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M. Chávez-Modena*a, G. Rubioa, E. Valeroa, D. Mirab, O.
Lehmkuhlb

aETSIAE-UPM - School of Aeronautics, Universidad Politécnica de
Madrid. Plaza Cardenal Cisneros 3, E-28040 Madrid, Spain.,

Center for Computational Simulation, Universidad Politécnica de Madrid,
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Abstract

Zonal modeling is a common technique for the numerical certification of fire-
extinguishing systems, however it is not valid to simulate the complex physi-
cal phenomena that occurs near the agent injection. We present a multi-scale
method for the accurate generation of inflow boundary conditions valid for
zonal modeling based on the description of the phase change of a rapidly
depressurised mist of a fire suppression system. The generation of accu-
rate boundary conditions includes the characterization of the injection of
the fire suppression agent from atomization to evaporation and mixing. The
multi-scale methodology is based on the use of a high fidelity multiphase con-
servative level set LES for the characterization of the nozzle to develop an
empirical model for primary breakup. Secondly, a low fidelity particle-based
method with phase change and unsteady RANS is used for parametric stud-
ies. This multi-scale approach requires an affordable computational effort.

The multi-scale methodology is tested in a system consisting of a pres-
surised fire extinguishing agent (Novec-1230) that is injected into the ambient
through a nozzle that produces the atomization of the agent. The accuracy
of the developed approach is compared with the experimental data.
Keywords: Multi-physics, Multi-phase flow, Phase change, Novec-1230,
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Fire suppression

1. Introduction

Fire suppression systems for aircrafts are based on the interruption of the
propagation of chain reactions typically found in aeronautical fuels. They his-
torically use hydrofluorocarbons (HFCs) as a fire protection fluid, the most
well-known and used one being Halon (R13B1, CFBr3). However, due to
their high global warming potentials (GWPs), the industry has been pushed
to adopt more environmentally friendly alternatives. Among those, we can
find Novec-1230 Fire Protection Fluid [1]. The main difference between Halon
and Novec-1230 is, in addition to the lower global potential warming of the
latest, its higher molecular weight. As a result, the boiling point at ambient
pressure for Novec-1230 is much higher than Halon (215.4 K compared to
322.4 K), and results in different vaporization and dispersion rates. These
differences in atomization and evaporation are one of the limiting factors to
prevent the direct implementation of Novec-1230 as a new suppression agent,
and requires a complete re-design of the system.

Zonal model is a common tool for the numerical certification of fire-
extinguishing systems [2, 3, 4, 5, 6, 7]. In the zonal model, an enclosure is
divided into zones, each one with approximately uniform properties. These
zones interact by exchanging mass and energy, while momentum is typically
ignored [8]. The main advantage of zonal models is its low computational
cost as they are based primarily on analytical and semi-analytical consid-
erations. The most important disadvantages are [9]: low resolution due to
averaging of variables over significant spatial scale, low accuracy for highly
unsteady and/or chaotic problems and the necessity of a priori knowledge of
the flow structure. As a result, zonal model is not valid to simulate the com-
plex physical phenomena that occurs in the vicinity of the agent injection.
To overcome this limitation, in this work, a numerical multi-scale approach
is proposed to predict the atomization, the phase change and the spreading
of the agent into the compartment, which allow to generate accurate inflow
boundary conditions for the zonal model. The multi-scale methodology pro-
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posed in this work consists of two steps. The description of the atomization
process is captured in the first step by a high fidelity multiphase field mod-
eling. These simulations demand high computational cost as the liquid/gas
interface is to be captured, and therefore the computational domain is re-
stricted to the near field of the injector. In this region, the high momentum
of the flow and the presence of high concentrations of liquid make the cou-
pling of these results with the zonal model still too complex. Therefore, a
secondary set of simulations are defined to describe the phase change of the
agent and the mixing with the surrounding gas. This second stage has a
much lower computational cost compared to the primary breakup and can
be run in a volume of the size of one zone of the zonal model.

The modeling of multiphase flows can be described using Eulerian and
Lagrangian methods [10]. In particular, the methodology proposed to char-
acterize the flow discharge with phase change analysed here is based on two
different approximations: an Euler–Euler (EE) model for the jet breakup
(step one) followed by an Euler–Lagrange (EL) model for the spreading of
the agent and phase change (step two). Both methodologies will be described
in the following paragraphs.

In EE models, the two phases are treated mathematically as interpene-
trating continua. The concept of volume fraction (or void fraction, typically
denoted by φ) as the fraction of a particular infinitesimal control volume
which is occupied by each phase (minimum two), is introduced. Volume
fraction is supposed to vary continuously in space and time. Conservation
equations for each phase (Navier–Stokes equations) together with physical
constitutive relations (usually from experimental correlations) and a partial
differential equation for the evolution of the volume fraction are posed. The
solution of this set of equations describes the evolution of the flow. Different
levels of complexity can be found within the EE models. Among the most
simple is the one fluid formulation [11], which defines a single set of mo-
mentum equations shared by all phases, while the volume fraction is tracked
throughout the domain following a convective equation. The one fluid for-
mulation is used by interface capturing techniques, such as volume-of-fluid
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(VOF) [12], level-set (LS) [13, 14] and phase-field (PF) [15, 16, 17] meth-
ods. More complex models consider that each of the phases is described
by its own density, velocity, temperature and pressure (see for example the
Baer and Nunziato model [18, 19]). These models are usually closed with
mathematical relations for the interaction between the phases (e.g., drag or
pressure relaxation).

On the contrary, EL methods consider that only one of the phases is
continuous (Euler), while the other/s is/are dispersed (Lagrange). The con-
tinuous Navier–Stokes equations are solved for the Euler phase while the
Lagrange particles are tracked (individually or as groups) [20]. Lagrange
particles are used to represent objects that fall under the resolution level of
the numerical grid. Liquid droplets are one of the most common examples.
Two different levels of coupling between the Euler and Lagrange phases are
usually considered in EL methods. In the one–way coupling, the dispersed
phase is transported by the continuous phase but the latter is not affected by
the former. The two–way coupling also considers the effect of the Lagrange
into the Euler phase [20].

The level of resolution required to address the whole atomization and
vaporization process with an EE high fidelity simulation falls far beyond the
current computer capabilities. Therefore, here a multi-scale approach is pro-
posed, where the atomization process (near field - step one) is described by
a high fidelity EE simulation, while the vaporization and dispersion of the
agent (far field - step two) are simulated with a EL model. This approach
is similar to the Eulerian-Lagrangian Spray Atomization (ELSA) model de-
veloped in [21]. This model has been successfully applied in the context of
spray atomization in diesel engines by several authors [22, 23, 24, 25].

For the near field, the proposed approach accounts for the primary pri-
mary breakup of a liquid jet injected into a quiescent air using a high fidelity
Large Eddy Simulation (LES) EE model. It is based on an entropy sta-
ble conservative level set scheme stabilised with an entropy stable method
[26] for the regions where the interface can be resolved, while it includes
a subgrid contribution when the slip velocity of the two-phase flow cannot
be resolved with the given filter size. For the far field, an EL approxima-

4



tion is solved which includes a Reynolds Averaged Navier-Stockes (RANS)
model for the gas while the liquid is assumed to be dispersed and tracked
as individual droplets. This model is only valid to simulate the flow outside
the nozzle (after the fire extinction agent has been atomized). A two–way
coupled model based on previous works in the simulation of fire suppression
systems [27, 28, 29] is used to solve the droplets vaporization in the EL sim-
ulation. The coupling between EE and EL models is performed through the
definition of the liquid injector. The EE-LES accurate simulation of the at-
omization process permits the generation of the liquid injection parameters
for the EL model. In this work, the EE-LES is performed with the multi-
physics code Alya [30], while the EL-RANS simulations are performed with
ANSYS–Fluent [31].

The proposed methodology is applied to a generic fire suppression sys-
tem, made of a nozzle which injects the agent (Novec-1230) into a large
compartment. The results are compared with Payri et al.’s experimental
work [32]. In the experimental work, Diffuse Backlight Illumination (DBI)
[33] and Schlieren techniques [34] are used to distinguish between the liquid
and the vapor phases. The experimental visualizations and the measured liq-
uid jet penetration are used to compare and assess the proposed multiscale
modeling approach.

The remaining of this work is organised as follows: First, the physical
problem is presented in Section 2. Then, Section 3 deals with the numerical
methodology. A validation of the multi-physics methodology for a single
injector nozzle is performed and compared with the experimental results in
Section 4. Finally, in Section 5 the developed methodology is used to study
the effect of the injection conditions (temperature and pressure) into the
vaporization of Novec-1230.

2. Problem description

An on-board fire extinguisher system usually consists of a bottle and a
nozzle, although it can be composed by a complex arrangement of pipes and
nozzles [35]. In order to simplify the test rig and facilitate the subsequent
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model validation, a pressure-based simplex nozzle oriented in the axial direc-
tion was used for the experimental test [32].

The numerical analysis follows the same setup and uses the same noz-
zle evaluated during the experimental campaign developed by the Universi-
dad Politéctnica de Valencia under the project FireExtinction (Multi-physics
methodology for phase change due to rapidly depressurized two-phase flows).
The nozzle of Spraying Systems Co. ref. 1/4GG-SS3009 is used (see Figure
1). It has an orifice with a nozzle outlet diameter dn = 2 mm and includes
a swirler to add a tangential component to the flow and improve the atom-
ization process. The spray angle obtained in the experimental campaign was
θ = 30 deg, which confirms the manufacturer specifications. The design of
the test vessel was a prism with an interior volume of 750×750×1500mm,
required to avoid any interference of the vessel with the spray development.
Four different positions were selected as fields of view, as depicted in Figure
2. Three of them are aligned with the axis of the nozzle, and the fourth
one is separated a certain distance from the nozzle to verify the measured
spray angle. Two different measurement techniques were used: Diffuse Back-
light Illumination (DBI) and the Schlieren techniques. Additional details
of the experiments and further description of the setup and experimental
procedures can be found in [32].

Figure 1: Spraying Systems Co.
Ref. 1/4GG-SS3009 nozzle.

Figure 2: Schematic diagram of the side
view of the vessel, showing the four fields
of view employed in the measurements.

Novec-1230 at ambient conditions was employed as a fire extinguisher
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agent in the experimental test rig. For completeness, the reference prop-
erties [1] used in the numerical simulations for this compound are listed in
Table 1, where the air properties are also included. The hypothesis of Lewis
number equal to one has been made, due to the lack of information on the
value of the mass difussivity coefficient (see Table 2).

Air Novec–1230
Liquid Vapor

Molecular Mass, M [kg/mol] 28.96 316.05
Density, ρ [kg/m3] 1.164 1670 13.6
Latent heat, L [J/kg] - 88000
Viscosity, µ [kg/m s] 1.872E-05 5.24E-04 1.16E-05
Specific heat, cp [ kJ/kgK] 1003.6 1103 891
Thermal conductivity, k [W/m K ] 0.0258 0.0588 0.0049
Boiling point , Tb [K] - 322.2
Thermal difussivity, α [m2/s] 2.208E-05 3.321E-08 4.043E-07
Surface tension, σ [N/m] 0.0108

Table 1: Air and Novec-1230 [1] properties .

The problem under investigation is the description of the atomization,
evaporation, and mixing of Novec-1230 at cabin altitude condition (288K
and 75000Pa) [7, 36]. The Novec-1230 is injected at 273K into the cargo
hold with a mass flow rate ṁ = 0.2347.

To give some insight into the physical problem considered, Table 2 sum-
marizes the main dimensionless numbers relevant to the problem. Sub-
indexes a and l are used to define the fluid properties of air and liquid Novec-
1230 respectively. Besides, d32 is the Sauter Mean Diameter (see Eq. 25), dn
is nozzle output diameter, U is the reference velocity, Up is the reference
particle velocity, and Dlg the binary diffusion coefficient between the fire
extinction agent vapor and the surrounding gas (air).

The Reynolds number shows that the flow can be considered a transition
between laminar and turbulent flows. The Weber number is higher than one,
meaning that the inertial force is able to break the fluid in an atomization
process. A particle with a low Stokes number follows fluid streamlines (per-
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Reynolds, Re = ρaUdn
µa

1050
Reynolds droplets, Red = ρa‖Up−U‖d32

µa
18.15

Weber, We = ρaU2dn
σ

23.03
Stokes, St = τ

τη
=
(
ρld

2
32

18µa

)(
µadn
ρaU3

)− 1
2 6077

Froude droplets, Fr= Up√
gdn

90.21

Prandtl, Pr= cpaµa
ka

0.728
Schmidt, Sc = µa

ρaDlg
0.728

Table 2: Formula and approximate values of non-dimensional numbers

fect advection), while a particle with a high Stokes number is dominated by
its inertia and continues along its initial trajectory. Therefore, in this prob-
lem, the particles trajectory is dominated by their inertia. As a result the
turbophoresis effect can be neglected because the Stokes time is much higher
than the Kolmogorov time scale [37]. The Froude number shows that the
droplets are slightly affected by the gravitational force.

As this multiphysics and multiscale problem can be too expensive to solve
with a single framework, a multiscale methodology is proposed to separate
the problem from atomization to evaporation and mixing. In the first stage,
high-fidelity EE simulation of the flow injection and atomization is used to
develop a phenomenological model for primary breakup that can be used as
a boundary condition for the EL simulations in a subsequent step. Addition-
ally, a comparison with the experimental data has been performed. Details
of this simulation methodology can be shown in the next section.

3. Numerical methodology

As mentioned above, the scale separation is made through the identifi-
cation of two zones: near and far field. For the near field, the proposed
approach studies the primary atomization of a liquid jet injected into air us-
ing a high-fidelity Large Eddy Simulation (LES) EE model. For the far field,
a Reynolds Averaged Navier-Stokes (RANS) EL approximation is solved,
which includes a Eulerian description for the gas, while the liquid is assumed
to be dispersed and tracked as individual droplets. Both models are coupled
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through the boundary condition (definition of the injector) for the EL model
obtained from the EE model.

3.1. Near field: Euler-Euler model
The near field corresponds to the internal flow of the nozzle and the region

outside the nozzle where the primary breakup occurs. No phase change is
considered here. In this work, the proposed Euler–Euler (EE) approach is
considered to study the primary breakup of Novec-1230 in air using a LES-
based methodology with an entropy stable conservative level set method [38].
This model is implemented in Alya [30] solver.

The modeling approach includes an extension of the conservative level set
equation stabilised with an entropy stable method [26] for the regions where
the interface can be resolved, while it includes a subgrid contribution when
the slip velocity of the two-phase flow can not be resolved with the given
filter size [39].

The system of equations is given by the conservation of momentum ρu,
liquid volume fraction φ, and liquid/gas interface Σ in the incompressible
limit. The system is closed by the equation of state for a liquid/gas mixture
given by ρ = φρl + (1− φ) ρg, where the density of the gas ρg and liquid ρl
phases can be obtained by equations of state for gas and liquid respectively,
but are assumed to be constant in this study.

The liquid/gas interface density Σ represents the quantity of liquid/gas
interface per unit of volume, and it is used to provide the characteristics and
sizes of the liquid droplets in the dense part of the spray. A Favre-averaged
notation is used to describe the governing equations in LES.

A decomposition of Σ following Chesnel at al. (2011) [39] is used and the
subgrid surface density Σ′ that evolves similar to Σ is solved instead. This
separation is based on the existence of a minimum surface density Σmin due
to the presence of liquid and a subgrid surface density Σ′ that evolves similar
to Σ = Σmin + Σ′, where Σmin is obtained from empirical correlations based
on DNS [39] and given by:

Σmin = α

∆

√
φ
(
1− φ

)
, (1)
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with ∆ being a characteristic length scale (filter size in standard LES with
implicit filtering) and α = 2.4. Therefore, the transport equation for the
liquid-gas interface can be expressed in terms of Σ′ rather than Σ.

The complete set of governing equations reads:

∂(ρu)
∂t

+∇ · ρuu +∇p = ∇ ·
[
µ(∇u +∇uT )

]
+ σknδΓ −∇ · τij, (2)

∇ · u = 0, (3)
∂φ

∂t
+∇ · (uφ− ν((φ− φL)(φR − φ)

h||∇φ||
)+∇φ) = −∇ · τφ, (4)

∂Σ′
∂t

+∇ · (uΣ′) = ∇ · (Σ′ (u− uΓ)) + Σ̇int, (5)

where ν is the minimum between the upwind viscosity and the entropy
stable entropy and µ the dynamic viscosity. The filtered velocity is u, p is
the filtered pressure and τij = uu − uu is the subgrid-scale (SGS) stress
tensor. The SGS stresses tensor τij is determined by the use of the Boussi-
nesq approximation with τij = µt(∇u + ∇uT ), while the eddy viscosity µt
is computed following the closure proposed by Vreman [40]. The turbulent
flux, τφ, and the slip velocity Σ′ (u− uΓ) are both modelled using a gradient
assumption closure [39, 41]. The source term Σ̇int represents the produc-
tion/destruction of surface density by the mean shear, turbulence and liquid
structure interactions [39] and is modeled by:

Σ̇int = Σ
τb

(
1− Σ

Σcrit

)
. (6)

The characteristic time scale τb can be related to a turbulent time scale as
in the dense zone of the spray most of the liquid structures break-up and
coalescence by turbulence [39] and the same hypothesis is considered here.

The equilibrium value of surface density Σcrit is obtained from a critical
Weber number expressed in terms of the balance of turbulent kinetic energy
and takes the form of:

Σcrit = Σmin + φ
(
1− φ

) ρk

σWecrit
. (7)
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Equation (7) is obtained for isothermal flows assuming the surface energy
is locally in dynamic equilibrium with the local kinetic energy, and without
including the viscous stresses [41].

The governing equations are solved using linear finite elements. The spa-
tial discretization is based on a low dissipation finite element method with an
explicit algorithm of the fractional step to solve the velocity/pressure cou-
pling [42] and an entropy stable conservative level set [26] for the volume
fraction equation. The main difference with Guermond work [26] is the use
of a cell-based viscosity instead of an edge-based version. This approach re-
sults in a second-order spatial discretization for both momentum and volume
fraction. While the temporal discretization is based on a third-order energy
preserving Runge-Kutta scheme for the two equations.

3.2. Far field: Euler–Lagrange model
The far field focuses on the description of the vaporization process, which

is solved through a Euler–Lagrange model (EL). In the EL approximation,
the multiphase flow problem is solved with a Eulerian description of the gas
phase, while the liquid is assumed to be dispersed and it is tracked with a
Lagrangian Particle Tracking (LPT) method. This model is applied to the
dilute part of the spray and is used to simulate the flow outside the atomiser
(after the fire extinction agent has been atomized). The model considers a
modification of the Euler solver to take into account the Lagrange (drops)
part and an individual evolution of droplets. The LPT approach requires the
definition of an appropriate spray injection, which is obtained from the EE
approach for Novec-1230 air injection at atmospheric pressure.

3.2.1. Euler solver
In this section, the RANS modeling framework for the gas phase of the EL

method is presented with the coupling terms coming from the liquid phase
of the LPT method.

Momentum equation:

∂(ρu)
∂t

+∇ · ρuu +∇p = fb + ρg +∇ ·
[
(µ+ µt)(∇u +∇uT )

]
, (8)

where now ρ refers to the gas density and u its the time averaged velocity, p
is the time averaged pressure (obtained from the incompressibility condition
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∇ · u = 0), fb represents the momentum transferred from particles to the
gas (see Eq. 14), µ is the kinematic viscosity of the gas mixture and g is
the gravitational acceleration. Similar to the LES equations the turbulent
stresses are modeled using an eddy-viscosity approach, in particular, µt is
the turbulent viscosity coming from the Realizable k-ε two-equation RANS
model.

Energy equation:

∂(ρE)
∂t

+∇ · [u(ρE + p)] = ∇ ·
[
(k + µt

cpPrt
)∇T

]
+ qb, (9)

where the time averaged energy E is based on the specific heat and the
temperature T , k is the thermal conductivity , qb represents the energy trans-
ferred from the particles to the gas (see Eq. 20), cP is the heat capacity at
constant pressure and Prt is the turbulent Prandtl number.

Species transport equation: An additional transport equation de-
scribing the time averaged mass fraction of the fire extinction agent (vapor)
in the gas phase is used to track the mixing fields between the agent and the
air. It reads as:

∂(ρY1)
∂t

+∇ · (ρY1u) = ∇ · (ρDlg + µt
Sct
∇Y1) + ṁ′′′evap, (10)

where ρ is the density of the air, Y1 is the time averaged mass fraction
of fire extinction agent vapor in the gas, Dlg is the diffusion coefficient of
fire extinction agent vapor in the gas and ṁ′′′evap is the source term due to
evaporation (see Eq. 19) and Sct is the turbulent Schmidt number.

3.2.2. Lagrange solver
The LPT solver accounting for momentum, heat, and mass transfer is

described here. This approach is defined using “superdroplets” or parcels,
which represent a group of droplets with the same diameter and thermophys-
ical properties [27]. This approach can reduce the computational cost of the
simulation, specially when many droplets are to be used.
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Momentum equation:

dup
dt

= g− 1
2
ρCdAp,c
mp

(up − u)|up − u|, (11)

where up is the particle velocity, g the gravitational acceleration, Cd its
drag coefficient (function of its Reynolds number), Ap,c the particle cross–
sectional area and mp the particle mass. Gas velocity, u, and gas density,
ρ, are obtained from the Euler part of the solver. The momentum equation
solved by ANSYS–Fluent takes into account the buoyancy effects, which are
negligible for liquid droplets moving through the air. Being the velocity of the
particles known, the particle position, xp, is determined from the equation,
dxp
dt

= up. Based on a sphere, the drag coefficient is computed as:

Cd =


24/ReD ReD < 1
24(0.85 + 0.15Re0.687

D )/ReD 1 < ReD < 1000
0.44 1000 > ReD

(12)

with
ReD = ρ|up − u|2rp

µ(T ) , (13)

where µ(T ) is the dynamic viscosity of air at temperature T and rp the
particle radius.

By summing the forces transferred from each particle in a grid cell and
dividing by the cell volume, V , the momentum transferred from particles to
the gas (see Eq. 8) is obtained:

fb = 1
V

∑[
ρ

2CdAp,c(up − u)|up − u|
]

. (14)

Energy and mass balance equations: To account for droplet heat-
ing and evaporation, the energy and mass balance equations for the droplet
need to be solved. The evaporation is mass transfer controlled as the ambi-
ent temperature and the injected liquid are under the boiling temperature of
Novec-1230 (322.2K) in all experiments considered. In fact, the evaporation
rate is a function of the liquid equilibrium vapor mass fraction, Y2, the local
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gas phase vapor mass fraction, Y1, the (assumed uniform) droplet temper-
ature Tp and the local gas temperature, T . The temperature distribution
within the droplet may be ignored for problems where the Biot number is
less than 0.1 [43, 44]. For our flow condition, the Biot number is:

Bi = kh
kp

rp
3 ≈ 0.1 (15)

where kh is the heat transfer coefficient, kp is the thermal conductivity of the
particle and rp the radius of the particle. Although the criterion for a lumped
system is not exactly met, we consider that the uncertainty introduced by
the uniform temperature assumption is reasonable.

The mass and energy transfer can be described by the following set of
equations:

dmp

dt
= kmAp,sρ ln (1 +Bm), (16)

dTp
dt

= 1
mpcp

[
Ap,skh(T − Tp) + dmp

dt
hv

]
, (17)

where Bm is the Spalding mass quantity given by:

Bm = Y2 − Y1

1− Y2
. (18)

Here, mp is the mass of the droplet, Ap,s the surface area of the liquid
droplet, km the mass transfer coefficient (to be discussed below), ρ the gas
density, cp the liquid specific heat, kh the heat transfer coefficient between
the droplet and the gas and hv the latent heat of vaporization of the liquid.

Again, by summing for all particles in a cell we get the source term for
the advection equation, see Eq.10, which is:

ṁ′′′evap = − 1
V

∑ dmp

dt
, (19)

where V is the cell volume. As far as the source term for the energy equation,
see Eq.9, it reads:

qb = 1
V

∑[
Ap,skh(Tp − T )− dmp

dt
(hv + hl)

]
, (20)
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where hl is the liquid specific enthalpy, and hv is the latent heat of vaporiza-
tion of the liquid.

To evaluate Eq. 16, the vapor mass fraction of the extinction agent in
the gas Y1 is obtained from Eq. 10 while the liquid equilibrium vapor mass
fraction is obtained by assuming chemical equilibrium between phases defined
by the Clausius-Clapeyron equation:

X2 = exp
[
hvW

R

(
1
Tb
− 1
Tp

)]
, (21)

Y2 = X2

X2(1−Wa/W ) +Wa/W
, (22)

where X2 is the equilibrium vapor volume fraction, W is the molecular weight
of the gaseous species (fire extinction agent), Wa is the molecular weight of
air, R is the universal gas constant and Tb is the boiling temperature of the
fire extinction agent at standard atmospheric pressure.

Mass and heat transfer coefficients between liquid and gas are described
with analogous empirical correlations. The mass transfer coefficient, km is
described by:

km = ShDlg

L
; Sh = 2 + 0.6Re

1
2
DSc

1
3 , (23)

where Sh is the Sherwood number, Dlg the binary diffusion coefficient be-
tween the fire extinction agent vapor and the surrounding gas (air), L is a
length scale (equal to the droplet diameter), ReD is the Reynolds number of
the droplet (based on the droplet diameter, D, and the relative air-droplet
velocity) and Sc is the Schmidt number ν/Dlg (ν = µ/ρ is the kinematic
viscosity).

An analogous relationship exists for the heat transfer coefficient:

kh = Nuk

L
; Nu = 2 + 0.6Re

1
2
DPr

1
3 , (24)

where Nu is the Nusselt number, k is the thermal conductivity of the gas,
and Pr is the Prandtl number.

It should be noticed that the exchange of mass and energy between liq-
uid droplets and the surrounding gases is computed droplet by droplet (or

15



parcel by parcel). After the temperature of each droplet is computed, the
appropriate amount of vaporised liquid is added to the given mesh cell, and
the cell gas temperature is balanced based on the energy exchange between
the droplet and the surrounding [29].

3.3. Coupling between near and far fields
As mentioned before, none of the previous approaches is well suited to

solve efficiently the complete physical phenomena (discharge, atomization
and vaporization of the fire suppression agent). Therefore, a multi-scale ap-
proach is proposed to solve this problem. First, the nozzle internal flow and
the primary breakup (near field) is solved using the high fidelity EE simu-
lation, and second, the heating, vaporization, mixing and dispersion of the
agent (far field) are simulated with the EL model.

For illustration, Figure 3 represents the modelization of the problem with
these two approaches. The complete domain is split in two overlapping re-
gions: on the one hand, the blue box represents the two–phase LES solver
domain, where the atomization process occurs. On the other hand, the red
dashed box represents the EL solver domain where the liquid can be consid-
ered dispersed and the phase change occurs. The coupling of the two sets of
simulations is addressed by the definition of the liquid injection parameters
for the EL model [10]. In this work, the high-fidelity simulation of the atom-
ization process obtained with the EE-LES model will be processed and used
(see green line in Figure 3) as a liquid injection for the computation of the
EL-RANS model in the far field domain.

The main parameter controlling the transition from the two–phase Euler
to the Euler–Lagrange model is the liquid volume fraction, φ, that represents
the volume occupied by the liquid with respect to the cell volume. We con-
sider that the transition is complete when the liquid volume fraction becomes
lower than 0.1. This quantity is a compromise between the computational
cost and resolution of the EE model, which satisfies the hypothesis that most
of the liquid is already atomized and can be represented by spherical droplets.

This void fraction defines a transition surface composed of the computa-
tional cells that form the border with the dense zone (i.e., the zone where
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Figure 3: Sketch of the coupling between EE and EL models

the liquid volume fraction is greater than 0.1). Using the interphase surface
density and the liquid volume fraction, the Sauter mean diameter (SMD),
d32, (see Eq. 25) can be obtained [21] and used to obtain the particle size dis-
tributions and statistics of the atomization process. In this work, the mean
SMD < d32 > is obtained from the time-averaged local SMD (see Eq. 26).

d32 = 6φ
Σ , (25)

< d32 >=
∫ t
t0
d32(~x, t)dt

∆t . (26)

From the mean SMD < d32 >, the number of droplets generated in a
given volume is obtained from the mass conservation equation:

ndrop = φVcell
π
6d

3
32

, (27)

where Vcell is the volume of each transitional cell. Finally, the EL simulation
uses an extended domain and injects the particles with the droplet diameter
and velocity values extracted from the transition zone using a planar cir-
cle injection. This methodology is proved in the following section with the
validation in a single injector nozzle.
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4. Validation

This section is divided in two parts. First, the Euler-Euler simulation,
which includes the study of the transient and steady state agent injection
and atomization. A comparison with the experimental data in terms of
liquid penetration is also performed with the nozzle partially filled or empty
of the agent. In a second step, a simple phenomenological injection model
is developed using information from the liquid phase of the EE simulation.
Introducir la descripcion experimental con los fields view

4.1. Continuous droplet model (Euler-Euler)
The main purpose of this section is twofold. First, the comparison of

the high-fidelity results with the available experimental data (transient and
steady state), ensuring that the modeling approach is representative of the
experimental conditions, and second, the generation of a phenomenological
spray model that can be used to validate the low-fidelity simulations.

The operating condition that is used for the development of the phe-
nomenological spray model and used for the coupling Eulerian-Lagrangian
is the steady state flow condition reached for a fixed flow rate during the
nominal operating point of the injection.

4.1.1. Numerical Setup
The unstructured mesh employed to simulate the injector system is com-

posed by 81.6 million tetrahedrons that include the internal flow in the nozzle
and the discharged atmosphere. Three levels of refinement are considered to
characterize the internal flow and the near field after the expansion, the jet
penetration up to 15D (being D=2mm, the diameter of the nozzle) and the
surrounding air with a mesh resolution of 0.1, 0.3 and 1.5 mm respectively
(see Figure 4).
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Figure 4: Mesh with three levels of refinement

Regarding the boundary conditions at the inlet, the experimental tran-
sient curve of the mass flow rate is imposed, no slip boundary conditions are
enforced in the injector system walls, and a pressure-based outlet conditions
are fixed in the other surfaces. The effect of the initial condition for the
liquid phase is assessed in detail in the next section.

The current mesh resolution shows a good compromise between accu-
racy and computation time in the prediction of the volume fraction and the
velocity field, however, is still far from DNS resolution. To run this time-
resolved simulation, 1920 CPUs from Marenostrum IV have been used in
each run. A final transient database of 0.5Tb has been obtained to build the
phenomenological spray model.

4.1.2. Transient state
The initial analysis considers the numerical and experimental comparison

of the spray penetration at the initial stages of the jet discharge. The ex-
periments were conducted by Payri et al. [32]. The comparison is shown in
Figure 5. It evidences the importance of the degree of filling of the injector
nozzle (see Figure 6). This injector is characterized by a large volume, which
after each discharge gets partially filled with liquid. The mixing of fuel and
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air inside the injector introduces a delay in the penetration of the jet, which
is associated with the time required to discharge all air. Unfortunately, there
is no experimental information on the actual level of Novec-1230 in the in-
jector nozzle for each of the different experimental runs, so three different
levels of filling, 100%, 50% and 30%, are shown and compared to the exper-
imental data using two different visualization techniques. The effect of the
initial condition is clearly observed. Despite this uncertainty, a good agree-
ment is observed between the numerical and experimental results in terms
of spray penetration correlation, which suggests that the liquid filling in the
nozzle only introduces a delay on the injection that is recovered once the
air is ejected. For illustration, the evolution of the injector nozzle with the
velocity and fraction of volume is depicted in Figure 6 considering the nozzle
is filled with 50% of its volume.

Figure 5: Novec-1230 spray penetration for the transient experiment, LES vs
Experimental data

As observed in Figure 5, the penetration trend changes from a parabolic-
like profile to a straight line-like when the spray reaches the steady state. At
this stage, the pressure stabilises and the injection mass flow rate is constant.

This transition is clearly observed in the experimental sequence depicted
in Figure 7. From the start of injection until approximately 12ms (Figure
7d), there is a narrow liquid core due to the acceleration of the fluid from
the injection system pipes (parabolic penetration), pushed out through the
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Figure 6: Early transient evolution of both velocity (top) and fraction of volume
(bottom) with a 50% of the injector volume filled by Novec-1230 as initial condition

nozzle that primes the swirler. After this delay, the swirl becomes effective
with the expected flow rate and provides the spray with a significant az-
imuthal velocity that promotes the atomization process. Then, the steady
state is reached, see Figure 7e. It can be seen that this transient behavior
of the injector during the early stages is not relevant during the continuous
operation of the atomizer.

The qualitative comparison between the experimental results with DBI
images and the evaporated Novec-1230 distribution is shown in Figure 8.
Despite the differences in the injection curve between experiments and sim-
ulations, the steady state of the discharge processcan be distinguished. The
results indicate a good qualitative agreement in terms of spray angle and
Novec-1230 distribution.

During stable operation, the liquid jet core penetrates to 30 deg spray
angle for about 10D and the jet breaks up into filaments and large droplets
with an extension larger than the refinement region of 15D as shown in Fig-
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Figure 7: Experimental spray development of Novec-1230 injection at 2.5 MPa
of injection pressure and ground level ambient conditions (298 K and 0.1 MPa).
Extracted from [32]

Figure 8: Comparison of DBI images (left) and LES simulations (right) of the
Novec-1230 spray at steady state of the discharge process on Field View #1.

ure 9.

The dynamics of the spray can be visualised by an iso-contour of the

22



Figure 9: Liquid of volume fraction field.

liquid volume fraction φ=0.5 (Figure 10) where the droplet formation also
occurs near the nozzle exit and in the presence of the liquid core. From the
atomization point of view, it is around 12D to 18D where the primary break-
up occurs and the liquid core is broken and where the extraction of liquid
to compute droplets is obtained. These simulations will be used to obtain
droplet statistics during continuous operation that can be used as boundary
conditions of the Euler-Lagrange simulations. This is explained in the next
subsection.

Figure 10: Iso-contour of liquid volume fraction φ=0.5

4.1.3. Phenomenological model for primary breakup
The two–phase LES model introduced in the previous sections can be used

to provide a detailed description of the atomization process. This information
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is employed to develop a phenomenological model for primary breakup that
is used as a boundary condition of the spray injection for the Euler–Lagrange
simulations.

The development of this phenomenological model is based on a two-step
strategy. First, the two–phase Euler problem is solved in the computational
domain and time-averaged quantities for the relevant parameters involved in
the atomization process are obtained [21]. Second, a region describing the
primary breakup is used to obtain statistics for particle size distributions and
velocities.

The EE model provides the Sauter mean diameter (SMD) d32 as a com-
puted quantity from the volume fraction and the interphase surface density,
the mean SMD < d32 > can be extracted after time-averaging the local SMD
d32 during run-time.

For illustration, a snapshot of the SMD distribution in the computational
domain at the steady condition is shown in Figure 11. High values of SMD are
representative of the liquid core, where a low value indicates high atomization
regions. As already mentioned, after the jet primary breakup, the surface
region selected to obtain droplet statistics is ultimately defined by a threshold
of the volume fraction, φ0 = 0.1. This is shown in Figure 12 and corresponds
to values of d32 = [10, 200]µm for our computational mesh.

Not only the SMD but also its distribution will be important in defin-
ing the appropriate boundary conditions for the LE model. Therefore, the
probability density function (PDF) of the particle size distribution is shown
in Figure 13. Finally, the distribution can be perfectly fitted by a Rosin–
Rammler formula, that will be used with that SMD and the limits given the
PDFs of the data.

After this analysis, the conclusion is that the LE spray injection con-
ditions should be positioned in a location downstream from the primary
breakup, which is around 1.4 cm (7D). From the experimental data, and con-
firmed by the numerical results, a spreading angle of 30 degrees is found for
the liquid dispersion (confirming the manufacturer information [45]). There-
fore, based on the numerical results and the statistical analysis, a circum-
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Figure 11: Distribution of SMD on a snapshot.

Figure 12: Primary breakup region extracted to compute particle size distribution
statistics.

ferential injection with uniform particle distribution over the surface and a
spreading angle of 30 degrees placed about 1.4 cm downstream the injection
nozzle is proposed. The injection will be fed with particle sizes following the
Rosin–Rammler distributions from Table 3 that match the corresponding
flow rate.

Finally, the velocity of the particles needs to be defined. In this case,
we extract a perpendicular plane to the flow normal direction and select the
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Figure 13: PDF of particle diameter

Flow rate d32 [µm] dmin [µm] dmax [µm] < U > |7D [m/s] de [mm]
ṁ1 70.0 30.0 90.0 12.630 5.65

Table 3: Phenomenological injection model based on a Rosin–Rammler distribu-
tion, effective diameter and particle average velocity

effective area corresponding to the nonzero axial velocity. Details of this
process are shown in Figure 14. An averaged velocity for this effective area
is computed and used, together with the effective diameter, to define the
circumferential section where the inflow conditions are imposed.

1.4 cm

Figure 14: Average axial velocity with a mark of the primary breakup distance
(left) and effect area for calculating average particle velocity (right)

The phenomenological model permits the generation of an accurate spray
injection boundary condition for the Euler-Lagrange simulations and without
the cost of rerunning Euler-Euler multiphase simulations.

26



4.2. Multiple droplet model (Euler-Lagrange)
In the previous section, a phenomenological model for the definition of

an accurate spray injection model was described. The numerical solution is
obtained with ANSYS–Fluent and compared with the experimental results.

The inputs of the Euler-Lagrange inflow boundary condition generator
are defined using the methodology described in the previous section.

4.2.1. Numerical setup
The far field simulation focuses on the jet convection and the vaporization

process solved with the EL model. The computational domain is a cylinder
with a diameter of 2m and a height of 4m. An unstructured grid with around
30,000 elements is generated with ANSYS-Meshing module. This mesh was
obtained from a grid convergence study done with three different grids. A re-
fined area is considered to capture correctly the Eulerian solution (see Figure
15).

Figure 15: Cylindrical unstructured mesh section

The air is solved using the compressible Navier-Stokes equations. While
the liquid droplets are tracked with the LPT approach described in Section
3.2.2. The LPT model includes a two–way coupling which is used to solve
the droplet vaporization.

For the initial condition, the flow is considered at rest. Regarding the
boundary conditions, the left wall (-x direction) is set as the velocity inlet
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with zero velocity and the rest of the domain is set as the pressure outlet.
The droplets are injected through a solid cone injection model using the
velocity, mass flow rate, droplet size distribution, and spray angle from the
EE simulation. The particles are able to escape from the domain. Finally,
to ensure numerical stability, 25,000 particles per parcel are injected at each
time step. The time step used for the simulation is 5E-5s.

4.2.2. Results
Particles distribution colored by diameter values are compared in Figure

16 (top) with DBI experimental results at steady state, where the evaporated
particles are not visible. The spray angle of 30deg is well predicted (see
view #1), this angle is loosed at a certain distance where the particles are
evaporated (see view #2 and #4). Additionally, the numerical computation
gives information about the distance where the Novec-1230 is completely
evaporated. The vaporization distance is around 2m from the outlet nozzle.

Figure 16: Comparison between ANSYS-Fluent Novec-1230 concentration and
experimental results. DBI (top), Schlieren (bottom)
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In contrast to the DBI comparison, Figure 16 (bottom) shows the Novec-
1230 concentration in ANSYS-Fluent compared with Schlieren experimental
results, where the density changes are captured. This comparison shows how
the Novec-1230 evaporated maintain 30deg along the domain, which is cap-
tured by both the experimental and numerical results.

Finally, these results suggest that the liquid phase would reach distances
of the order of 2 and 2.5 m with the use of this atomizer at the given flow
rate, which is about the distance between the injector and the walls of the
cargo hold in standard configurations. Therefore, different nozzle designs
with larger spreading angles should be used instead to increase the effective
area of Novec-1230 vapor and improve the distribution of the fire extinction
agent in the cargo hold.

5. Parametric study

Once the methodology has been developed and validated with experimen-
tal data, different operating conditions can be simulated with the EL model
saving computational effort compared with the EE model. The objective
of this parametric study is to analyze the effect of the operating conditions
(cargo hold pressure and temperature and Novec-1230 bottle temperature)
into the vaporization of Novec-1230. Therefore, in this section, the unsteady
RANS low–fidelity approach is used to simulate realistic operating conditions
based on Arnav et al. work [7, 36]. The setup of the numerical experiment is
identical to the one used in the previous section. In addition to the previous
operating condition (see Section 2), two extra conditions have been included
in this section. Table 4 shows the three realistic operating conditions. Condi-
tions #1 and #2 represent a cabin altitude condition with (#1) and without
(#2) thermal comfort in the cargo hold. Finally, condition #3 represents a
ground condition (sea level) with warm temperature.

Table 5 shows the mass flow of Lagrangian particles (liquid Novec-1230)
injected into the domain, and the mass flow of Novec-1230-vapor leaving
the domain. Besides, the ratio between the liquid Novec-1230 injected into
the domain and the Novec-1230-vapor leaving the domain is shown. If this
value is close to 100% it means that most of the injected liquid Novec-1230
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Condition Cargo hold
pressure [Pa]

Cargo hold
temperature [K]

Novec-1230 bottle
temperature [K]

#1 75000 288 273
#2 75000 268 248
#3 101325 298 318

Table 4: Operating conditions

evaporates within the CFD domain. As expected, the highest vaporization
rate is obtained for the conditions #3 (78%), while lower vaporization rate
is obtained for the condition of #2 (58%).

Condition Lagrangian
input [kg/s]

Novec-1230-vapor
output [kg/s]

Novec-1230-vapor output/
Lagrangian input [%]

#1 0.235 0.163 69.4
#2 0.235 0.137 58.3
#3 0.235 0.183 77.8

Table 5: Operating conditions

Regarding the distribution of atomization, Figure 17 shows the Novec-
1230-vapor concentration in the domain. It can be seen that the concentra-
tion is higher in the core of the atomization. Besides, the test with the higher
temperature presents higher vaporization rates, as expected.

Figure 17: Mass fraction of Novec-1230-vapor at three different operating condi-
tions, #1 (left), #2 (middle), and #3 (right)
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6. Conclusions

In this work, we have presented a multi-scale methodology able to com-
pute, at an affordable cost, the injection, dispersion, and vaporization of a
liquid jet into quiescence air. This methodology is useful to generate accurate
inflow boundary conditions for zonal models used in fire numerical simula-
tions. The multi-scale approach entails two steps being the first one a high
fidelity multiphase method and the second one a low fidelity particle-based
method. This multi-scale approach requires a low number of High Perfor-
mance Computing (HPC) level simulations coupled with a high number of
simulations that are run in a workstation in ANSYS-Fluent.

For the near field (step one), the proposed approach studies the primary
atomization of a liquid jet injected into the air using a high fidelity Large
Eddy Simulation (LES) Euler-Euler model. It is based on an entropy stable
conservative level set scheme stabilised with an entropy stable method for
the regions where the interface can be resolved, while it includes a subgrid
contribution when the slip velocity of the two-phase flow cannot be resolved
with the given filter size. This model is implemented in the HPC simulation
code ALYA. For the far field (step two), an Euler–Lagrange approximation
is solved which includes a Eulerian description for the gas while the liquid
is assumed to be dispersed and tracked as individual droplets. A two–way
coupled model based on previous works in the simulation of fire suppression
systems is used to solve the droplets vaporization in the Euler–Lagrange
simulation. This model is implemented in ANSYS–Fluent.

This methodology has been applied to a generic fire suppression system,
made of a nozzle which injects the agent (Novec-1230) into a large compart-
ment. The results are compared with experimental data to show its validity.
The validation shows that both the atomization and phase change processes
are accurately captured by the proposed multi-scale methodology. Finally, a
parametric study has been performed to show the qualitative trends of the
variations of the operating conditions (cargo hold pressure and temperature
and Novec-1230 bottle temperature) into the vaporization of Novec-1230.
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