with different sizes at 1000 s.

enous approach (left) and the Lagrangian tracking approach (right) with different



Fig. 13. The stream-lines with the homogeneous approach (left) and the Lagrangian tracking approach (right) in the TOSQAN 113 simulation at 500 s.

Fig. 14. The helium volume fraction evolution between experimental data and calculated data using the homogeneous (left) and the Lagrangian (right) models in the TOSQAN
113 simulation at different heights.
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temperature of the ambient gas, the quasi-steady state can allow a
low evaporation rate.
4.2. TOSQAN 113

The main aim of the TOSQAN 113 spray test is to study the gas
stratification due to the spray activation with minor heat and mass
exchange between gas and droplets. Before the spray activation,
the injected helium is stratified in the air-helium mixture. Then
the gas mixture is entrained by the spray. During the experiment,
it takes about 250 s for the transition from the beginning of spray
injection to fully global mixing atmosphere. The key for the calcu-
lation would lie in the momentum interaction between the spray
and gas mixture.

The grid and time convergence study are also performed firstly
with the homogeneous model and Lagrangian tracking model. The
calculated mean pressure with respect to time history is shown in
Fig. 11, which illustrates the mesh and time step are sufficient in
this case.

Fig. 12 shows the comparison of the average pressure evolution
in both approaches during the first 400 s of the TOSQAN 113 test.
The results show a good agreement in global pressure between
calculation and measurement data in spite of the difference of
the initial pressure. The decrease of the pressure at the beginning
is due to the spray evaporation. Then the pressure increase again
caused by the increasing of steam mass. The global pressure is pre-
dicted slightly higher than experimental data. The minor change
also confirms that spray phase change is not important in this test.

The lack of momentum interaction in the homogeneous model
would give an inactive gas mixing during the spray injection. It can
be verified from Fig. 13 that the helium concentration with homo-
geneous model remains high in the doom at 500 s. Whereas for the
Lagrangian tracking model, the strongly gas-droplet mixing allows
the helium to transport from high concentration area to the low
one. The large vortex lies from top to bottom even cause the sec-
ondary flow in the upper left and right side. This is also the one
application of spray which lowers the concentration of the flam-
mable gas and reduces the risk of explosion.

Fig. 14 shows the comparison of the helium volume fraction
between calculated and measured data at the heights of 0.87 m,
1.90 m, 2.80 m and 3.93 m. At 3.93 m height, the helium volume
fraction directly decreases due to the enhancement of gas mixing
by spray. Comparing to the homogeneous model, the Lagrangian
tracking model comes much closer to the experimental data and
less time to achieve the full mixing state. Also for other heights
the Lagrangian tracking model needs less time to come to the
experimental data.
5. Conclusion

This work investigated the containment spray simulation by
comparison with the homogeneous and Lagrangian tracking
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approaches based on GASFLOW code. The containment atmo-
sphere regarded as the continuous phase is solved by ICE’d-ALE
numerical scheme. Two spray experiments, performed in the TOS-
QAN facility, are chosen to simulate and analyze the spray effect in
the containment by two methods. The TOSQAN 101 and TOSQAN
113 spray tests force on depressurization and light gas stratifica-
tion break-up respectively. A three-dimensional model of the TOS-
QAN facility is built on GASFLOW code and the spray model is
developed under both the homogeneous and Lagrangian tracking
framework. Both homogeneous and Lagrangian tracking
approaches consider the heat and mass transfer of spray. The
homogeneous approach assumes the mechanical equilibrium and
makes the implementation simple. The Lagrangian tracking
approach considers the spray-gas and spray-wall momentum
interactions. The comparisons of the calculated data and experi-
mental data, including the global pressure, temperature and gas
volume fraction, show much better agreements with the Lagran-
gian tracking approach than that with the homogeneous approach.
Also, the condensation and evaporation mass rate and regions with
Lagrangian approach reveal that condensation is the main reason
for the depressurization process.
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