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Résumé

Le modèle multi-fluide permet de décrire par une approche Eulérienne les sprays polydis-
persés et apparaît donc comme une méthode indiquée pour les applications de combustion
diphasique. Sa pertinence pour la simulation à l’échelle d’applications industrielles est
évaluée dans ce travail, par sa mise en oeuvre dans des configurations bi-dimensionnelle
et tri-dimensionnelle plus représentatives de ce type de simulations. Cette évaluation cou-
ple une étude de faisabilité en terme de coût de calcul avec une analyse de la précision
obtenue, par des comparaisons avec les résultats de méthodes de références pour la descrip-
tion des sprays. Afin de définir une telle référence, une hiérarchisation des modèles de spray
est proposée dans ce travail, soulignant les niveaux de modélisation associée aux diverses
méthodes. Une première configuration d’écoulements tourbillonnaires est utilisée pour car-
actériser la méthode multi-fluide. L’étude de la structure mathématique du système de lois
de conservation permet d’analyser la formation de singularités et de fournir les outils per-
mettant d’évaluer leur impact sur la modélisation. Cette étude permet également de dériver
un schéma numérique robuste et efficace pour des configurations bi- et tri-dimensionnelle.
La description des dynamiques de gouttes conditionnées par la taille est évaluée dans ces
configurations tourbillonnaires au moyen de comparaisons quantitatives, sur des champs
instantanés, où le multi-fluide est confronté à une méthode Lagrangienne, ainsi qu’à des ré-
sultats expérimentaux. Afin d’évaluer le comportement de la méthode multi-fluide dans des
configurations plus représentatives des problématiques industrielles, le solveur MUSES3D
est développé, permettant, entre autres, une évaluation fine des méthodes de résolution
des sprays. Une implémentation originale de la méthode multi-fluide, conciliant généricité
et efficacité pour le calcul parallèle, est réalisée. Le couplage de ce solveur avec le code
ASPHODELE, développé au CORIA, permet d’effectuer une évaluation opérationnelle des
approches Euler/Lagrange et Euler/Euler pour la description des écoulements diphasiques
à inclusions dispersées. Finalement, le comportement de la méthode multi-fluide dans des
jets bi-dimensionnels et dans une turbulence homogène isotrope tri-dimensionnelle permet
de montrer sa précision pour la description de la dynamique de sprays évaporant dans
des configurations plus complexes. La résolution de la polydispersion du spray permet de
décrire précisément la fraction massique de combustible en phase vapeur, un élément clé
pour les applications de combustion. De plus, l’efficacité du calcul parallèle par décomposi-
tion de domaine avec la méthode multi-fluide permet d’envisager son utilisation à l’échelle
d’applications industrielles.

Mots-clés Écoulements diphasiques; Sprays polydispersés; Méthode multi-fluide; Sys-
tèmes de lois de conservation faiblement hyperboliques; Schémas numériques cinétiques;
Informatique scientifique; Calcul parallèle.





Summary

The multi-fluid model, providing a Eulerian description of polydisperse sprays, appears as
an interesting method for two-phase combustion applications. Its relevance as a numerical
tool for industrial device simulations is evaluated in this work. This evaluation assesses the
feasibility of multi-fluid simulations in terms of computational cost and analyzes their pre-
cision through comparisons with reference methods for spray resolution. In order to define
such a reference, the link between the available methods for spray resolution is provided,
highlighting their corresponding level of modeling. A first framework of 2-D vortical flows
is used to assess the mathematical structure of the multi-fluid model governing system of
equations. The link between the mathematical peculiarities and the physical modeling is
provided, and a robust numerical scheme efficient for 2-D/3-D configurations is designed.
This framework is also used to evaluate the multi-fluid description of evaporating spray size-
conditioned dynamics through quantitative, time-resolved, comparisons with a Lagrangian
reference and with experimental data. In order to assess the multi-fluid efficiency in config-
urations more representative of industrial devices, a numerical solver is designed, providing
a framework devoted to spray method evaluation. An original implementation of the multi-
fluid method, combining genericity and efficiency in a parallel framework, is achieved. The
coupling with a Eulerian/Lagrangian solver for dispersed two-phase flows, developed at
CORIA, is conducted. It allows a precise evaluation of Euler/Lagrange versus Euler/Euler
approaches, in terms of precision and computational cost. Finally, the behavior of the
multi-fluid model is assessed in 2D-jets and 3-D Homogeneous Isotropic Turbulence. It il-
lustrates the ability of the method to capture evaporating spray dynamics in more complex
configurations. The method is shown to describe accurately the fuel vapor mass fraction,
a key issue for combustion applications. Furthermore, the method is shown to be efficient
in domain decomposition parallel computing framework, a key issue for simulations at the
scale of industrial devices.

Keywords Two-phase flows; Polydisperse sprays; Multi-fluid method; Weakly hyperbolic
systems of conservation laws; Kinetic numerical schemes; Scientific computing; Parallel
computing.
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Introduction

Industrial combustion device efficiency has continuously increased for the past decades.
This progress was, for its main part, due to major advances on the device technology. In
the aeronautical sphere for example, the advent of double-flow turbo engine, where an im-
portant part of the coming flow in the engine is not burnt, led to a great reduction of fuel
consumption. In the automotive field, the reduction of the vehicle weight had an important
impact on fuel consumption reduction. Besides the development of auto-ignition engine,
due to the advent of turbo-compressor overfeeding and to common rail injection, gives an
interesting alternative for a reduction of engine consumption, nevertheless associated with
a higher pollution level. Consumption reduction, as well as pollutant emission reduction, in
combustion devices, are to be continued and represent a crucial issue since combustion still
produces 88% of the world primary energy. The challenge is now to improve the combustion
process itself, developing for example lean combustion, i.e., with a fuel deficiency, in order
to reduce significantly its consumption. Nevertheless, these techniques are favourable to
the development of combustion instabilities, (Poinsot and Veynante 2005), that can lead
to extinction, to a higher pollutant production (Schmitt, Poinsot, Schuermans, and Geigle
2007), or even to the damaging or destruction of the device. A very precise understanding of
the full combustion process is thus required to be able to foretell such instabilities outbreak.

The physical processes involved in combustion are complex, and their coupling with a
turbulent flow, occuring in many industrial devices, makes it more difficult. Indeed the
description of the flow turbulence is required as well as the description of the mixing, the
ignition and the combustion itself, i.e., a complex system of chemical reactions, in a context
where, often, the type of combustion regime, premixed, partially premixed or diffusion
(Poinsot and Veynante 2005), is not known. Furthermore, the interaction between flow and
combustion can also be coupled with the acoustics of the system, (Candel 2002; Noiray,
Durox, Schuller, and Candel 2008), leading to higher complexity. To have an access to
this physics, theoretical studies are carried through, as well as experiments and numerical
computations. Given the cost and the complexity of experiments in a combustion context,
there is a great impetus in developing numerical computations. Besides, the simulation gives
access to the complete description of the problem. Nevertheless, the advent of predictive
simulations cannot be separated from the development of experimental studies, required
for the simulation tool validation. As defined by (Pope 2000), two kinds of approaches can
be distinguished for numerical simulation of turbulent flows:

• turbulence modeling approaches, as Reynolds Average Navier Stokes (RANS) methods
or Probability Density Function (PDF) methods,
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• turbulence simulation approaches, as Direct Numerical Simulation (DNS) or Large
Eddy Simulation (LES).

The same classification applies to turbulent combustion simulation (Poinsot and Veynante
2005). In industry, turbulent model approaches are mainly used, given their lower cost com-
pared to simulation approaches. They give a satisfactory answer for steady configurations.
Nevertheless, due to the high unsteadiness of instability phenomena, it appears necessary
to develop a simulation-based approach. While DNS, where all the scales of the problem
are resolved, cannot, at present, be used in an industrial configuration given its cost, LES
simulation has been recently shown to be efficient for combustion at industrial scale to re-
produce, for example cyclic variations of spark-iginition engine (Richard 2005), combustion
instabilities (Rey 2004; Selle, Benoit, Poinsot, Nicoud, and Krebs 2006; Martin, Benoit,
Sommerer, Nicoud, and Poinsot 2006) or iginition (Boileau 2007). A high maturity, asso-
ciated to very efficient computations, has been reached in the field of monophasic gaseous
combustion. Nevertheless, two-phase combustion cases still lead to major difficulties. Ef-
forts must then be devoted to two-phase combustion, since it is very often encountered in
industrial devices. This preoccupation is the guideline of the European Community project:
Toward Innovative Method for Combustion Prediction in Aero-Engines (TIMECOP-AE).
This project aims at significantly improving the state of art of two-phase combustion pre-
diction methods.

Indeed, in many industrial applications, the fuel is stored in liquid form, since this con-
densed form is easier to store and safer. In auto-ignited, or direct injection spark-ingnited,
automotive engines, aeronautical turboshaft or turbojet engines, a two-phase flow combus-
tion takes place following a liquid fuel injection. Two phase effects significantly influence
flame structures and pollutant production. Therefore a great attention must be devoted to
the presence of the liquid phase.
Two-phase interactions as well as liquid influence on the combustion process, are the main
spray effects that must be accounted for.

• As far as phase interactions are concerned, coupled transfers occur between gas
and liquid phases in the course of the fuel injection.

• The first phenomenon encountered is the break-up of the liquid core injected.
This phenomenon, called primary break-up, leads to a discontinuous liquid
phase constituted of ligaments, clusters and droplets with a large size range.
During this stage, liquid and gas phases exchange mainly momentum. Indeed,
the gas phase can contribute to the break-up of the liquid core, as in air-assisted
atomizers (Lefebre 1989). With regard to the liquid phase, air entrainment by
the jet can occur, particularly in pressure atomizer where the liquid is injected
with a high velocity (Lefebre 1989).

• Afterward, the gas phase interacts with the resulting discontinuous liquid phase.
Momentum transfers still occur through interactions between the spray and the
gas turbulent eddies. These interactions may lead to the secondary break-up of
the liquid ligaments and clusters into smaller spherical droplets. These momen-
tum transfers may come with heat transfers. The liquid phase is heated and
then vaporizes, leading to a mass transfer from the liquid to the gas.

Moreover, liquid-liquid interactions may occur, as collision or coalescence, acting upon
the physics of the liquid phase.
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Figure 1 – Break-up steps for a liquid injection: from a liquid core to a droplet spray.
Source: Y. Merry, EM2C Laboratory.

• The combustion of a liquid spray is significantly different from the purely gaseous
one. If we consider that the spray is completely vaporized before burning, the combus-
tion is homogeneous. This situation is often taken as a simplification assumption and
can occur if the vaporizing and burning zones are separated. Otherwise, if combus-
tion and vaporization are mixed, different spray combustion regimes are defined. A
first distinction is made in (Borghi and Destriau 1995), between external combustion,
where the flame is located around the spray, and internal combustion, where each
droplet burns separately. The group combustion regime is introduced in (Candel,
Lacas, Darabiha, and Rolon 1999). In (Reveillon and Vervisch 2005), the influence
of equivalent ratio and advection of the spray on combustion is taken into account.
Different types of external combustion are characterized. Besides, new regimes are
introduced, as group combustion of droplet clusters and hybrid regime, combining
external and group combustion. Furthermore, two-phase combustion depends on the
fuel vapor repartition, driven by liquid evaporation. The dynamics of the liquid phase
thus directly influences combustion, since it influences vapor fuel repartition.

To obtain information on the physics of two-phase flow combustion, as done for purely
gaseous combustion, theoretical, experimental and numerical works are conducted. Nerver-
theless, the presence of the liquid phase introduces further complexity in experiments, and
thus the need of numerical simulations is even greater.
The key question appearing at present is the simulation of a full spray injection. This ques-
tion cannot be treated easily as two different zones clearly appear for the injected liquid
phase, needing different types of modeling.

• In the primary break-up zone, Fig. 1, the liquid phase being continuous, it is necessary
to adopt a separated-phase flow description. In this framework, the shape of the
liquid phase in the gas flow is not presumed. The liquid can thus be continuous
or discontinuous with ligaments and droplets. This description is more naturally
associated with a Eulerian description of the liquid phase, where the evolution of mean
quantities, i.e. density, velocity and energy of the liquid phase, are computed at fixed
points. The separated-phase formulation has been first formalized in (Delhaye and
Achard 1977; Ishii 1975; Marle 1982). This approach is used for thermo-hydraulic
modeling, (Allaire, Clerc, and Kokh 2002), and for spray injection in combustion
applications, (Iyer 2001; Truchot 2005)

• On the other hand, in the secondary break-up zone, Fig. 1, a dispersed-phase flow
description is more appropriate. In this case, the liquid phase is assumed to be
composed of spherical droplets. Furthermore, the droplets are considered as point
particles, so that the gas flow is not resolved around and inside droplets, and the cou-
pling with the gas phase is done through source terms in the gaseous phase equations.
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The liquid phase is thus assumed to be dilute, that corresponds, in the classification
established in (O’Rourke 1981), to a liquid volume fraction αl, going from αl = 10−4,
thick spray, to αl = 10−2, dilute or thin spray. Moreover, droplet size must be smaller
than the smallest scale of the gas turbulence, the Kolmogorov length scale, (Kuo
1986). In this framework, a Lagrangian tracking approach is often used, where the
information, i.e., droplet characteristics, is tracked in the flow.

Therefore, important efforts have been devoted to modeling and simulation of these two
different zones arising in a liquid injection. The key issue in describing primary break-up
is to obtain the correct size distribution created as well as the size-velocity correlations.
On the other hand, the simulation of the dispersed phase must predict the time-resolved
dynamics of a polydispersed droplet liquid phase interacting with the gas phase. A crucial
challenge at present is to couple these descriptions in order to carry out a full injection
computation.

In industrial framework, full liquid injection computations are done through two methods:

• a dispersed-phase Lagrangian approach is used, assuming that the liquid phase is
constituted of droplets, even in the region close to the injector nozzle. In this case,
primary break-up is not described and models are required. It is thus difficult to
obtain the correct size distribution. This liquid description is coupled with a RANS
description of the gas flow, (Amsden, O’Rourke, and Butler 1989).

• On the other hand, recent developments have led to computation of a full liquid
injection using Eulerian separated-phase description. In this case, a RANS resolution
of the gas and of the liquid is done as well as the resolution of an equation for the
liquid volume fraction. This approach can be found for example in the industrial
code C3D, developed at IFP, (Truchot 2005; Vessiller 2007), or in (Iyer 2001). In
this RANS computation, the polydisperse character of the spray cannot be accounted
for, the liquid system of equations being resolved for only one typical size of droplets.
This model is of two-fluid type.

An interesting answer to the limitation of these two types of simulation has been provided
with the coupling of an Eulerian separated-phase description for the simulation of the liquid
core primary break-up with a Lagrangian description of the dispersed phase, in regions
distant from the injector nozzle, done in the solver Eulerian Lagrangian Spray Atomization
(ELSA), (Demoulin, Blokkeel, Mura, Beau, and Borghi 2007).

Such a full spray injection computation in a LES framework is today an essential contribu-
tion toward a predictive two-phase combustion simulation. Two main research directions
are followed at present with this objective.

• First, precise DNS of the primary break-up are conducted in order to extract more
precise information than average values of the resulting droplet size and velocity
distributions. In this case, two systems are resolved by a DNS, one for the gas
and one for the liquid, and the interface between the liquid and the gas phase is
completely resolved. It can be done with a Eulerian method, using Volume Of Fluids
(VOF) and Level Set methods, (Menard, Tanguy, and Berlemont 2007). The liquid
jet primary break-up plotted in Fig. 2, is computed with this Eulerian DNS method.
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Figure 2 – Liquid jet primary break-up computed with a Eulerian description combining
VOF and level set method to completely resolve the interface between the liquid
and the gas phase, (Menard, Tanguy, and Berlemont 2007).

The evolution of the interface can also be done with a Lagrangian tracking, (Popinet
and Zaleski 1999).

• Second, studies are conducted in order to choose the more efficient resolution method
for the LES of the polydispersed liquid phase. These studies concern for example
Eulerian methods, that are of great interest for massively parallel computations.

The coupling of these two types of models in a LES context is still an open question, for
example concerning the type of information that should be unherited from the primary
break-up simulation in the dispersed-phase simulation.

The present work focus on resolution methods for the dispersed liquid phase. Several
strategies, of heterogeneous types, are available for the dispersed liquid phase modeling. It
is often difficult to make the link between these approaches, and we provide here a short
classification.
Two level of modeling can be envision for the dispersed-phase, based on a deterministic or
on a probabilistic approach.

• A deterministic approach can be conducted for the simulation of the liquid phase.
In this case all the droplets of the spray are tracked in the flow, using a Lagrangian
method. We refer to this method as the Discrete Particle Simulation (DPS), (Mashayek
1998; Reveillon and Vervisch 2005; Miller and Bellan 2000). Numerical particles rep-
resenting one droplet are tracked in the flow, through the resolution of their character-
istic evolution: size, center of mass position, velocity and temperature. This method
can be coupled with different descriptions of the gaseous flow: DNS, LES or RANS.
In the case of the coupling with a gas DNS, it is often considered as a two-phase flow
DNS. Nevertheless one has to keep in mind the modeling assumptions associated with
the dispersed-phase description. When coupling with gas LES or RANS simulations,
further modeling is to be introduced to take into account modeled gas scales, and
turbulent dispersion terms are introduced.

• On the other hand, a probabilistic formulation can be introduced to model liquid
dispersed-phase. In this case a number density function (NDF) of the spray fφ is
introduced, the quantity fφ(t, x, S, u, T )dt dx dS du dT being the probable number of
droplets with, at time t, a position in [x, x+ dx], a surface in [S, S+ dS], a velocity in
[u, u+du] and a temperature in [T, T+dT ]. The NDF satisfies a Williams-Boltzmann
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equation:

∂tf + ∂x · (uf)
︸ ︷︷ ︸
Free Transport

+ ∂u · (F f)
︸ ︷︷ ︸

Drag Force

− ∂S (Rs f)
︸ ︷︷ ︸

Evaporation

+ ∂T (Ef)
︸ ︷︷ ︸

Heat Transfer

= Γ︸︷︷︸
Collisions

+ Q︸︷︷︸
Secondary
Breakup

.

(1)

In this framework, along with the dispersed-phase assumptions, we further assume
that the effect of the gas on the liquid only depends on local gas properties, i.e., there
is no long-distance interactions. This approach is called the kinetic model, by analogy
to kinetic theory of gases. It is a Eulerian statistical approach. Nevertheless, given
the high dimension number of the phase space (8 in 3-D) a finite volume discretiza-
tion of this equation, called the “full spray equation method” in (O’Rourke 1981),
cannot be used at the scale of an industrial burner. Resolution methods have thus
to be derived from this kinetic model, to obtain macroscopic models, well-suited for
numerical simulation at industrial scale. Two resolution strategies are used:

• a stochastic Lagrangian Monte-Carlo method called Direct Simulation Monte
Carlo method, (Bird 1994; Hylkema and Villedieu 1998; Hylkema 1999), where
stochastic parcels are tracked within the flow. The link between Lagrangian
statistical methods and DPS has to be clearly highlighted. Indeed, statistical
Lagrangian description can refer to two different levels of modeling:

1. the most common one is associated with a coarser version of DPS, needed
in industrial configurations for computational cost reasons. In this frame-
work, a numerical particle, or parcel, represents several physical droplets,
(Dukowicz 1980; O’Rourke 1981). In this case, the computed solution does
not approximate, or approximate with a lot of noise, the spray NDF and its
moments, defined at the kinetic level of description. This method is refered
in this work as the Stochastic Parcel (SP) method, (O’Rourke 1981).

2. the second one, that we call DSMC in this work, is a resolution method for
the kinetic equation Eq. (1), as introduced in (Bird 1994) for rarefied gas.
In this framework, we aim at achieving a converged solution approximating
the NDF moment dynamics. It is thus equivalent to the Eulerian methods
derived from the kinetic model. It represents a refined vision of the DPS,
several statistical particles being needed for one physical droplet. The nu-
merical particle has a weight associated, adapted to the needed refinement.

Practically speaking, the difference between DPS and statistical methods arises
in collision modeling. The stochastic particles allow to compute directly the col-
lisional integrals in a statistical way, whereas collisions are seen deterministically
in DPS. Besides the different visions of the statistical methods described above
leads to a major difference in the refinements used, since a converged solution,
in the sense of the kinetic modeling, is expected in DSMC method.

• A wide range of Eulerian techniques are derived from the kinetic model. Various
techniques are used to derive a system of equations governing the evolution of
a set of moments of the spray NDF. The most common methods, for spray
simulation, are two-fluid models (for dispersed phase), (Fevrier 2000; Kaufmann
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2004), multi-fluid models, (Greenberg, Silverman, and Tambour 1993; Laurent
and Massot 2001), and the Direct Quadrature Method of Moments (DQMOM),
(Marchisio, Vigil, and Fox 2003).

The kinetic model, and resulting methods, can be used for different gas descriptions.
Nevertheless, if LES or RANS descriptions are used, a kinetic model “in the mean”
has to be derived to take into account unresolved scales, leading to a new unclosed
Williams equation, different from Eq. (1), (Reeks 1991). Further modeling is thus
needed to close the equation.

At present, Lagrangian methods are widely used for the dispersed-phase simulation since
they combine an efficient modeling of the polydisperse phase, a high numerical efficiency, not
introducing any numerical diffusion, and an easiness of implementation. Nevertheless, they
introduce a difficult coupling with the Eulerian described gas phase, and if a DSMC is con-
sidered, a very high number of statistical particles has to be used for unsteady polydisperse
cases. Furthermore, in the framework of domain decomposition for parallel computations,
it is needed to use complex and costly dynamic partitioning methods, to ensure a good load
balancing between the different parallel processes. Recent advances have been obtained in
this field (Garcia 2009). Eulerian methods for dispersed-phase modeling, derived from the
kinetic model, provide thus an interesting alternative to Lagrangian methods, since they
can easily be coupled with the gas phase and are well-suited for massively parallel com-
putations. Nevertheless, the key issue of size polydispersion description represents a great
difficulty in the framework of Eulerian methods. This issue has been adressed in the field
of Chemical Engineering, for aerosol dynamics and aggregation-breakage processes. In this
field the dispersed phase is modeled by a Population Balance equation (Ramkrishna and
Fredrickson 2000), equivalent to the spray Williams equation. Efficicient methods have
been designed to describe polydispersion for mono-variate cases, with only one parameter
for particle size, and no velocity distribution, (McGraw 1997; Ramkrishna and Fredrickson
2000; Marchisio, Vigil, and Fox 2003). Extension to multi-variate distributions have been
recently conducted in (Marchisio and Fox 2005; Fox 2008). At present, solely the multi-fluid
model and the DQMOM provide a satisfactory answer for size distribution description in
a spray framework, where a multi-variate distribution function is required. Furthermore, a
second drawback of Eulerian method is the difficulty to describe spray trajectory crossings.
This problematic is related to the Knudsen number (Kn) of the considered flow, Kn being
the ratio of the mean free path of droplets, l0 = 1/(σ0n0), and a characteristic length, L0

of the flow. This term arises in the dimensionless collision term, Γ formulation:

Γ =
Γ

Kn
, Kn =

1
σ0n0L0

, (2)

where σ0 is the collision cross section and n0 a typical droplet number density. There-
fore, in an infinite Knudsen limit, there is no collision and spray clusters may thus cross
each other, leading to droplet trajectory crossings occurence. Besides, for finite Knudsen
number, collisions will occur but droplet clusters may only partially collide, still leading
to droplet trajectory crossings. Although naturally described with Lagrangian methods,
these trajectory crossings are very difficult, as explained in details in this work, to describe
with Eulerian methods. Indeed, most of the Eulerian methods for spray provide a de-
scription in a zero Knudsen limit where the droplet velocities relax toward an equilibrium
Maxwellian distribution, that is the hydrodynamic limit (Bardos, Golse, and Levermore
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1991). Nevertheless, recent developments of Quadrature Method of Moments (QMOM),
(Fox 2008), provide Eulerian description of droplet trajectory crossings, in the framework
of solid particle two-phase flows. These techniques have been recently introduced in the
multi-fluid method, (de Chaisemartin, Freret, Kah, Laurent, Fox, Reveillon, and Massot
2009; Freret, de Chaisemartin, Laurent, Vedula, Fox, Thomine, Reveillon, and Massot
2009). The multi-fluid method is thus, at present, the only Eulerian method describing
the spray polydispersion as well as droplet trajectory crossings. Its important drawback
appears to be the cost that can arise from the size conditioning of the method, leading to
the resolution of several systems of conservation laws, one for each of the size discretiza-
tion interval used. Nevertheless, it appears interesting, in the actual context of massively
parallel simulation, to devote interest to this method.

The multi-fluid method, first introduced in (Greenberg, Silverman, and Tambour 1993), is
based on a finite volume discretization of the size phase space. For each size interval, called
section, a system of conservation laws is obtained through moment methods derived from
the kinetic level of description. The precise derivation of the model, as well as the precise
derivation assumptions, have been given in (Laurent and Massot 2001). Up to now, the
multi-fluid has been shown to be efficient for:

• laminar polydispersed spray flames, (Laurent 2002b), through numerical, (Laurent
and Massot 2001), or experimental, (Laurent, Santoro, Noskov, Gomez, Smooke, and
Massot 2004), comparisons,

• dense sprays, (Laurent 2002b; Laurent, Massot, and Villedieu 2004; Fox, Laurent, and
Massot 2008), with description of collisions leading to coalescence, and of secondary
break-up, (Dufour 2005).

Furthermore, several mathematical studies focused on the multi-fluid method have been
conducted about:

• the propagation of plane polydispersed spray flames, (Laurent 2002b);

• the mathematical structure of secondary break-up operator, (Dufour 2005);

• the link between the fluid and the kinetic level of description, (Dufour 2005; Massot
2007).

Finally, in order to improve the efficiency of the method for the size phase space description,
an important attention has been devoted to the numerical method for the size variable:

• the method is shown to be at most of first order in the size variable, (Laurent 2002a);

• second order methods in the size variable are developed, (Dufour and Villedieu 2005;
Laurent 2006);

• new size moment methods have been designed to obtain a high order resolution of
the evaporation, (Massot, Laurent, Kah, and de Chaisemartin 2009).

All these studies have conducted to a Eulerian method providing size distribution, as well as
size-velocity correlations, description. Moreover, it presents interesting modeling properties
as collisions, coalescence and secondary break-up descriptions, with fine characterizations
from a mathematical, a numerical and an experimental point of view. Nevertheless, these
studies, mainly based on 1-D computations, for 1-D or 2-D configurations, never assessed
the feasibility of multi-fluid computations in realistic configurations. We thus evaluate in
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this work the relevance of the multi-fluid method as a numerical tool for industrial spray
combustion computations.

To examinate a such question, two steps are considered in this work:

• characterize precisely the multi-fluid model in intermediate DNS configurations with
well-controled flows, as 2-D vortical flows, achieving detailed comparisons with a
reference Lagrangian resolution of the spray, and with experiments.

• Provide more complex, albeit still academic, configurations as DNS of 2-D or 2-D
axisymmetric jets and of 3-D Homogeneous Isotropic Turbulence (HIT), to assess two
crucial issues:

• the feasibility of such simulations in terms of computational cost;

• the ability to globally capture size-conditioned dynamics of the spray dispersed
by a turbulent gas flow.

One can see that we do not tackle the issue of computation at an industrial scale with LES,
since we stay with academical DNS configurations. Nevertheless, this is a needed first step
to ensure that multi-fluid has the required robustness and precision as well as a reasonable
computational cost, to be used afterward in an industrial scale context. Furthermore, this
DNS context provides the basis needed to derive turbulent modeling for LES description.
To conduct such studies, new numerical developments are to be done. Indeed we need to:

• provide a precise and robust numerical method for 2-D, 2-D axisymmetric and 3-D
configurations, with the best compromise between stability, precision and computa-
tional cost;

• provide efficient numerical tools for multi-fluid computations, combining a high gener-
icity and efficiency in parallel distributed memory framework.

The need to develop numerical tools can seem questionable, given the number of highly
efficient numerical platforms existing today. Nevertheless the need of academic simulation
platforms still remains. Indeed, the evaluation of new methods in academic, albeit reason-
ably realistic, configurations, is a needed first step before integration in semi-industrial or
industrial solvers. Furthermore, taking advantage of the relative simplicity of these con-
figurations allows to achieve this objective very fastly and efficiently. Yet, the important
evolution of scientific computing requires an important evolution of the academic research
numerical tools, that must offer a high genericity and be efficient in parallel architectures.

An important feature we are aiming at in the present study, is genericity. Indeed, we want
to study the applicability of multi-fluid method for industrial applications, so even if we
need to define a simpler context for the purpose of the study, the method, as well as its
numerical tools, must not reduce to this context. Three main types of extensions could be
considered from the method used in the present study when addressing industrial devices
simulation, with LES.
The first point concerns modeling. In a LES context, some scales of the gas flow are mod-
eled, therefore we discuss in this work the extension of the kinetic basis to such gaseous
flows. Furthermore, in this context, more complex droplet models, for example with advec-
tive corrections and droplet saturation description will be required. A complete modeling
framework is thus presented in this work, even if using some simplifications in the cases
studied.
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Second, the numerical schemes provided have to be extendable to such configurations. One
has to note that the numerical schemes given in this study could be used in LES config-
urations, given their robustness and reliability. Their only restriction is to be limited, at
present, to second order precision. Moreover, the numerical schemes provided enable com-
plex droplet modeling.
Third, more complex configurations may require to use recent extensions of the multi-fluid
method, for size or velocity phase space description, and thus the numerical tools have to
be easily extendable to these outbreaking methods.

We therefore base this study on a Eulerian multi-fluid method, associated to a given mod-
eling framework, as described in Part. I. The modeling framework is needed for multi-fluid
evaluation purpose, but one has to keep in mind that the chosen method does not restrict
to this framework. We focus in Part. II on the characterization of the chosen method, from
a mathematical, a numerical and an experimental point of view. We tackle in Part. III, the
scientific computing issues, needed to develop a numerical tool for efficient and generic par-
allel multi-fluid computations. Finally, we assess in Part. IV, the cost and the precision of
the multi-fluid in more complex configurations, up to a droplet-laden 3-D HIT simulation.

The kinetic modeling for spray, and its coupling to the gas phase description are detailed in
chapter one. Governing equations are given for both the dispersed-liquid and the gas phase
in a detailed modeling framework. In order to conduct precise evaluation of the multi-fluid
method, we define a simplified modeling framework for both the gas, where we assume low
Mach or incompressible flows, and the liquid phase, where simple droplet models are used;
one-way coupling is further assumed. We insist again on the fact that this framework is
not a restriction. Furthermore, we define a procedure to assess, still in a context favourable
to method evaluation, the efficiency of the liquid description for combustion applications.
This kinetic level of modeling, called “full spray equation method” in (O’Rourke 1981),
cannot be directly solved given the high number of phase space dimensions, 8 in 3-D. We
thus present in chapter two the resolution methods derived from the kinetic model, and
practicable at the scale of industrial devices. In this chapter, we highlight the link between
the kinetic model and the different macroscopic Lagrangian and Eulerian methods. As
far as Eulerian methods are concerned, we provide a classification based on the derivation
techniques of the main methods available at present. We analyze the resulting modeling
properties of these Eulerian methods. This analysis is necessary in order to highlight the
link between the numerous recently outbroken Eulerian methods, (Marchisio, Vigil, and Fox
2003; Fox 2008; de Chaisemartin, Freret, Kah, Laurent, Fox, Reveillon, and Massot 2009).
Finally, we detail the type of multi-fluid method used throughout this work. We justify the
choice made of a robust, mature and relatively simple “classical”, in a sense defined in this
chapter, multi-fluid method by the will to move toward industrial applications. Again, this
choice is not a restriction, and new multi-fluid developments could be included later on.

To conduct the complete characterization of the multi-fluid method in vortical flows, we first
focus, in chapter three, on the mathematical structure of the multi-fluid governing system
of equations. This step is a key issue as the system of equations can lead to mathematical
singularities. The structure of such singularities as well as the consequence on the modeling
have to be analyzed, to understand the multi-fluid behavior. One has to note that these
singularities, also called δ−shocks, are not linked only to the multi-fluid method, but to all
the Eulerian methods based on presumed velocity distribution assumption for the spray.
The study we conduct relies on the mathematical study of the link between kinetic and
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fluid descriptions done in (Dufour 2005), for which we provide new illustrations based on
more complex vortical flows. Moreover, we design in this chapter a second order numerical
method, able to compute these singularities and well suited for 2-D and 3-D applications.
The robustness of the designed scheme makes it a good candidate for a wide range of ap-
plications. Furthermore, efforts were made so that a broad range of droplet models can
be used. This numerical scheme, as well as the multi-fluid method precision, are assessed
in chapter four for vortical flows, through comparisons with DSMC Lagrangian compu-
tations, taken as a reference. The ability of the scheme to compute δ−shock singularities
and the physical impact of such singularities are provided. The precision of the multi-fluid
method for describing size-conditioned dynamics is assessed through convergence toward
Lagrangian reference study. Finally, the multi-fluid is compared, in chapter five, to ex-
periments in a well-controled laminar vortical jet. This chapter provides size-conditioned
comparisons between a polydisperse spray Eulerian description and experimental measure-
ments, a novel element, as much from the numerical point of view, given the difficulty
to describe polydispersion with Eulerian methods, as from the experimental point of view
where innovative diagnostics, as Interferometry Particle Imaging (IPI), allow to reconstruct
a Eulerian field conditioned by size.

These first characterizations allow us to move to more complex flows. In order to achieve
computations for these cases, a new academic solver for the multi-fluid has been provided.
The difficulty of coupling a high genericity level with a high computational efficiency was
tackled in this development, since a generic numerical tool working efficiently in a parallel
context is expected. The implementation and optimization of the multi-fluid model lead to
original scientific computing issues. Indeed, the method is conditioned by droplet size and
therefore a 3-D computational domain leads to a 4-D computation. We present in chapter
six a way to implement generically, emulating object orientation programming, the multi-
fluid method. This genericity is needed, in a research environment, in order to obtain a
fast evolution, a concentration of the development efforts in the field, and an easy diffusion
of the numerical tools developed. For the multi-fluid case, the ability to couple the solver
with a gas solver, is an important issue. The main choices made for the development of
the MUlti-fluid Solver for Eulerian Spray (MUSES3D) are explained in this chapter. They
form an original approach of solver implementation, using the possibilities of Fortran90/95.
To provide to this solver the required computational efficiency for 3-D applications, we
complete, in chapter seven, its optimization. Two directions are studied:

• sequential optimization, based on memory optimization and cache access;

• parallel optimization, through domain decomposition.

This chapter provides precise studies on the domain decomposition strategies that can be
chosen in the multi-fluid 4-D environment. Test cases as well as solver scalability and
efficiency are assessed through computations done on the EM2C laboratory cluster MAD-
NESS.

The computational code MUSES3D is used in more complex configurations to assess the cost
and the precision of the multi-fluid method to compute the dynamics of a polydisperse spray.
A first step toward combustion is also made. To conduct such computations, the multi-fluid
solver must be coupled with a gas solver. The coupling completed with the ASPHODELE
solver of the CORIA laboratory, described in chapter height leads to an original numerical
tool including Eulerian/Eulerian and Eulerian/Lagrangian descriptions of dispersed two-
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phase flow. This academic solver is particularly well suited for spray method evaluation as
both Eulerian and Lagrangian descriptions can be used, in a one-way coupling framework,
with the same gas computation, i.e., within the same code run. In chapter nine, we
investigate the ability of the multi-fluid model to simulate the dynamics of a polydisperse
evaporating spray injected in a 2-D axisymmetric jet. This configuration is used since it is
closer to spray injection industrial configurations of interest. Qualitative comparisons with
Lagrangian DPS evaluate the description of size-conditioned dynamics for evaporating and
non-evaporating sprays. The DPS is chosen for the Lagrangian method, though it does not
provide the same level of description as the multi-fluid method, in order to be closer to
industrial applications. A key question that must be tackled to investigate the relevance of
multi-fluid description for industrial configurations, is the associated computational cost.
We highlight in this chapter the difficulty to compare the cost of two heterogeneous methods,
as Eulerian and Lagrangian spray description. We insist on the fact that the considered
methods must be related to their corresponding level of description before drawing any
conclusions concerning their relative cost. Indeed, the compared methods should correspond
to the same level of description, defined in the first part of the manuscript. We decide to
present cost comparisons with two approaches:

• first we compare the cost of the multi-fluid to the one of DPS. Although these methods
do not correspond to the same level of description, it appears necessary to compare
the cost of the multi-fluid method to a Lagrangian method using a refinement close
to industrial applications;

• second, to give a more complete idea of the multi-fluid method efficiency, we compare
its cost to the cost of more refined DSMC Lagrangian computations.

Our interest being on combustion application, we tackle in chapter ten the key question,
for two-phase flow combustion, of the fuel vapor mass fraction prediction. The vaporization
of a polydisperse spray injected in a gaseous jet is studied. The fuel vapor mass fraction
obtained by the multi-fluid is compared to the one obtained by the Lagrangian. Besides,
a first simplified combustion computation, is done, also allowing to compare the methods.
Finally, a 3-D multi-fluid spray computation is presented in chapter eleven. This repre-
sents a first achievement for the multi-fluid model, and it is validated through qualitative
comparisons with a Lagrangian method, to check the description of the size-conditioned
dynamics.

The present work was supported by a grant from both DGA and CNRS (Mathematics
and Engineering departements, and has received the support of the INCA project (National
Initiative for Advanced Combustion) led by Snecma, SAFRAN group.
Furthermore, the present research was done thanks to:

• a Young Investigator Award from the French Ministry of Research (New Interfaces of
Mathematics - M. Massot, 2003-2006);

• an ANR (French National Research Agency) Young Investigator Award (M. Massot,
2006-2009, N: ANR-05-JC05-42236);

• the support of European Commission through the project “Toward Innovative Methods
for Combustion Prediction in Aero-Engines” (TIMECOP-AE, project N: AST5-CT-
2006-030828).



Part I

Polydisperse evaporating spray
modeling and simulation





Introduction

The precise two-phase flow modeling framework of the study is given in this first part.
The gas phase description is coupled with a kinetic spray model. This model comes from
a statistical description of the dispersed liquid phase. It gives the evolution of the spray
Number Density Function (NDF). This model provides a mesoscopic level of modeling; it
is called kinetic by analogy with the kinetic theory of gases. Indeed, the NDF evolution
equation is similar to the Boltzmann equation. The NDF evolution is driven by the physical
phenomena applied to the spray. These phenomena must be described by droplet models
compatible with the kinetic description. The detailed description of the kinetic modeling
framework, as well as the droplet models needed for its closure, are provided in Chpt. 1.
Furthermore, in order to characterize a spray resolution method, as done in this work, one
needs to define a simplified modeling famework, provided in Chpt. 1. This context is the
basis to conduct analysis on the spray resolution choice impact on the spray dynamics and
evaporation.
The spray equation of this kinetic model cannot be resolved at the scale of industrial
applications, given the associated cost. Macroscopic methods for its simulation have to
be introduced. These methods can use a Lagrangian or a Eulerian approach to describe
the spray. Classical Lagrangian tracking methods are first presented in Chpt. 2. Their
associated level of description, as well as their link with the kinetic model, are highlighted.
In the present work, Lagrangian methods are used as reference methods for the evaluation
of a kinetic-based Eulerian method. It is thus essential to underline the level of description
corresponding to each method. The different derivation strategies of Eulerian methods are
provided in Chpt. 2. It allows to draw a classification between the different existing models,
and to position the multi-fluid method adressed in this study.
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Kinetic modeling for dispersed liquid
spray in gaseous flow
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The two-phase flow modeling framework is detailed in this chapter. The present work aims
at assessing a method for the dispersed-phase simulation. The spray is thus considered to be
dilute, i.e., with a liquid fraction αl = 10−4, to moderately dense, αl = 10−2, as established
by the classification done in (O’Rourke 1981). In this framework, droplets are assumed as
point particles. The gas flow around and inside the droplets is not resolved and the coupling
with the gas phase is done through source terms in the gas phase equations. Besides, a
statistical description based on a kinetic equation for the spray NDF is considered. In
this kinetic formulation, the effect of the gas on the spray can only depend of local gas
properties. Long-distance interactions between gas and liquid are thus neglected. The
governing equations for the gas and liquid phase are given in this chapter. The droplet
models needed to close the evolution of the spray NDF are provided. Finally, a simplified
modeling framework is introduced. This framework is needed to conduct precise evaluation
of spray methods, as done in Part. II and Part. IV of this work. One has to notice that it
is not a restrictive framework enforced by considered spray method limitations, but only
a way to isolate a specific issue. As our interest is in combustion applications, an original
simplified two-phase combustion model is provided.

1.1 Gaseous phase description

For the gas description, the Navier Stokes equations for a multi-species reactive flow are
considered. Two strategies can be envisioned for their derivation. These Eulerian equations
can be obtained through mass, momentum and energy balances on a control volume. This
derivation can be found for example, for a general mono-species non-reactive case in (Can-
del 1990), and in (Poinsot and Veynante 2005) for reactive multi-species flows. Another,
more mathematical, way to obtain these equations consists in deriving this fluid level of
description from the kinetic theory of gases, (Giovangigli 1999b; Ern and Giovangigli 1994;
Massot 1996). It leads to a mixt hyperbolic-parabolic system, its mathematical structure
being studied in (Giovangigli and Massot 1998).
These gaseous phase equations are given in the framework of two-phase flow, with a dis-
persed liquid phase. This liquid phase is assumed to be dilute enough so that its influence
on the gas phase can be described by source term addition in the gas phase equations. We
decide to clearly explicit the non dimensional equation derivation, to underline the reference
quantities arising. These quantities will also drive liquid dimensionless equation derivation,
in Sec. 1.2.



1.1. Gaseous phase description 7

1.1.1 Gaseous phase equations

The conservative form of the Navier Stokes system describes mass, species, momentum and
energy conservation. The influence of the liquid phase is taken into account through mass,
momentum and energy source terms.

Mass and species conservation

The conservation of mass is given by:

∂t ρg + ∂x · (ρgUg) = Sm, (1.1)

where ρg is the gas density, Ug the velocity and Sm the mass source term from the liquid
phase evaporation.

Regarding species conservation, we have, for the kth species:

∂t (ρg Yk) + ∂x · (ρgUgYk) = −∂x · (ρgUdiffk Yk) + ω̇k + Sspeciesk , (1.2)

where Yk, U
diff
k , and Sspeciesk are the mass fraction, the diffusion velocity, and the liquid

evaporation mass source term of species k, respectively. The term ω̇k is the reactive rate of
species k. By definition, one has:

Yk =
ρk
ρg
, ρgUg =

ns∑

k=1

ρgUkYk, U
diff
k = Uk −Ug, (1.3)

where ρk and Uk are the density and the hydrodynamic velocity of species k, respectively,
and ns the number of species. It yields:

ns∑

k=1

Yk = 1,
ns∑

k=1

ρkU
diff
k = 0,

ns∑

k=1

Sspeciesk = Sm. (1.4)

To obtain the species diffusion velocity Udiffk , with an approximation neglecting the Soret
effect, i.e., the diffusion of mass due to temperature gradients, one needs to solve a linear
system of size n2

s, see (Poinsot and Veynante 2005), in each direction at each point and for
each time. This resolution being difficult and costly, (Ern and Giovangigli 1994), we use a
Fick’s law to compute the diffusion velocity:

U
diff
k Yk = −Dk ∂x · (Yk), (1.5)

where Dk is the diffusion coefficient of species k into the mixture. The species conservation
law thus becomes:

∂t (ρg Yk) + ∂x · (ρgUgYk) = ∂x · (ρgDk∂x · (Yk)) + ω̇k + Sspeciesk . (1.6)

One can notice that the first expression of Eq. (1.4), together with Eq. (1.6), leads to ns+1
equations for ns unknowns, the system is thus over determined. Two methods can then be
considered. First one can solve the species conservation Eq. (1.6) for ns − 1 species and
obtain the last species mass fraction Yns using the first expression of Eq. (1.4). Second
one can solve Eq. (1.6) for all the species and the first expression of Eq. (1.4) must be
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obtained as a computational result. Nevertheless, as explained in (Poinsot and Veynante
2005), the introduction of Fick’s law makes these two approaches not equivalent. Actually,
Fick’s law does not generally ensure global mass conservation, but only if the diffusion
coefficients for all the species are equal, Dk = D, (Giovangigli 1999b). Therefore, in the
first approach where global mass conservation is enforced, the mass fraction of the last
species, Yns, absorbs all the inconsistencies introduced by Fick’s law in the case of different
species diffusion coefficients. On the other hand, in the second approach a correction
velocity must be added to the convection velocity Ug, so that the global mass is conserved
. It leads to the modified species conservation equation:

∂t (ρg Yk) + ∂x · (ρg (Ug +U cor
g

)Yk) = ∂x · (ρgDk∂x · (Yk)) + ω̇k + Sspeciesk , (1.7)

with

U cor
g

=
ns∑

k=1

Dk∂x · (Yk). (1.8)

One can refer to (Poinsot and Veynante 2005) for more details. As shown in (Ern and
Giovangigli 1994), this approach is a first order approximation to the exact resolution of
diffusion velocity.

Momentum conservation

The momentum conservation is given by:

∂t(ρgUg) + ∂x · (ρUg ⊗Ug) = ∂x · (T ) + Smom, (1.9)

with T the stress tensor. This tensor can be written:

T = −Pg Id + τ , (1.10)

where Pg(x, t) is the isotropic pressure field, and τ is the viscous stress tensor. We consider,
for the Navier Stokes system of equations, Newtonian fluids, i.e, with a linear isotropic
behavior. In the case where volume viscosity is neglected, the stress tensor can be written,
see (Candel 1990):

τ = µg
(
∂x(Ug) + ∂x(Ug)t

)
− 2

3
µg∂x · (Ug). (1.11)

The Navier Stokes momentum equation can thus be written:

∂t(ρgUg) + ∂x · (ρUg ⊗Ug) = −∂x(Pg) + ∂x · (τ ) + Smom. . (1.12)

Energy conservation

We consider here, amount the numerous forms of energy conservation equation, an equation
for sensible enthalpy. We choose sensible enthalpy, hs in order to eliminate the chemical
term due to the formation enthalpy of species:

hg =
∫ Tg

T0

Cp,g dT
︸ ︷︷ ︸

sensible

+
ns∑

k=1

∆h0
kYk

︸ ︷︷ ︸
chemical

. (1.13)
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The equation for the enthalpy can be deduced from the conservation for total energy given
by:

∂t(ρg et) + ∂x · (ρgUg et) = −∂x · (q) + ∂x · (T ·Ug) + Senergy. (1.14)

The variation of the total energy of the gas is due to the power produced by the stress,
pressure and viscous stress, to the energy flux q and to the source term from the dispersed
liquid phase, Senergy. The energy flux is given by:

q = −λg∂x Tg + ρg
ns∑

k=1

hk U
diff
k Yk. (1.15)

It includes a heat diffusion term modeled by a Fourier’s law and a term associated with
different-enthalpy species diffusion. In the framework of the Fick’s law assumption for the
diffusion velocity we introduce the correction energy, Ecor, by analogy with the correction
velocity U cor

g
introduced for the species conservation:

q = −λg∂x Tg −Ecor, with Ecor = −ρg
ns∑

k=1

hk Dk ∂x · (Yk). (1.16)

To obtain the enthalpy equation, we first obtain the equation for the intern energy, sub-
stracting the equation for the kinetic energy, obtained from the momentum equation. We
use afterward the relation between enthalpy and energy: hg = et+Pg/ρg , and we remove
the formation enthalpy term: hs = hg −

∑ns
k=1 ∆h0

kYk. It gives, see for example (Poinsot
and Veynante 2005):

∂t(ρg hs) + ∂x · (ρgUg hs) = −∂x · (q) + ∂t(Pg) + τ : ∂x(Ug) + ω̇T + Senth, (1.17)

where ω̇T is the heat release due to reaction:

ω̇T = −
ns∑

k=1

∆h0
kYk. (1.18)

Finally, the gaseous phase evolution is driven by:

∂t ρg + ∂x · (ρgUg) = Sm,

∂t (ρg Yk) + ∂x · (ρg (Ug +U cor
g )Yk) = ∂x · (ρgDk∂x · (Yk)) + ω̇k + Sspeciesk ,

∂t(ρgUg) + ∂x · (ρUg ⊗Ug) = −∂x(Pg) + ∂x · (τ ) + Smom,

∂t(ρg hs) + ∂x · (ρgUg hs) = −∂x · (q) + ∂t(Pg) + τ : ∂x(Ug) + ω̇T + Senth.

(1.19)

1.1.2 Reference quantities and dimensionless formulation

In order to introduce the non dimensional equations, we define reference velocity and length
based on the macroscopic characteristics of the computational domain, U0 and x0, allowing
to define a reference time scale for the gas: τg = x0/U0. These quantities, along with the
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physical constants for a reference physical mixture, ρ∞, µ∞, Cp,∞, T∞, W∞ are taken to
define the dimensionless system. The reference pressure is defined by P∞ = ρ∞RT∞/W∞.
The dimensionless value a is given by a = a/a0, or a = a/a∞. To derive the dimensionless
equations, we define a normalization Reynolds number based on the reference quantities:

Re0 =
ρ∞ x0 U0

µ∞
. (1.20)

The system is driven by the dimensionless numbers:

Sck =
µg

ρgDk
, Pr =

Cp,gµg
λg

, Lek =
λg

ρg Cp,g Dk
. (1.21)

The Schmidt number Sck for the species k, compares the mass diffusivity Dk of the species
to the mechanical diffusivity µg/ρg , whereas the Prandtl number Pr compares the thermal
diffusivity λg/ρg Cp,g to the mechanical diffusivity. The mass and thermal diffusivity are
compared via the Lewis number, Lek = Sck/Pr. In order to obtain a simple form of the
dimensionless system of equations, close to the original one, we introduce the quantities:

µ⋆g =
µg

Re0
, D⋆k =

µg
ρg Re0 Sck

, λ⋆g =
Cp,g µg
Re0 Pr

. (1.22)

With these definitions, the Schmidt, Prandtl and Lewis numbers are given by:

Sck =
µ⋆g

ρg D⋆k
, Pr =

Cp,g µ
⋆
g

λ⋆g
, Lek =

λ⋆g
ρg Cp,g D⋆k

. (1.23)

In this framework, we can write the gaseous system in non dimensional form, obtained from
Eq. (1.19) through

Eq. (1.25) =





x0

ρ∞ U0
x0

ρ∞ U0
x0

ρ∞ U2
0

x0

ρ∞ U3
0





Eq. (1.19). (1.24)

For the sake of simplicity we use for dimensionless variables, the same variable as for original
ones:

∂t ρg + ∂x · (ρgUg) = Sm,

∂t (ρg Yk) + ∂x · (ρg (Ug +U cor
g

)Yk) = ∂x · (ρgD⋆k ∂x · (Yk)) + ω̇k + Sspeciesk ,

∂t(ρgUg) + ∂x · (ρgUg ⊗Ug) = − 1
γ∞M2

∂x(Pg) + ∂x · (τ ) + Smom,

∂t(ρg hs) + ∂x · (ρgUg hs) = −∂x · (q⋆) +
γ∞ − 1
γ∞

∂t(Pg)

+M2(γ∞ − 1) τ : ∂x · (Ug) + ω̇T + Senth,
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(1.25)

with

q⋆ = −λ⋆g ∂x Tg + ρg
ns∑

k=1

hk D
⋆
k ∂x · (Yk). (1.26)

We define the reference Mach number M , and the ratio γ∞ between the reference heat
capacities:

M =
U0√

γ∞
R
W∞

T∞
, with γ∞ =

Cp,∞
Cv,∞

. (1.27)

1.2 Kinetic Spray modeling

The dispersed-phase assumption for the liquid, conducted for dilute spray with volume
fraction αl verifying 10−4 < αl < 10−2, allows to use the so-called spray “kinetic” model.
This model is based on the Williams equation, (Williams 1958). Although it represents a
mesoscopic level of description, it is called “kinetic” by analogy with the microscopic kinetic
theory of gases. Indeed, the assumptions made for the spray droplets, (Fox 2007), are similar
to the ones made for the gas molecules when deriving the kinetic model. These assumptions
are recalled here. The model describes the transport of the NDF and its evolution due to
the physical phenomena applied to the spray, as external forces, evaporation, heat transfer
or particle interactions. The source terms responsible for this phase space evolution of the
NDF are analyzed here. The models needed for their closure will be discussed in Sec. 1.3.
Due to the dispersed-phase assumption, the liquid influence on the gas is obtained through
source terms in the gas phase equations. The expressions of such source terms in the
framework of kinetic spray description are provided.

1.2.1 Williams “kinetic” equation for spray

We present here the framework allowing to derive Williams “kinetic” equation for spray,
see for example (Williams 1958; Williams 1985).

Basis assumptions

We recall that we focus here on a dispersed liquid phase, i.e., a spray constituted of isolated
droplets. We consider that primary break-up already occur. This model needs thus, in
order to simulate a full injection process in automotive or aeronautics combustion chamber,
to be coupled with a model for separated two-phase flow computing the primary break-up
and giving the initial conditions of the spray, i.e., droplet sizes and velocities. These initial
conditions of the spray can also be obtained by experimental results or modeled, (Babinsky
and Sojka 2002). This issue is essential in the framework of full injection computations. In
order to describe completely the spray, we need to compute the trajectory of each particle,
solving dynamical equation. It would then be necessary to take into account all the possible
interactions of the particle with the gas and with the other particles. If we consider the
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size and velocity evolution of one droplet, the phase space is of dimension 2N × d where
N is the number of droplets in the spray and d is the physical space dimension. In many
applications, the order of magnitude of N is 109, preventing to realize such computations.

We thus adopt a statistical point of view, introducing a multiple-particle joint PDF
fN (t, x1, x2, ...xN , u1, ...uN) defined from the ensemble of all realizations of the spray. We
further assume droplet independence, that can be linked with the molecular chaos assump-
tion in the kinetic theory of gases. In this framework, one has:

fN(t, x1, x2, ...xN , u1, ...uN) = f1(t, x1, u1)f1(t, x2, u2)...f1(t, xN , uN), (1.28)

where f1 is the single-particle joint PDF. We thus only need to compute the single-particle
joint PDF, f1(t, x1, u1). We finally define the number density function (NDF), f(t, x, u), as
the sum over all the spray droplets of the single-particle joint PDF. We then want to solve
the evolution of the NDF of the spray.

Equation

The droplets, considered as spherical, are characterized by their position, x, their size φ,
their velocity u and their temperature T . The number density function thus depends on
these variables and on time, the quantity fφ(t, x, φ, u, T )dt dx dφ du dT being the probable
number of droplets with, at time t, a position in [x, x+ dx], a size in [φ, φ+ dφ], a velocity
in [u, u+ du] and a temperature in [T, T + dT ]. The particle size can be described either
by their volume V , surface S or radius R, with the following relation:

fSdS = fRdR = fV dV. (1.29)

It was shown in (Laurent 2006), that taking the droplet surface as size variable is a good
choice to develop multi-fluid model from the kinetic description. We therefore use surface
S as the size variable in the following. The number density function f , without any su-
perscript, will then be associated to the droplet surface. The NDF function of the spray
follows a transport equation, first introduced in (Williams 1958), similar to a Boltzmann
equation:

∂tf + ∂x · (uf) + ∂u · (F f)− ∂S (Rs f) + ∂T (Ef) = Γ +Q, (1.30)

where:

• ∂tf + ∂x · (uf) represents the free transport of the spray;

• F = dt(u) is the force applied on droplets per unit mass;

• Rs = −dt(S) is the rate of change of the size S of droplets;

• E = dt(T ) is the rate of change of droplet temperature due to heat transfer;

• Γ is the rate of change of distribution function f due to collisions;

• Q is the rate of change of f through particle formation by secondary break-up process.

One can note the level of description of the kinetic model of the dispersed phase: the gas
influence on the spray is modeled through the terms F , Rs and E. These terms thus
depend on the gas temperature, velocity and composition at the position of the droplet,
and therefore they depend on space and time.
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1.2.2 Source terms for spray NDF evolution

The expressions of the terms F , Rs, E, Γ and Q are closed by droplet models. The physical
phenomena represented by each term are first detailed before entering in the model choice
details. The models considered here are single isolated mono-component droplet models.
The reader can find, for instance, in (Sirignano 1999), models for heating and vaporization
of droplet groups or for multicomponent liquid droplets.

Forces per unit mass F We can decompose this term into four contributions, see for
example (Crowe, Sommerfeld, and Tsuji 1998):

F =
1
mp

(FG + FD + Fvm + FBasset + FL) , (1.31)

where mp is the mass of a droplet, mp = ρlS
3/2/ (6

√
π).

• FG contains gravity with buoyancy effects, known as Archimedes principle. Details
on buoyancy effects can be found for example in (Sirignano 1999).

• FD is the drag force.

• Fvm and FBasset, the virtual or apparent mass effect and the Basset force, are due
to droplet acceleration. Indeed, the relative velocity acceleration induces two effects.
The first one, described by the virtual mass effect is related to drag and corresponds
to the acceleration of the gas carried by the particle. The second one, described by
the Basset force, is related to the viscous effects. This term addresses the temporal
delay in the boundary layer development as the relative velocity changes with time.
This boundary layer development has then an effect on the droplets. These terms are
not compatible with the kinetic spray description, see (Laurent 2002b).

• FL represents the lift force, due to particle rotation.

As shown in (Dufour 2005), in a gas-liquid flow, where ρg /ρl is of the order of 10−2 down
to 10−3, the only external forces that need to be accounted for are drag force and gravity.
Furthermore, in order to work in a simple modeling framework, we neglected gravity in the
studies presented in this work, except in Chpt. 5 for the comparisons with experimental
measurements.

Droplet size change rate Rs The droplet size can decrease due with evaporation or
increase with dilatation. Dilatation is due to a variable mass density:

dt(ρl V ol) = ρl dt(V ol)︸ ︷︷ ︸
evaporation

+ V ol dt(ρl)︸ ︷︷ ︸
dilatation

, (1.32)

V ol being the Volume of the droplet, given by V ol(S) = S3/2/(6
√
π). The mass density

evolution is mainly due to evaporation. We consider in this work, a constant mass density
for the liquid. The physical models used to describe droplet size evolution are given in
Sec. 1.3.2.
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Droplet temperature change rate E The droplet temperature evolves due to convec-
tive and radiative heating. The main part of droplet heating is convective, nevertheless
in combustion application fuel droplets can be heated by radiation from high-temperature
gases. We restrict ourselves here to conductive heating. The reader can consult (Sirignano
1999) and references therein for more details about modeling radiative heating of droplets.
Furthermore, we assume a uniform temperature T in the droplet and thus we neglect heat
conduction inside the droplet. The models used in this framework are detailed in Sec. 1.3.2.

Source terms Γ and Q These terms represent droplet-droplet collisions, and secondary
break-up phenomena, respectively. We will present here only a brief summary of the mod-
eling for these phenomena, as they will not be accounted for in the studies presented in this
work. We refer to (Villedieu and Hylkema 1997; Laurent, Massot, and Villedieu 2004) for
the details.

1.2.3 Spray source terms for gas resolution

The kinetic spray modeling derived above, allows to compute the source terms arising in the
gaseous equations, Eq. (1.19), taking into account the influence of the dispersed liquid phase
on the carrier gaseous phase. These terms represent the variation of mass density, for the
mixture and for individual species, due to spray vaporization, the variation of momentum
of the spray, due to spray vaporization and to external forces, and finally the variation
of enthalpy per unit mass, due to spray vaporization and to heat transfer. For genericity
purpose, the terms are written for any size variable φ.

Sm =
∫∫∫

ρlRφ dφ(V ol) fφdφ dudT,

Sspeciesk =
∫∫∫

ΩSurf
k ρlRφ dφ(V ol) fφdφ dudT,

Smom =
∫∫∫

ρl uRφ dφ(V ol) fφdφ du dT +
∫∫∫

ρl V olF f
φ dφ dudT,

Senth =
∫∫∫

ρl Cp,l T Rφ dφ(V ol) fφdφ dudT
∫∫∫

ρl V ol Cp,lEÂ fφ dφ du dT,

(1.33)

where V ol(φ) and Rφ are the volume and the size change rate corresponding to the size φ,
respectively. Moreover, ΩSurf

k is the flux fraction for species k, from liquid surface to gas.
If the droplets are mono-component, that will be the case in all our study, ΩSurf

k = 0 or
ΩSurf

k = 1. One has to note that to obtain the expression Senth, we assume that no reaction is
happening at the droplet surface. We thus consider that droplets evaporate before burning.

The two-way coupling is illustrated here, the gas influence over the spray resulting in F , Rφ
and E coefficients, depending on both gas and liquid local properties. The influence of the
spray over the gas is taken into account by the source terms of Eq. (1.33). The computation
of these source terms in the multi-fluid model framework is detailed in Chpt. 2.
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1.3 Droplet models for NDF evolution closure

The evolution of the spray NDF in the phase space (u, S, T ), is considered here. The source
terms in the spray equation leading to this evolution and representing physical phenomena
are based on classical models for isolated droplets. The droplet models compatible with
the kinetic description of the spray are provided here. Drag force, heat transfer and droplet
interactions description are considered.

1.3.1 Drag Force

The general expression for the drag force is given by, (O’Rourke 1981; Sirignano 1999):

FD =
1
8
ρg CD S (Ug − u) ||Ug − u||, (1.34)

where CD is the drag coefficient. This coefficient depends on the particle shape as well as
on the flow parameters such as Reynolds number, Mach number, turbulence, etc. In the
kinetic model we assume the particles spherical, and we focus only on the variation of CD
with the Reynolds number based on the relative velocity:

Rep =
ρg S

1/2||Ug − u||√
πµg

. (1.35)

Two regimes can be considered: first the Stokes flow regime where the drag coefficient
varies inversely with Reynolds number, for Rep < 1000; second the inertial range regime
where the drag coefficient approaches a nearly constant value, see (Clift, Grace, and Weber
1978) for details. For low relative velocity, the drag coefficient is given by the Stokes law,
proposed by C.G. Stokes in 1851:

CD =
24

Rep

, Rep < 1. (1.36)

In this case the drag force term can be written:

FD = mp
18 π µg
ρl S

(Ug − u) = mp
(Ug − u)

τp
, (1.37)

where

τp =
ρl S

18 π µg
, (1.38)

is the momentum or velocity response time. The variable τp(S) represents the time required
for a droplet of size S to respond to a change in gas velocity. This simplified form of the
drag coefficient is only correct for Rep < 1. To cover the rest of the Stokes flow regime,
we use the experimental correlation proposed by Schiller and Naumann, see (Schiller and
Naumann 1935) or (Clift, Grace, and Weber 1978):

CD =
24

Rep



1 +
Re2/3

p

6



 , Rep < 1000. (1.39)



16 Chapter 1. Kinetic modeling for dispersed spray in gaseous flow

For the inertial range regime we can consider, see (Crowe, Sommerfeld, and Tsuji 1998):

CD = 0.45, 1000 < Rep < 3.5× 105. (1.40)

We have thus, for the drag force:

FD =






mp
(Ug − u)

τp
, Rep < 1

mp
(Ug − u)

τp



1 +
Re2/3

p

6



 , 1 < Rep < 1000

mp
3 ρg
√
π

4 ρl S1/2
0.45 (Ug − u) ||Ug − u||, 103 < Rep < 3.5× 105.

(1.41)

If the forces taken into account reduce to the drag force, as in most of the cases of this
work, then the force per unit mass is given by:

F =






(Ug − u)
τp

, Rep < 1

(Ug − u)
τp



1 +
Re2/3

p

6



 , 1 < Rep < 1000

3 ρg
√
π

4 ρl S1/2
0.45 (Ug − u) ||Ug − u||, 103 < Rep < 3.5× 105.

(1.42)

Furthermore, in order to evaluate new numerical methods in a simple modeling framework,
we reduce to Stokes law for most of the studies presented in this work.

1.3.2 Evaporation and Heat Transfer

We present in this section the model needed to obtain the size and temperature change rate
Rs and E. We first write their general formulation before presenting the models chosen
for closure. We recall here the main steps of the models, more details can be found in
(Versaevel 1996; Abramzon and Sirignano 1989).

Size and temperature evolution terms

Size change rate The change rate of the size is linked to droplet mass variation and
thus to the total mass flux of vapor at the droplet surface, [ṁp]s:

[ṁp]s = −dt

(
ρl S

3/2

6
√
π

)

= −ρl
S1/2

4
√
π

dtS = ρl
S1/2

4
√
π
Rs. (1.43)

As previously mentioned, we neglect in Eq. (1.43) the dilatation of the droplet, so that
ρl = constant. We therefore need to compute the vapor mass flux to obtain the Rs
expression.

To do so we consider an isolated spherical droplet. In order to take into account convection
cases, i.e., with a relative velocity between the droplet and the gas, we define a diffusive
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mass boundary layer, δm. Beyond this distance, the mass vapor mass fraction is taken as
a constant: YF (δm) = [YF ]∞. If there is no relative velocity, δm →∞. We also introduce
the convective Sherwood number, Shc:

Shc = 2
δm

δm − R
. (1.44)

We take advantage of the spherical symmetry to derive a 1-D formulation, using spherical
coordinates with the droplet center as origin. We thus use the radius R of the droplet as
its size variable. In this framework, the flux [ṁp]s can be written, see (Reveillon 2007):

[ṁp]s = 4πR2 ρg [Ug]s, (1.45)

where [Ug]s is the gas velocity at the droplet surface. We thus need to evaluate the quantity
ρg [Ug]s, to obtain the size rate expression.

To do so, we consider the conservation equation for the fuel vapor mass fraction, YF , and
we assume that the evaporation process is slow enough to consider a steady state. We also
assume a Fick’s law for the fuel vapor diffusion in the surrounding gas. Finally, we consider
the limit of no chemical reaction, see (Sirignano 1999). In the 1-D spherical symmetry
framework, it takes the form:

1
r2

dr
(
ρg Ugr

2 dr(YF )
)

= dr
(
r2 ρg DYF dr(YF )

)
, (1.46)

where DYF is the Fick’s law binary diffusion coefficient. Furthermore, the mass conservation
in the 1-D spherical formulation leads:

1
r2

dr
(
ρg Ugr

2
)

= 0, (1.47)

and therefore, ρg Ugr2 = constant. The vapor fraction conservation becomes:

ρg Ugr
2 dr(YF ) = dr

(
r2 ρg DYF dr(YF )

)
, (1.48)

In order to obtain ρg [Ug]s, we will integrate this equation within the diffusive boundary
layer. First of all we rewrite Eq. (1.48), introducing the transfer parameter b:

ρg Ugr
2 dr(b) = dr

(
r2 ρg D dr(b)

)
, b =

YF (r)
([YF ]s − 1)

. (1.49)

We then integrate between the droplet radius r = R, to the end of the diffusive mass
boundary layer r = δm, where b = b∞. This integration leads to, see (Reveillon 2007):

R [Ug]s =
1
2

Shc DYF ln(1 + BM), (1.50)

where we introduced the Spalding dimensionless mass transfer number:

BM = b∞ − [b]s =
[YF ]s − [YF ]∞

1− [YF ]s
. (1.51)

Eq. (1.50) gives:

[ṁp]s = 2πR ρg Shc DYF ln(1 + BM), (1.52)

and combined with Eq. (1.43), it gives the expression for Rs:

Rs = 4π
ρg
ρl

Shc DYF ln(1 + BM). (1.53)

The Shc and BM coefficients will depend on the model choice, discussed afterward.
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Temperature change rate The droplet heating by the gas is used by part to vaporize
the droplet and by part to heat the liquid core. The conductive heat reaching the droplet
surface may then be written, see (Reveillon 2007):

Qg = ṁpLv︸ ︷︷ ︸
vaporization

+ Ql︸︷︷︸
heating

, (1.54)

Lv being the latent heat of vaporization, Ql the heat absorbed by the liquid core. We recall
that only thermal conduction is accounted for, therefore Qg is given by a conductive flux,
possibly modified by convective effects:

Qg = 4πR2 λg dtTg = 4πR2 hc(T∞ − [T ]s), (1.55)

where hc is the convective modified heat transfer coefficient. The heat Ql induces the
droplet temperature variation and is thus linked to the temperature change rate:

Ql = mp Cp,l dt(T ) = mpCp,lE, (1.56)

where we assume a constant heat capacity Cp,l for the liquid phase. The temperature rate
of change is thus given by:

E =
1

mpCp,l
(Qg − ṁpLv) =

6
√
π

ρlS3/2Cp,l
(Qg − ṁpLv) . (1.57)

To obtain the expression of the temperature change rate, we derive a new expression for
ṁp integrating the energy conservation equation over the thermal diffusive boundary layer.
To do so we use exactly the same 1-D spherical symmetry context as for the fuel vapor
conservation. We define the thermal diffusive boundary layer δT , with Tg(δT ) = T∞. We
also introduce the associated convective Nusselt number:

Nuc = 2
δT

δT − R
. (1.58)

The energy conservation equation can be written:

ρg Ugr
2 dr(Cp,gTg) = dr

(
r2 λg dr(Tg)

)
, (1.59)

and its integration leads, see (Reveillon 2007):

[ṁp]s = 2π R
1
Cp,g

Nuc λg ln(1 + BT), (1.60)

where we introduce the dimensionless heat transfer number BT:

BT =
ρg UgCp,g

hc
. (1.61)

Finally, using Eq. (1.55), Eq. (1.56) and Eq. (1.60), we have for the temperature rate of
change the following expression:

E =
2πRλg
mpCp,l

(

Nu (T∞ − [T ]s)−
Lv
Cp,g

Nuc ln(1 + BT)

)

, (1.62)
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with Nu = hc 2R/λg. Using Nu = Nucln(1 + BT)/BT, we finally have:

E =
2πRλg

mpCp,lCp,g
Nuc ln(1 + BT)

(
Cp,g(T∞ − [T ]s)

BT
− Lv

)

. (1.63)

Using the two expressions derived for the flux [ṁp]s, Eq. (1.52) and Eq. (1.60), gives:

E =
2πRρg
mpCp,l

Shc DYF ln(1 + BM)

(
Cp,g(T∞ − [T ]s)

BT
− Lv

)

, (1.64)

and

BT = (BM + 1)

Shc

Nuc

Sc
Pr . (1.65)

In the dispersed two-phase flow context, T∞ is the gas temperature at the droplet position:
Tg(xp). We give E expression in function of the droplet size:

E =
6π ρg
ρlS Cp,l

Shc DYF ln(1 + BM)

(
Cp,g(Tg(xp)− [T ]s)

BT
− Lv

)

. (1.66)

In this expression, Shc, BM and BT are still to be modeled.

Model choice for closure

Models without internal circulation description are considered in this work. Indeed the tem-
perature is assumed uniform within the droplet, the temperature profile is not described.
There exist different models to take this profile into account, see (Abramzon and Sirignano
1989; Sirignano 1999), nevertheless, these models are not compatible with the kinetic de-
scription of the spray, as explained in (Laurent and Massot 2001). Among the model with
no internal circulation, we focus in this work to constant droplet-temperature model and
infinite liquid-conductivity model.

Constant droplet-temperature model A first possible model is to neglect droplet
heating. The temperature rate of change E = 0. If this model is considered without taking
convective corrections into account, it leads the D2 law (Godsave 1953), (Spalding 1953),
where the square of the droplet diameter D has a linear regression in time:

dt(D2) = −K. (1.67)

The coefficient K does not depend on the droplet diameter, but depends on local gas
conditions. The absence of relative velocity yields δm →∞ and thus Shc = 2. The rate of
change of size Rs is thus given by:

Rs = 8π
ρg
ρl
DYF ln(1 + BM). (1.68)

The mass transfer number BM is obtained solving a saturation law, (Reveillon 2007). It
requires the knowledge of the droplet surface temperature [T ]s. Since the temperature is
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Fuel BM

iso-octane 6.41
benzene 5.97
n-heptane 5.82
kerosene 3.4
gazole 2.5
carbon 0.12

Table 1.1 – Constant BM approximation: values for different fuels, for fuel-air mixture.

not resolved, we need to compute it. We use the fact that droplet heating is not accounted
for, i.e., E = 0, giving, from Eq. (1.66), to:

(
Cp,g(Tg(xp)− [T ]s)

BT([T ]s)

)

= Lv([T ]s). (1.69)

Nevertheless in many cases, the D2 law is associated with a constant BM number. This
approximation stands if the temperature and pressure of the gaseous carrier phase are
uniform and if the vapor concentration is far from the saturation point. We report on
Table 1.3.2 the value of constant BM for different fuels mixed with air, taken from (Reveillon
2007). For the applications aimed at, this method, neglecting droplet heating, is clearly
not the best suited, and it is necessary to take heating into account, see for example
(Abramzon and Sirignano 1989). Nevertheless, it offers a very interesting framework for
model evaluation, given its simplicity and easiness of use.

Infinite liquid-conductivity model A first model taking into account droplet heating,
but still not resolving internal conduction, is the infinite liquid-conductivity model. Droplet
temperature is thus uniform, [T ]s = T , but depends on time. The rate of change of size,
Rs, and of temperature, E, are given by Eq. (1.53) and Eq. (1.66), respectively. The mass
transfer number BM is given by a saturation law determined by the local properties of the
flow, see for example (Canneviere 2003). The thermal transfer number BT is obtained from
BM, through Eq. (1.65). In order to compute BM and BT, it remains to compute the values
of the corrected Sherwood and Nusselt numbers, Shc and Nuc. Their values depend on
convection corrections.

• If no corrections are taken into account, we have, as in the previous model:

Shc = Nuc = 2. (1.70)

In the limit where droplet heating tends to zero, we obtain the previous D2 law model.

• To take convection into account, corrections are inserted in Shc and Nuc. We present
here two possible choices among several available in the literature, presented for ex-
ample in (Sirignano 1999). A first choice is to take the empirical corrections form
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Faeth and Fendell (Faeth 1983), leading to:

Shc = 2 +
0.55Rep Sc

(
1.232 + Rep, Sc4/3

)1/2
,

Nuc = 2 +
0.55Rep Pr

(
1.232 + Rep,Pr4/3

)1/2
.

(1.71)

• A second choice for convection correction insertion is to take the method proposed in
(Abramzon and Sirignano 1989), where:

Shc = 2 +
Sh− 2

FM
,

Nuc = 2 +
Nu− 2

FT
,

(1.72)

where:

FM = (1 + BM)0.7 ln(1 + BM)
BM

,

FT = (1 + BT)0.7 ln(1 + BT)
BT

.

(1.73)

The classical Sherwood and Nusselt number are determined using the correlation
given in (Clift, Grace, and Weber 1978):

Sh = 1 + (1 + Rep Sc)1/3 ψ(Rep),

Nu = 1 + (1 + Rep Pr)1/3 ψ(Rep),
(1.74)

with





ψ(Rep) = 1 if Rep ≤ 1,

ψ(Rep) = Re0.077
p if 1 < Rep < 400.

(1.75)

The use of these correlations requires an iterative procedure, the correction factors,
FM and FT being function of BM and BT, respectively.

1.3.3 Droplet interactions

Collisions

Collision kinetic modeling for spray is detailed in (Villedieu and Hylkema 1997), (Dufour
2005). Its derivation is similar to Boltzmann equation derivation for rarefied gases, see
(Cercignani 1988; Cercignani, Illner, and Pulvirenti 1994). We assume binary collisions,
that is verified if the spray is diluted, and we neglect the influence of the impact parameter.
The collision term has two contributions : Γ = Γc + Γr, where Γc represents collisions
resulting in coalescence, while Γr are collisions resulting in rebounds.
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As presented in (Laurent 2002b; Laurent, Massot, and Villedieu 2004), we will model the
coalescence term as Γc = Γ+

c + Γ−c where

Γ+
c =

1
2

∫

V ⋆

∫

u⋆

Ecoal(V, V ⋆)B(V ⋄, V ⋆)|u⋄ − u⋆|fV (V ⋄,u⋄)fV (V ⋆,u⋆)J dV ⋆du⋆,

Γ−c = −
∫

V ⋆

∫

u⋆

Ecoal(V, V ⋆)B(V, V ⋆)|u− u⋆|fV (V,u)fV (V ⋆,u⋆), dV ⋆du⋆.

(1.76)

Thereby, Γ+
c represents the forming of a droplet with volume V and velocity u, obtained

by the coalescence between a droplet with volume V ⋆ and velocity u⋆ and a droplet with
volume V ⋄ and velocity u⋄. On the other hand, Γ−c represents the disappearance of a
droplet with volume V and velocity u due to collision with a droplet of volume V ⋆ and
velocity u⋆. We thus have the following relations:

V ⋄ = V − V ⋆,

u⋄ =
V u− V ⋆u⋆
V − V ⋆ .

(1.77)

J = (V/V ⋄)d is the Jacobian matrix of the transformation (V,u) → (V ⋄,u⋄) with fixed
(V ⋆,u⋆), where d is the number of dimension of the velocity phase space. The coalescence
probability is Ecoal, and the collision cross section is

B(V, V ⋆) = B(V ⋆, V ) = π (R(V ) +R(V ⋆))2 , (1.78)

where the droplet radius is R(V ) = (3V/(4π))1/3.

In this work, we will model the rebound term, Γr, using the generalized hard-sphere Boltz-
mann inelastic, binary-collision operator (Cercignani 1988), given for a 3-D velocity phase
space:

Γr =
∫ ∞

0
(1− Ecoal(S, S⋆))B(S, S⋆)

1
π

∫

R3

∫

S+

[
f(S,u′′)f(S⋆,u′′)

α(S, S⋆)2
− f(S,u)f(S⋆,u⋆)

]

|g · n| dndu⋆dS⋆,

(1.79)

where n = (x−x∗)/|x−x∗| is the unit vector in the direction between the droplet centers,
g = u − u⋆ is the velocity difference before collision, and 0 ≤ α ≤ 1 is the coefficient of
restitution with the property α(S, S⋆) = α(S⋆, S). For elastic rebounds, one has α = 1.
The surface S+ is the unit half sphere on which g · n > 0 (i.e., velocity differences that
result in collisions). The double-prime variables denote values before the inverse collision,
which are defined in terms of the pre-collision values by (Vedula, Fox, and Boyd 2008).

u′′ = u− V ⋆(1 + α(V, V ⋆))
α(V, V ⋆)(V + V ⋆)

(g ·n)n,

u⋆′′ = u⋆ +
V (1 + α(V, V ⋆))
α(V, V ⋆)(V + V ⋆)

(g · n)n.

(1.80)
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The volume of the droplet is given as a function of its size: V (S) = S3/2/(6
√
π) and

V ⋆(S⋆) = S⋆3/2/(6
√
π) Note that we have assumed in Eq. (1.79) and Eq. (1.80) that the

droplet volumes do not change during a rebound event (i.e. V ′′ = V ′ = V and V ⋆′′ =
V ⋆′ = V ⋆). We present in this work, some results, obtained in (Freret, de Chaisemartin,
Laurent, Vedula, Fox, Thomine, Reveillon, and Massot 2009), where Boltzmann collisions
are computed in a 2-D jet framework. This case can be seen as a 3-D case with all the
droplet centers and velocity initially in the same plane. In this case, Γr is given by:

Γr =
∫ ∞

0
(1− Ecoal(S, S⋆))B2D(S, S⋆)

1
π

∫

R2

∫

D+

[
f(S,u′′)f(S⋆,u′′)

α(S, S⋆)2
− f(S,u)f(S⋆,u⋆)

]

|g · n| dndu⋆dS⋆,

(1.81)

where D+ is the unit half circle on which g · n > 0. The collision cross section is given in
that case by:

B2D(S, S⋆) = B(S⋆, S) = R(S) +R(S⋆). (1.82)

One can note that the collision term is defined such that mass and momentum are conserved:
∫

R3

∫ ∞

0
ρl
S3/2

6
√
π

Γ(S,u) dSdu = 0, (1.83)

and
∫

R3

∫ ∞

0
ρl
S3/2

6
√
π
uΓ(S,u) dS du = 0. (1.84)

Secondary break-up

The secondary break-up is mainly due to an important relative velocity between the gas
and the droplet, the droplet experiencing in this case important pressure stress causing its
deformation and eventually breakage. This phenomena can be evaluated by the dimension-
less Weber number, comparing aerodynamical force, related to dynamic pressure, to the
force of surface tension, σ:

We =
2Rρg ||Ug − u||2

σ
. (1.85)

For Weber number We > 12, secondary break-up has to be taken into account. The details
of its modeling can be found in (Achim 1999; Hylkema 1999; Villedieu and Hylkema 2000;
Dufour 2005), we only recall here the key points needed to compute the break-up operator
Q.

As in the coalescence case, we can decompose Q into a creation and a destruction part:
Q = Q+ +Q−:

Q+(R,u) =
∫

Ωv
νbup(R⋆,u⋆)h(R,u, R⋆,u⋆)fR(R⋆,u⋆)du⋆ dR⋆,

Q−(R,u) = −νbup(R,u)fR(R,u),
(1.86)
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where Ωv = Rdu×]R,+∞[, and νbup is the mean break-up frequency for a droplet with radius
R and velocity u. Besides, h(R,u, R⋆,u⋆) is the number of droplets with radius R and
velocity u produced by a R⋆ radius and u⋆ velocity droplet. The term Q+ models R radius
and u velocity droplet formation from breakage of droplet with R⋆ radius and u⋆ velocity.
On the other hand, Q− models disappearance of such droplets by breakage. The break-up
frequency can be given by:

νbup(R,u) =
||Ug − u||

10R

√
ρg
ρl
. (1.87)

In order to model fragment size and number, h is written:

h(R,u, R⋆,u⋆) = gu(R,u, R⋆,u⋆) gR(R,R⋆,u⋆), (1.88)

where
∫
gu(R,u, R⋆,u⋆)du = 1. Forms for gR are proposed in (O’Rourke and Amsden

1987) and (Dufour 2005). They are closed using both the Sauter mean diameter of the
resulting distribution:

R32(R⋆,u⋆) =
∫+∞

0 R3gR(R,R⋆,u⋆)dR
∫+∞

0 R2gR(R,R⋆,u⋆)dR
, (1.89)

and mass conservation:
∫ +∞

0
R3gR(R,R⋆,u⋆)dR = R⋆. (1.90)

Finally, the Sauter mean diameter can be evaluated through correlations proposed in (Wert
1995):

R32

R⋆
=






0.32(We⋆)−1/3

(
4.1

(We⋆ − 12)1/4

)2/3

if We⋆ ∈]12, 18],

0.32(We⋆)−1/3

(
2.45
√

We⋆ − 12− 1.9
(We⋆ − 12)1/4

)2/3

if We⋆ ∈]18, 45],

0.32(We⋆)−1/3

(
12.2

(We⋆ − 12)1/4

)2/3

if We⋆ ∈]45,+∞],

(1.91)

where We⋆ is the Weber number associated to the R⋆ radius, u⋆ velocity droplet. For gu,
we take, see (Dufour 2005):

gu(R,u, R⋆,u⋆) = δ(u− ubup(R,R⋆,u⋆)), (1.92)

the mean droplet velocity after break-up ubup can be given by Faeth correlation, see (Hsiang
and Faeth 1993):

ubup(R,R⋆,u⋆) = Ug +
u⋆ − Ug

1 + 2.7

(
ρg
ρl

R⋆

R

)2/3
. (1.93)
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1.3.4 Dimensionless formulation

In order to obtain the liquid source terms for the dimensionless gas system, Eq. (1.25), we
present the main elements in obtaining liquid dimensionless formulation, focusing on the
F , Rs and E coefficients. The liquid dimensionless formulation are driven by the gas one
and thus we use the same reference quantities, see Sec. 1.1.2. We also introduce a reference
number of droplets N0, and a reference droplet density n0 = N0/x

d
0, for a physical space

with d dimensions. Furthermore, for the droplet size description, we want to introduce a
reference size, for example S0 for the surface variable. In this case we introduce a reference
surface that is not based on the gaseous reference length x0. Two different reference times
can then be defined:

τdrop =
S0

x0U0

τg =
x0

U0

. (1.94)

We define the dimensionless number Rdrop-gas:

Rdrop-gas =
τdrop

τg
=
S0

x2
0

, (1.95)

that will naturally arise in the dimensionless droplets terms, due to the cohabitation of
these gas and liquid reference quantities. In this framework, the dimensionless number
density function f can be written, for a d-space dimension domain:

f
(
t, x, S,u, T

)
= f (t, x, S,u, T )

Ud0 S0 T∞
n0

. (1.96)

The dimensionless formulation for the coefficients F , Rs, and E, is obtained as described
below:

F =
x0

U2
0

F ,Â

Rs =
x0

U0 S0

Rs,

E =
x0

U0 T∞
E.

(1.97)

We finally obtain the following forms, where, for the sake of simplicity, we drop the (.)
notation, all the variables being dimensionless:

F =






(Ug − u)
τ ⋆p

, Re⋆p < Re⋆p1

(Ug − u)
τ ⋆p



1 +
Re⋆p

2/3

6



 , Re⋆p1
< Re⋆p < Re⋆p2

3 ρg
√
π

4 ρl S1/2
0.45 (Ug − u) ||Ug − u||, Re⋆p2

< Re⋆p < Re⋆p3

Rs =
1

Rdrop-gas
4π

ρg
ρl

Shc D
⋆
YF

ln(1 + BM),

E =
1

Rdrop-gas

6π ρg
ρlS Cp,l

Shc D
⋆
YF

ln(1 + BM)

(
Cp,g(Tg(xp)− T )

BT

− Lv
)

,

(1.98)
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where

τ ⋆p =
ρl S

18 π µ⋆g
, (1.99)

and

Re⋆p =
RepRe0

Rep0

=
ρg S

1/2 R1/2
drop-gas ||Ug − u||√
π µ⋆g

, (1.100)

with Rep0 given by:

Rep0 =
ρ∞S0

1/2U0

µ∞
, (1.101)

and Re0 by Eq. (1.20). The expressions for µ⋆g and D⋆YF are given in Eq. (1.22). The
values for Re⋆pi are given by Re⋆pi = RepiRep0/Re0, the values of Repi being obtained from
Eq. (1.42). The dimensionless numbers Pr and Sc have to be computed with dimensionless
values, see Eq. (1.23).

1.4 Approximation and simplified models

In order to study the relevance of a spray resolution method, the multi-fluid method in the
present work, one needs to characterize precisely its behavior through comparisons with
well-established spray methods. This characterization requires to develop well-controlled
configurations where problems linked to the spray resolution choice are isolated. A one-
way coupling with a simplified gas description considering low Mach number dilatable or
incompressible flows is thus used in this framework. This approach allows to focus on the
differences between various spray resolution methods coupled to the same gas description.
Our interest being in combustion applications, we propose in this framework a first com-
bustion model, allowing to focus on the impact of the spray resolution method.
Nevertheless, the spray resolution methods considered must be extendable to a more general
framework. This is ensured in the present study by the high genericity used for discretiza-
tion scheme derivation, Chpt. 3, and numerical tool design, Chpt. 6 and Chpt. 8.

1.4.1 One-way coupling

Taking two-way effects, i.e., influence of the spray on the gaseous carrier phase, may be of
great importance for several application fields. Indeed if, for example, the spray is dense, it
may modify significantly the mass and momentum of the gas. For combustion applications,
the two-way coupling is necessary in order to take into account the vaporization of the
droplets into the gaseous phase before burning. Nevertheless, we restrict ourselves in this
study to one-way coupling. Indeed our objective in this work is to evaluate one level of
description of spray, derived from the kinetic modeling, the Eulerian multi-fluid model. This
evaluation aims at characterizing precisely the method, from its derivation to the numerical
scheme used, from a given kinetic model. Two-way effects, as well as droplet models, are
done at the kinetic level of description and the evaluation of their efficiency to reproduce
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a complex physics is out of the scope of this study. Furthermore, analyzing the difficulties
related to the spray resolution method itself is a necessary first step in the evaluation of
the whole two-phase flow description.

This evaluation will be done through comparisons with a Lagrangian method derived from
the same kinetic model. In this case, we want to take the Lagrangian method as a ref-
erence and taking into account two-way coupling will introduce a bias coming from the
difficulties in coupling Eulerian and Lagrangian descriptions. Furthermore, the comparison
of two-way effects modeling in Lagrangian and Eulerian descriptions can take advantage of
the present study in order to focus only on coupling effects. Besides, we perform, in this
study, comparisons between Eulerian multi-fluid method and experiments. To do so we use
well-controlled experiments where the physics can be captured with simple modeling. Fur-
thermore the experiments are done with a diluted, weakly evaporating to non-evaporating
spray, so that two-way effects do not need to be modeled.

Finally, the important point we want to make is that this restriction is definitely not related
with a limit of the multi-fluid model, where two way coupling can be accounted for, see
(Massot, Kumar, Gomez, and Smooke 1998; Laurent 2002b; Laurent, Santoro, Noskov,
Gomez, Smooke, and Massot 2004). Actually, it is, as for all Eulerian spray descriptions,
far more easy than with a Lagrangian description. This restriction is purely due to the
willingness to develop a simple framework for precise multi-fluid model characterization.

1.4.2 Incompressible and dilatable low Mach flows

Low Mach number formulation

We consider in this work gas flow under the low Mach number assumption. In this case the
spatial pressure changes can be neglected. The pressure can thus be written: Pg(x, t) =
Patm(t) + P̃ (x, t), where P̃ is a small perturbation: P̃

Patm
= O(M2) << 1, M being the

Mach number. Under this assumption, the power produced by the viscous stress can be
neglected, as τ : ∂x · (Ug) = O(M2), see for example (Giovangigli 1999a) and references
therein. Finally, the dimensionless gas equation system, Eq. (1.25), becomes, for the chosen
one-way modeling:

∂t ρg + ∂x · (ρgUg) = 0,

∂t(ρg Yk) + ∂x · (ρg (Ug +U cor
g

)Yk) = ∂x · (ρgD⋆k ∂x · (Yk)) + ω̇k,

∂t(ρgUg) + ∂x · (ρgUg ⊗Ug) = − 1
γ∞M2

∂x(P̃ ) + ∂x · (τ ) ,

∂t(ρg hs) + ∂x · (ρgUg hs) =
γ∞ − 1
γ∞

∂t(Pg)− ∂x · (q⋆) + ω̇T .

(1.102)

Dilatable and incompressible flows

In this work, we study an Eulerian multi-fluid method for spray, that is mainly character-
ized in configuration without combustion. Furthermore we focus on the evaluation of the
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numerical method for the dispersed liquid phase and thus the gas flow description is not
assessed within this study. We therefore reduce to low Mach number dilatable flows where
we do not solve the mass conservation equation Eq. (1.1), and where the density of gas is
obtained with the state law for perfect gases:

ρg =
Patm wg
R Tg

, (1.103)

where wg is the mixture molar mass:

wg =

(
ns∑

k=1

Yk
wk

)−1

, (1.104)

and wk the kth species molar mass. The system of gaseous equation reduces in this case to:

ρg =
Patm wg
R Tg

,

∂t ρg + ∂x · (ρgUg) = 0,

∂t(ρg Yk) + ∂x · (ρg (Ug +U cor
g

)Yk) = ∂x · (ρgD⋆k ∂x · (Yk)) + ω̇k,

∂t(ρgUg) + ∂x · (ρgUg ⊗Ug) = − 1
γ∞M2

∂x(P̃ ) + ∂x · (τ ) ,

∂t(ρg hs) + ∂x · (ρgUg hs) =
γ∞ − 1
γ∞

∂t(Pg)− ∂x · (q⋆) + ω̇T .

(1.105)

Finally, in order to obtain a simple gas modeling to study easily the response of different
spray description, we reduce in some cases to incompressible flow assumption. In this
zero-divergence fluid, the system of equations can be written:

ρg =
Patm wg
R Tg

,

∂x · (Ug) = 0,

∂t(ρg Yk) + ∂x · (ρg (Ug +U cor
g

)Yk) = ∂x · (ρgD⋆k ∂x · (Yk)) + ω̇k,

∂t(ρgUg) + ∂x · (ρgUg ⊗Ug) = − 1
γ∞M2

∂x(P̃ ) + ∂x · (τ ) ,

∂t(ρg hs) + ∂x · (ρgUg hs) =
γ∞ − 1
γ∞

∂t(Pg)− ∂x · (q⋆) + ω̇T .

(1.106)

1.4.3 A first model for two-phase flow combustion

In the framework of developing a simplified gaseous description to focus on the study of
the spray carried, we only take into account one species for the fuel, with mass fraction YF ,
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and one for the oxidizer, with mass fraction YOx. An important feature of spray models
evaluation, when aiming at combustion applications, is to assess their ability to simulate
accurately gaseous fuel production through the evaporation process. In order to assess
this key issue, still using a framework devoted to spray resolution evaluation, the one-way
assumption is slightly modified in order to obtain a first idea of fuel mass fraction prediction
by the studied spray models. Furthermore, we also develop a simplified model to take into
account fuel mass fraction consumption by combustion. The computations using the models
described below are presented in Chpt. 10.

Gaseous fuel mass fraction prediction

In order to study gaseous fuel production by the spray evaporation without modifying the
gas phase, we define YF ′ as a passive scalar, advected by the flow, where we store the gaseous
fuel produced by the spray evaporation. The gas phase composition is not modified by the
spray evaporation, so that we stay in a one-way coupling assumption. Nevertheless we can
assess the evaporation source term given by the spray model, and feeding the passive scalar
YF ′. This scalar is advected and diffused by the flow, and fed by the spray evaporation:

∂t (ρg YF ′) + ∂x · (ρg (Ug +U cor
g

)YF ′) = ∂x · (ρgD⋆YF ′∂x · (YF ′)) + SspeciesF . (1.107)

This procedure has two advantages. First, it allows to have an insight of the fuel mass
fraction evolution, without dealing with two-way coupling difficulties. Second, as this “vir-
tual” evaporation does not modify the gas phase dynamics, it is possible to compare the
evaporation produced by two different spray methods with the same gas phase simulation,
allowing to derive precise comparisons focusing only on the spray methods aspects. We
will refer in the following to this procedure as being the FADO procedure for Fuel mAss
Description with One-way coupling.

Two Phase Coldflame

We are also interested in taking combustion into account in the equation of YF ′:

∂t (ρg YF ′) + ∂x · (ρg (Ug +U cor
g

)YF ′) = ∂x · (ρgD⋆YF ′∂x · (YF ′)) + ω̇YF ′ +SspeciesF . (1.108)

To do so, we will use a simple model with a global one-step non-reversible reaction

νF ′ YF ′ + νOx′ YOx′ → νPr′ YPr′, (1.109)

where YF ′, YOx′, and YPr′ are the mass fraction of the fuel, the oxidizer and the products,
respectively. νF ′ , νOx′ and νPr′ are their stoichiometric coefficients. The ratio νOx′/νF ′ is
set to 15, so that it corresponds to the stoichiometry of the combustion of n-heptane with
air. The important point that one has to notice is that we want to develop this simple
combustion model in a one-way coupling framework. Therefore, YF ′, YOx′ and YPr′ are
not taking part in the gaseous phase composition. They can be seen as passive scalar
with formation or destruction source terms, not taken into account in the thermodynamics
computation. The evolution of YF ′, Eq. (1.108), has thus to be coupled with the evolutions
of YOx′ and YPr′, given by:

∂t (ρg YOx′) + ∂x · (ρg (Ug +U cor
g

)YOx′) = ∂x · (ρgD⋆YOx′∂x · (YOx′)) + ω̇YOx′ ,

∂t (ρg YPr′) + ∂x · (ρg (Ug +U cor
g

)YPr′) = ∂x · (ρgD⋆YPr′∂x · (YPr′)) + ω̇YPr′ .
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(1.110)

Then we do not compute any heat release or gas dilatation, we only consider a “virtual” fuel
and oxidizer consumption and “virtual” products formation. The gas phase is not modified
by this combustion, that we will call Coldflame combustion.

The formation or destruction rate for the “virtual” species are obtained from the reaction
rate ω̇r:

ω̇YF ′ = −νF ′ ω̇r,

ω̇YOx′ = −νOx′ ω̇r,

ω̇YPr′ = (νF ′ + νOx′) ω̇r.

(1.111)

The reaction rate, for a classical Arrhenius law, is given by:

ω̇r = K ρg YF ′ YOx′ exp

(
−Ta
Tg

)

, (1.112)

where K is a constant, and Ta is the activation temperature, (Poinsot and Veynante 2005).
We introduce the temperature factor, α, and the reduce activation energy, β, see (Poinsot
and Veynante 2005), given by:

α =
Tb − T∞

Tb
; β = α

Ta
Tb
, (1.113)

where Tb and T∞ are the temperatures of burnt and fresh gases, respectively. We choose
classical values for these parameters: α = 0.8 and β = 8, based on standard heat release
and flame thickness, see examples in (Poinsot and Veynante 2005). It assumes a burnt gases
temperature Tb five times greater than fresh gases temperature T∞. With these definition,
the reaction rate becomes:

ω̇r = K ρg YF ′ YOx′ exp

(
β

α
− β

α(1− α)
T∞
T

)

, (1.114)

where the term exp(−β/α) has been introduced in the constant K. Furthermore, in order to
correct the classical flame speed error introduced by one-step chemistry for equivalence ratio
φ = (YF ′/YOx′)/ (YF ′/YOx′)stoich > 1, we used a GKAS technique, (Vervisch, Labegorre, and
Reveillon 2004; Canneviere 2003), giving a maximum flame speed at φ = 1. It yields the
reaction rate:

ω̇r = K(φ) ρg YF ′ YOx′
s(YF ′ + YOx′)2

(sYF ′ + YOx′)2
exp

(
β

α
− β

α(1− α)
T∞
T

)

, (1.115)

where s = νOx′/νF ′. Finally, as the temperature is not known in the Coldflame computation,
we extrapolate it from the burnt gases mass fraction:

T = T∞ + (Tb − T∞) YPr′, (1.116)

with Tb = 5T∞, as assumed for the temperature factor α. It gives in dimensionless frame-
work:

T = 1 + 4 YPr′. (1.117)
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As far as ignition is concerned, we set the chemical equilibrium in the whole flow at a fixed
time, the initial time for combustion, and afterward we let the combustion evolve. We
thus add burnt gases and withdraw the fuel and oxidizer that would have lead to these
products. To do so, we assume an infinitely fast chemistry and we use the Burke-Schumann
flame structure, see (Poinsot and Veynante 2005). The mass fractions thus depends on the
relation between the mixture fraction, Z and its stoichiometric value (Z)stoich, defined by:

Z =
νOx′ YF ′ − νF ′YOx′ + 1

νOx′ + νF ′
, (Z)stoich =

1
νOx′ + νF ′

. (1.118)

We thus have the following structure:

• in the rich zone, Z > (Z)stoich:

YOx′ = 0,

YF ′ =
Z − (Z)stoich
1− (Z)stoich

,

YPr′ = 1− YF ′,

(1.119)

• in the lean zone, Z < (Z)stoich:

YF ′ = 0,

YPr′ =
Z

(Z)stoich
,

YOx′ = 1− YPr′.

(1.120)

This model will allow us to study a first combustion case with the spray method developed
and characterized within this work. Furthermore, it will also enable us to compare the
behavior of different spray resolution methods with combustion, in a one-way framework,
thus isolating the questions related to the spray resolution itself.

Conclusion

The background assumptions of the spray kinetic description, as well as the physical models
chosen to describe spray evolution, have been provided. This kinetic framework cannot be
used at the scale of realistic configurations, given the number of dimensions of the asso-
ciated phase space. Nevertheless it provides the basis for macroscopic model derivations,
described in Chpt. 2.
Furthermore, this chapter provides a simplified framework devoted to spray resolution eval-
uation, that is used to conduct precise characterization of the method studied in this work,
Chpt. 4, Chpt. 9, Chpt. 11. This framework allows to assess combustion issues, Chpt. 10.
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This chapter discusses the choice of the resolution method for the spray among different
available strategies. We introduced in Chpt. 1, the framework of spray modeling and
we focus here on its simulation. Direct resolution of the kinetic equation Eq. (1.30) can
difficulty be considered for realistic configurations, given the high number of phase space
dimensions in a 3-D case. Alternative methods have thus to be considered. A natural choice
for spray resolution method is a Lagrangian method where we track particles in the flow,
considered as representing physical droplets or as statistical particles according to the type
of approach. This widely used approach, has proven its great efficiency to simulate complete
spray dynamics without introducing any numerical diffusion, (Dukowicz 1980; O’Rourke
1981; Amsden, O’Rourke, and Butler 1989; Reveillon, Bray, and Vervish 1998; Miller and
Bellan 1999; Rüger, Hohmann, Sommerfeld, and Kohnen 2000). Eulerian spray description
represents, however, an interesting complementary tool, given its easier coupling with the
gas phase description, and its easier optimization through parallel computing, making it an
interesting choice for High Performance Computing (HPC), (Boileau 2007; Lamarque 2007).
We summarize here the main Lagrangian approaches, highlighting their level of modeling
in order to study their connection with the kinetic level of description, Sec. 1.2, and thus
to establish their link with the Eulerian approaches. The connection between Lagrangian
and Eulerian approaches is a key issue when conducting comparisons between the two, as
done in Chpt. 4 and throughout Part. IV. We then present the main derivation strategies
leading to Eulerian moment approaches, along with the associated assumptions. Among
this methods, we focus on the multi-fluid model, (Greenberg, Silverman, and Tambour 1993;
Laurent and Massot 2001), a moment methods for spray describing polydispersion, a key
issue for two-phase flows combustion applications. The spray computations presented in
this work, Part. II and Part. IV, are done in the context of a Direct Numerical Simulation,
and thus coupled with a DNS of the gas phase. This framework, allows to focus on the spray
resolution methods, and to provide precise characterization of the chosen methods, as done
in Part. II. Furthermore, when studying the multi-fluid model, it provides a necessary first
step toward LES formulation. We insist that, albeit this approach needs further modeling,
the described multi-fluid resolution method, along with its numerical schemes, given in
Chpt. 3, still applies in the context of LES.

2.1 Lagrangian particle discretization

We propose in this section to first go through the main approaches of Lagrangian particular
descriptions of spray, highlighting the associated level of description. We then describe the
Direct Simulation Monte-Carlo (DSMC) method, that is the Lagrangian description derived
from the kinetic level of description presented in Sec. 1.2. Finally, in order to derive a
Lagrangian method with a reasonable cost for unsteady polydisperse flows, we consider one
realization of the statistical Lagrangian cloud, and highlight its link with Discrete Particle
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Simulation (DPS) method in the infinite Knudsen limit, i.e., for non-collisional spray, as
viewed in this study. We study here DNS framework, all the scales of the gas flow are thus
resolved. When considering modeled turbulent carrier phase, extra effort has to be done to
describe particle turbulent dispersion. We do not tackle this issue in this work as we focus
on DNS, and we refer to (Crowe, Sommerfeld, and Tsuji 1998) for a review of the turbulent
dispersion modeling approaches. Apart from this extra modeling term, all the presented
issues stand in modeled or partially computed gas turbulent flows.

2.1.1 Lagrangian techniques for spray description

We present in the following three Lagrangian techniques for spray resolution, based on
deterministic or on statistic spray description.

Discrete Particle Simulation

The first Lagrangian method associated to the mesoscopic dispersed-phase description is the
Discrete Particle Simulation (DPS). In this framework, each Lagrangian numerical particles
represent a physical droplets. A system of ODE is thus solved to obtain the evolution of
the droplet parameters, φk, uk and Tk for the kth droplet. This two-phase DNS has been
introduced in (Riley and Patterson 1974). Most of the first numerical studies were dedicated
to solid particle dispersion, (Squires and Eaton 1991; Elghobashi and Truesdell 1992). The
extension to evaporating droplets in turbulent flows has been provided in (Mashayek, Jaberi,
Miller, and Givi 1997; Reveillon, Bray, and Vervish 1998; Miller and Bellan 1999), and has
been used in combustion applications in (Mashayek 1998; Reveillon and Vervisch 2005;
Miller and Bellan 2000). This method, is mainly used in DNS configuration, where all the
droplets contained in the physical domain can be tracked.

Statistical Lagrangian discretization

The statistical Lagrangian description can be used in two different contexts.
First it can be used instead of a DPS method in a configuration where the high number
of physical droplets prevents to use one numerical particle for each droplet, given the
high computational cost associated. In this framework, the numerical particle, also called
parcel, represent several physical droplets associated. This description has been introduced
for fuel spray in (O’Rourke 1981), extending the work of (Dukowicz 1980). This method
is referred in (Crowe, Sommerfeld, and Tsuji 1998) as the discrete element method, and
as a multicontinua method in (Sirignano 1999), where the parcels are defined as classes of
droplets. The computational cost of this method is obviously linked to the chosen number
of tracked parcels. The cost of the method is thus well controlled, and it is therefore broadly
used to compute industrial configurations, This method is implemented for instance in KIVA
code, (Amsden, O’Rourke, and Butler 1989), and is used in many industrial computational
codes at present. We refer to this method in this work as Stochastic Parcel (SP) method,
as done in (O’Rourke 1981).
On the other hand, the statistical Lagrangian method can be seen as a resolution method
of the Williams kinetic equation. This approach is called Direct Simulation Monte-Carlo
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method (DSMC), and is originally introduced in (Bird 1994) for rarefied gas. This approach
aims at describing the evolution of the spray NDF moments, and thus a high number of
statistical particles are needed to obtain a converged solution. In this case, several numerical
particles may be needed to represent one physical droplet. The numerical particle has a
weight associated, adapted to the needed refinement. This method provides directly the
ensemble average, in terms of initial condition, and then the reconstructed Eulerian fields
correspond to the same level of information than the one provided by a Eulerian method.
The difference between the two methods, is only the level of refinements provided. Indeed,
the convergence expected in the DSMC method demands a high number of statistical
particles, leading to a higher refinement level than in DPS. On the contrary, the SP method
aims at coarsening the DPS description. The number of statistical parcels is thus set by the
computational cost limitation, without drawing any links with kinetic level of description.

In this study, we use different types of Lagrangian methods, depending on the issues tackled.
In order to conduct Eulerian-Lagrangian fine comparisons to characterize the multi-fluid
model, as done in Chpt. 4, we use the DSMC method, as it provides the same level of
description than a kinetic-based Eulerian method. Indeed we are comparing two ways of
discretizing the Williams equation, Eq. (1.30). Nevertheless, when assessing the cost of
the Eulerian methods, Chpt. 9, it should be compared to a Lagrangian technique closer to
industrial concern. A SP method could be used, nevertheless, as in the DNS configurations
studied all the physical droplets can be tracked, a DPS technique is employed, see Chpt. 9,
Chpt. 10 and Chpt. 11. We recall here that the DPS deterministic tracking is coupled
with a statistial initialization, as the initial conditions can not be known in a deterministic
way. Therefore this description can be seen as one realization of the statistical DSMC
description, and thus contains less information.

2.1.2 Direct Simulation Monte-Carlo method

Statistical formulation

The DSMC method can be seen as a stochastic resolution method for the Williams equation,
Eq. (1.30) of the kinetic formulation, see for example (Hylkema 1999) and references therein.
The spray NDF is written as a sum of Dirac delta functions:

f(t,x, φ,u, T ) =
Np∑

k=1

wk δ(x− xk(t)) δ(φ− φk(t)) δ(u− uk(t)) δ(T − Tk(t)), (2.1)

where wk is the weight of the kth numerical particle and xk, uk, φk, Tk are its position,
velocity, size and temperature. These characteristics of numerical particles evolve through
the equations:

dt xk = uk, dt uk = F k, dtφk = −Rφk , dt Tk = Ek, (2.2)

where the expressions for F , Rφ and E are given in Sec. 1.2. The dimensionless formulation
used is already defined in Sec. 1.3.4, where the dimensionless variables are introduced, and
the dimensionless droplet models terms expressions explicitly given.
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Initialization

A specific attention must be devoted to the initialization of such a method, since it defines
the number of numerical particles and has to be a sufficiently accurate realization of the
initial distribution function. Two methods can be used to compute a realization of a given
initial NDF fφ0 :

• simulating a uniform distribution on the support of fφ0 and adjusting the weights to
obtain the correct distribution ;

• simulating directly the mass distribution, ρlS3/2/ (6
√
π) fφ0 , through a rejection method

with numerical particles having weights representing the same mass density.

The first method, albeit easier to implement, induces particles with a very small mass
density and thus little efficiency in terms of computational cost. Furthermore, this method,
based on a uniform distribution, describes with the same precision the whole distribution,
whereas the second, leading to a mass of droplets linked with the number density function
form, gives a better precision for main part of the size phase space, while it coarsen the
resolution for the tails of the distribution where few droplets are likely to be found. This
second method gives thus a better global precision. We thus decided to use the rejection
method to initialize the DSMC method. This method is based on Theorem 1.

Theorem 1 (Rejection method). Let p and q be two probability densities taking values in
Rd. Let us assume that there exists C ≥ 1 such that:

∀x ∈ Rd Cq(x) ≥ p(x). (2.3)

Let (Yn)n≥1 be a sequence of independent and identically distributed random vectors with
density q.
Let (Un)n≥1 be a sequence of independent and identically distributed random vectors uni-
formly distributed on [0, 1].
Then X = YU , with U = inf{k ≥ 1, CUkq(Yk) < p(Yk)}, is a random vector with density p.

In order to illustrate the application of this theorem to the initialization of the spray NDF,
we assume here that the droplets have no initial velocity and that the droplet spectrum of
the spray is independent of the space location at the initial time, and thus we only consider
the size phase space and physical space initialization, f0(xk, φk) = 1Ω(xk) f

φ
0 (φk). One has

to note that this restriction is only for illustration purpose and that the rejection method
can handle any form of the initial NDF. We use the rejection method to set numerical
parcels with the distribution f0, taken as the distribution p of Theorem 1. A change of
variables is possibly performed so that the support of this initial NDF f0 becomes Ω× [0, 1],
where Ω ⊂ [0, 1]× [0, 1]× [0, 1] is the space where droplets can be found. The global initial
number distribution f0 is bounded by a constant C, taken as maxx,φ(f0). Initial conditions
can be obtained in the following way : five random numbers (Xk, Yk, Zk,Φk, Uk) between
0 and 1 are chosen; if xk = (Xk, Yk, Zk) belongs to Ω and if f0(xk,Φk) > CUk, then the
particle is accepted; if not, it is rejected. This is done till the number Np of accepted
numerical particles we want is reached. Then, each numerical particle (Xk, Yk,Φk) has
the weight wk = mtot

0 / (Np V ol(φk)ρl), where mtot
0 is the total initial mass density of the

spray, and V ol(φk) the expression of the droplet volume in function of the size variable
φk. For instance if the surface, Sk, is taken as the size variable: V ol(Sk) = S

3/2
k /(6

√
π).
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The algorithm of this method is explicitly written in Chpt. 8. This method can thus be
implemented through Algo. 1.

Algorithm 1 NDF initialization through rejection method
n := 0
while n<Np do

generate uniform random variables (Xk, Yk, Zk,Φk, Uk)
xk := (Xk, Yk, Zk)
while xk 6∈ Ω or fφ0 (φk) ≤ CUk do

generate uniform random variables (Xk, Yk, Zk,Φk, Uk)
xk := (Xk, Yk, Zk)

end while
xn := xk
φn := φk
n := n+1

end while

Eulerian ensemble average reconstruction

As previously mentioned, this statistical method gives access directly to the ensemble av-
erages. The ensemble average on a considered Eulerian grid cell will then give access to
the quantities assessed in the Eulerian computation and thus allow precise comparisons.
Therefore we can define a space cell Cα and reconstruct the Eulerian mass density and
velocities from the Lagrangian simulation:

mα =
∫

Cα

∫

φ

∫

u
ρl V ol(φ) f dx dφ du =

∑
xk∈Cα wk ρl V ol(φk),

uα =
1
mα

∫

Cα

∫

φ

∫

u
ρl V ol(φ)u f dx dφ du =

∑
xk∈Cα wk ρl V ol(φk)uk,

(2.4)

where the summation is done over all the k such that xk ∈ Cα. In order to realize com-
parisons with an Eulerian method resolving the spray polydispersion, as the multi-fluid
model, we can condition the average on the size of the droplets and define for example a
size interval [φp, φp+1], where the eulerian quantities become:

m(p)
α =

∫

Cα

∫ φp+1

φp

∫

u
ρl V ol(φ) f dx dφ du =

∑
ρl wk V ol(φk),

u(p)
α =

1
mα

∫

Cα

∫ φp+1

φp

∫

u
ρl V ol(φ)u f dx dφ du =

∑
ρl wk V ol(φk)uk,

(2.5)

where the summation is done over all the k such that xk ∈ Cα and that φp < φk < φp+1.

This method is thus used in Chpt. 4, to conduct precise quantitative comparisons between
the Eulerian method of interest, the multi-fluid, and a Lagrangian approach. Nevertheless,
the drawback of this method is the high number of numerical particles needed to obtain a
precise description of the statistics in unsteady polydisperse configurations.
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2.1.3 Discrete Particle Simulation

DPS requirement and link with Eulerian description

As we aim at showing in this study the feasibility of spray simulation with multi-fluid
description in more realistic 2-D to 3-D applications. We also aim at providing an idea
of the associated cost compared to a Lagrangian approach. We thus aim at using in this
case a Lagrangian method closer to industrial concern than DSMC method. The widely
used DPS method introduced in Sec. 2.1.1, is a good choice for such a purpose. The
remaining question is how to compare it to kinetic-based Eulerian simulation, as the DPS
is not based on a kinetic approach. This question can be answered in the infinite Knudsen
limit, i.e., non-colliding, cases considered in the present study. Indeed, in this framework,
DPS can be seen as one realization of a statistical Lagrangian description driven by the
stoichiometry. We will thus use this method to assess the ability of the Eulerian method
studied to reproduce the global physics of considered configurations, realizing qualitative
comparisons between the Eulerian method and Lagrangian DPS. These comparisons will
also allow to assess the efficiency of the Eulerian description of spray polydispersion.

Lagrangian DPS mass source term

This Lagrangian approach will be used to estimate the Eulerian method behavior for fuel
gaseous mass fraction prediction and coldflame computation, Sec. 1.4.3. We give here the
expression of the Lagrangian evaluation of the mass source term in the gaseous equations,
SspeciesF . In this DPS context, with mono-component droplets we can reconstruct this Eu-
lerian field on the space cell Cα:

SspeciesF = Sm =
∑

xk∈Cα

ρl
VCα

dtV ol(φk(t)), (2.6)

where VCα is the volume of Cα, and where we sum over all the k such that xk ∈ Cα. We give
here the expression of this term when choosing the droplet surface Sk as the size variable,
since this size will be used for the multi-fluid formulation, Sec. 2.3. In this context we have:

V ol(Sk) =
S

3/2
k

6
√
π
, dtV ol(Sk(t)) =

S
1/2
k

4
√
π

dtSk =
S

1/2
k

4
√
π
RSk , (2.7)

and therefore:

SspeciesF = Sm =
∑

xk∈Cα

ρl
VCα

S
1/2
k

4
√
π
RSk . (2.8)

In the dimensionless setting previously introduced, Sec. 1.3.4, we have:

SspeciesF =
x0

ρ∞ U0

SspeciesF , (2.9)

and thus, dropping the notation (.), all the variables being dimensionless:

SspeciesF = Sm =
ρl Rdrop-gas

3/2

VCα 4
√
π

∑

xk∈Cα

S
1/2
k RSk , (2.10)

where Rdrop-gas is described in Sec. 1.3.4. Computing this term on the Eulerian grid leads to
important difficulties, common to all the Lagrangian approaches, that are raised in Chpt. 8.
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2.2 Eulerian moment methods for spray:
strategy overview

The alternative to Lagrangian particle tracking is the resolution of spray Eulerian global
quantities, as number or mass density, momentum and enthalpy. These Eulerian methods
can be seen as moment methods derived from the kinetic equation Eq. (1.30). We propose to
present here the main derivation strategies and resulting methods in the framework of spray.
We highlight in this presentation the key issues of Eulerian spray modeling in combustion
context, that are velocity and size distribution description. Indeed these two issues condition
the ability of Eulerian methods to describe polydispersion and out-of-equilibrium velocity
distribution, i.e, droplet trajectory crossings description. The derivation strategies are
presented in a laminar framework, in order to highlight the key points of the moment
equation derivation, without introducing extra modeling complexity. We then discuss the
extension to turbulent flows and explain the choice of the Eulerian method studied in this
work, a mono-kinetic multi-fluid method. Finally we detail the derivation of this very
method.

2.2.1 Derivation strategies for DNS of kinetic-based spray

The full resolution of the kinetic equation, Eq. (1.30), named by O’Rourke the full spray
equation method (O’Rourke 1981), can difficultly be used given its cost related to the high
number of phase space dimensions. Indeed in a 3-D case, the phase space is of dimension
height. Nevertheless, in many cases the knowledge of the full kinetic description of the spray
is not needed, and it is sufficient to know the evolution of global quantities, the moments
of the NDF moments. For a given function ψ(y), the kth order moment Mk is defined by:

Mk =
∫

y
yk ψ(y) dy. (2.11)

Therefore, for the NDF we introduce the moment Mk lm:

Mk lm =
∫

φ

∫

u

∫

T
φk ul Tm fφ(t,x, φ,u, T ) dφ du dT, (2.12)

of order k in size, |l| in velocity and m in temperature. The variable, l defines a multi-index,
needed for the different velocity components. We denote by |l| the order of the multi-index.
Thus, for a first order velocity moment |l| = 1, we have three different moments to consider
with l = (1, 0, 0) and l = (0, 1, 0) and l = (0, 0, 1). We use here, in order adopt a general
point of view for Eulerian spray modeling, the variable φ to denote the size of droplets,
φ being the volume V the surface S or the radius R of the droplets. For the multi-fluid
model, we take the surface, as mentioned in Sec. 1.2.1. The moments of the NDF define
global mean spray quantities as the number density, the velocity and the temperature:

M0 0 0 =
∫

φ

∫

u

∫

T
fφ(t,x, φ,u, T ) dφ dudT,

M0 1 0

M0 0 0

=
1

M0 0 0

∫

φ

∫

u

∫

T
u fφ(t,x, φ,u, T ) dφ du dT,

M0 0 1

M0 0 0

=
1

M0 0 0

∫

φ

∫

u

∫

T
T fφ(t,x, φ,u, T ) dφ dudT.

(2.13)
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The evolution of these spray global quantities can therefore be derived from the Williams
kinetic equation Eq. (1.30), in the following way:

∫

φ

∫

u

∫

T
Eq. (1.30) dφ du dT,

∫

φ

∫

u

∫

T
uEq. (1.30) dφ du dT,

∫

φ

∫

u

∫

T
T Eq. (1.30) dφ du dT.

(2.14)

This system provides the evolution of the NDF moments (M0 0 0,M0 1 0,M0 0 1). The evolu-
tion of any given moment of the NDF can be obtained in the same way. Eulerian moment
methods for spray consist in solving the evolution of a given set of moments of the NDF
on an Eulerian grid, to characterize the global behavior of the spray. Nevertheless, one
has to notice that the moment equation derivation leads to a loss of information and that,
without any peculiar assumption, the system of equations for moments is not closed, even
if the kinetic model was. Indeed, some quantities can not be expressed in function of the
set of moments resolved; for example with regard to velocity moments, the equation for
the |l|th order moment introduces the moments of order |l|+ 1. Therefore taking one first
order moment M0 (100) 0 introduces the second order moments M0 (110) 0,M0 (101) 0,M0 (200) 0.
Assumptions have then to be done on the form of the NDF to close the moment evolution
system. For most of the Eulerian methods for spray, the derivation of the moment system,
along with its associated closures can be divided into two steps. First a form for the NDF
in velocity and temperature is presumed, leading to the derivation of an intermediate closed
system of conservation laws, the semi-kinetic system. The second step is devoted to the
size-phase space treatment, and there exist several methods introducing different types of
conservation law systems and closures. However, we can also find methods using a one step
moment equations derivation with quadrature-based approximations of the NDF, obtaining
the unclosed moments by quadrature formula. The ideas of the derivation of such methods
are raised in the following and summarized in Fig. 2.1, Fig. 2.2 and Fig. 2.3.

Presumed PDF and semi-kinetic model

The basis of several Eulerian spray resolution methods is to presume the form of the velocity
and temperature distributions at the kinetic level. The NDF can thus be written:

fφ(t,x, φ,u, T ) = nφ(t, x, φ) ψu(t,x, φ,u) ψT (t,x, φ, T ), (2.15)

where ψu and ψT are the presumed PDF in velocity and temperature, that are assumed
independent of temperature and velocity, respectively. The variable nφ is the number
density of the spray defined by:

nφ =
∫

u

∫

T
fφ(t,x, φ,u, T ) dudT. (2.16)

These PDF set the velocity and temperature distributions around mean values ud and Td:

fφ(t,x, φ,u, T ) = nφ(t, x, φ) ψu(u− ud(t,x, φ)) ψT (T − Td(t,x, φ)), (2.17)
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where ud and Td are the mean velocity and temperature. One has to notice that at this
level, the model is still size-conditioned, i.e., the mean values depend on the size of the
droplets. From this approximation, we can derive a system of moment equations for the
spray taking the moments in velocity and temperature of order zero: M0 0 = nφ, and one:
M1 0 = nφ ud and M0 1 = nφ Td, in the following way:

∫

u

∫

T
Eq. (1.30) dudT,

∫

u

∫

T
uEq. (1.30) dudT,

∫

u

∫

T
hl(T ) Eq. (1.30) dudT.

(2.18)

It gives the following semi-kinetic system:

∂t n
φ + ∂x · (nφud) = ∂φ(nφR̃φ) + Γ1 +Q1,

∂t (nφud) + ∂x · (nφud ⊗ ud + P ) = ∂φ(nφR̃φud) + nφF̃ + Γ2 +Q2,

∂t n
φh̃l + ∂x · (nφh̃lud) = ∂φ(nφh̃lR̃φ) + nφCp,lẼ + Γ3 +Q3,

(2.19)

where hl is the droplet enthalpy. The equation was derived for the enthalpy, instead of tem-
perature since it is the conservative variable. The notation (̃.), define the mean quantities:

g̃(t,x, φ) =
∫

u

∫

T
g(t,x, φ,u, T )ψu (u− ud(t,x, φ)) ψT (T − Td(t,x, φ)) dudT.

(2.20)

The droplet interaction terms, for collisions or coalescence, and the secondary breakup
terms, are given by:

I1(nφ)(t,x, φ) =
∫

u

∫

T
I(fφ)(t,x, φ,u, T ) dudT,

I2(nφ)(t,x, φ) =
∫

u

∫

T
u I(fφ)(t,x, φ,u, T ) dudT,

I3(nφ)(t,x, φ) =
∫

u

∫

T
hl(T ) I(fφ)(t,x, φ,u, T ) dudT,

(2.21)

I standing for Γ or Q. P is a tensor equivalent to a pressure term, describing the velocity
dispersion of the droplets:

P =
∫

u

∫

T
nφ ψu (u− ud) ψT (T − Td) (u− ud)⊗ (u− ud) dudT. (2.22)

One has to notice that the evolution of number density and of mass density are equivalent
as we assumed the liquid density ρl independent of temperature:

mφ = ρl V ol(φ)
∫

u

∫

T
fφ(t,x, φ,u, T ) dudT, (2.23)
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where V ol(φ) is the volume of the droplet. Its expression depends on the choice of the size
variable φ:

V ol(φ) = V =
S3/2

6
√
π

=
4π R3

3
. (2.24)

In the DNS framework, the function ψu and ψT are taken as Dirac delta-functions:

fφ(t,x, φ,u, T ) = nφ(t, x, φ) δ(u− ud(t,x, φ)) δ(T − Td(t,x, φ)). (2.25)

In this context, there is no velocity dispersion around the mean value and P = 0. Further-
more, the quantities (̃.) are the point-wise values of the functions at u = ud and T = Td:

R̃φ = Rφ(ud, Td) = Rφd, F̃ = F (ud) = F d,

h̃l = hl(ud, Td) = hld, Ẽ = E(ud, Td) = Ed.
(2.26)

Size-phase space treatment still remains to be defined. Two types of approach can be
distinguished:

• whole size-phase space integration, leading to two-fluid type models,

• size-phase space discretization, leading to multi-fluid type models.

The derivation of these kind of methods is summarized in Fig. 2.2.

Quadrature based NDF approximation

Another way to close the system of equations for moment evolution is to use quadrature
formula to obtain the unknown high order moments as a function of low order moments.
This method called Quadrature methods of moments, (McGraw 1997; Marchisio, Vigil,
and Fox 2003), is unherited from moment methods for fluid-particle systems derived from
population balance equation, reviewed in (Ramkrishna and Fredrickson 2000). This method
was derived for cases with univariate distribution function, g(t, x, u), with one internal
coordinate, i.e., for one-dimensional case, and where the evolution of the kth order moment
is given by:

∂tMk + ∂x(udMk) =
∫

u
Q(u)g(t, x, u) du. (2.27)

In this case the closure is given by the quadrature formula:

∫

u
Q(u)g(t, x, u) du =

N∑

n=1

wn(t, x)Q(un(t, x)), (2.28)

with the weights wn and the abscissas un. It corresponds to assume for the distribution
function the following shape:

g(t, x, u) =
N∑

n=1

wn(t, x)δ(u− ud(t, x)). (2.29)
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The system is closed as these weights and abscissas are linked to the low order moments
through the product difference (PD) algorithm, (McGraw 1997):

∫

u
uk g du =

N∑

n=1

wnu
k
n. (2.30)

The great advantage of this method is its ability to describe particle trajectory crossings
(PTC). Indeed when particles are crossing, there are two different velocities at the same
point, and presumed velocity PDF presented in the previous paragraph, as they describe
an equilibrium distribution around a mean velocity, cannot describe this out of equilib-
rium case. A third order QMOM method, using 2Ndim quadrature nodes, Ndim being the
dimension of the domain, can deal with configurations where PTC occur, (Fox 2008). Nev-
ertheless, this method reduces to univariate distribution function and can not therefore be
applied directly to the spray simulation where distribution functions have at least two (φ, u)
or three (φ, u, T ) internal coordinates.

However, an extension of QMOM method has been proposed in (Marchisio and Fox 2005), to
treat distribution functions with several internal coordinates. In this case the approximation
of the shape of the distribution is extended from QMOM for multi-variate distribution,
(Marchisio and Fox 2005):

fφ (t,x, φ,u, T ) =
N∑

n=1

wn δ(φ− φn) δ(u− un) δ(T − Tn), (2.31)

where N is the number of Dirac delta-functions and wn is the weight of the node n. One has
to notice that the weights wn, and abscissas (φn,un, Tn), are Eulerian fields. The moments
of the distribution are thus given by:

Mk lm =
∫

φ

∫

u

∫

T
φk ul Tm fφ(t,x, φ,u, T )dφ du dT =

N∑

n=1

wn φ
k
nu
l
n T
m
n , (2.32)

where Mk lm is the moment of order k in size, |l| in velocity and m in temperature. The
main difference with the QMOM method is that instead of solving the evolution of the
moment, it directly solves the evolution of the weights and abscissas of the quadrature.
This method, called Direct Quadrature Method of Moments (DQMOM) in (Marchisio and
Fox 2005), is an alternative to the presumed PDF method for Eulerian spray description.
The derivation of QMOM and DQMOM method is summarized in Fig. 2.3. The details
concerning these methods can be found in (Fox 2007).

2.2.2 Two-fluid model

Two-fluid derivation

The two-fluid model, for dispersed liquid case framework, is based on a presumed PDF in ve-
locity and temperature. This model is studied in (Drew and Passman 1999; Chanteperdrix,
Villedieu, and Vila 2002; Murrone and Guillard 2005). It can be derived from the semi-
kinetic model, realizing an integration over the whole size phase space, see Fig. 2.2:

∫

φ
Eq. (2.19) dφ, (2.33)
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kinetic equation
fφ(t,x, φ,u, T )

vvnnnnnnnnnnnn
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independant variables φ,u, T
Presumed PDF approach
fφ = nψφ(φ)ψu(u)ψT (T )

(φ,u, T )
Phase space
treatment

coupled variables (φ,u, T )
Quadrature approach

fφ =
∑
wn δφ−φd δu−un δT−Tn

Figure 2.1 – First step for moment method derivation from the kinetic description,
Eq. (1.30): velocity-temperature phase space resolution of the spray NDF

u-T -presumed PDF
fφ = nφ ψu(u− ud)ψT (T − Td)

(u, T ) moments
∫

u

∫
T
<uk T l>fφ du dT

��

Semi-kinetic system
Eq. (2.19)
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φ presumed PDF
nφ = nψφ(φ− φd)

with the dependencies
n(t,x)
φd(t,x)

∀φ
∫
φ
φm nφ dφ

��

(φ)
Phase space

reduction

φp presumed PDF
nφ = m(p) κ(p)(φ)

with size discretization
φ ∈ [φp, φp+1[

∀φ∈ [φp,φp+1[
∫ φp+1
φp

φm nφ dφ

��

Two-fluid system
of conservation laws

Eq. (2.35)
taking ψφ = δφ−φd

monodisperse

(φ)
moments

Multi-fluid system
of conservation laws

Eq. (2.65)
in each section p
polydisperse

Figure 2.2 – Velocity and temperature presumed PDF method derivation. Size phase space
closure and moment derivation for two-fluid methods and “classical” multi-
fluid method.
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Quadrature methods
of moments
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Monovariate function
g(x, t,u)

g =
∑
wnδu−un

��

Multivariate function
fφ(t,x, φ,u, T )

fφ =
∑
wnδu−un δT−Tnδφ−φd

��∫
u u
k dudT dφ

��

∫
u

∫
T

∫
φu
k Tmφm nφ du dT dφ

��

QMOM
moment

conservation equations
crossings

DQMOM
abscissa and weight

conservation equations
polydisperse

Figure 2.3 – Velocity and temperature quadrature based method derivation. Size phase
space closure and moment derivation for QMOM/DQMOM and multi-fluid
multi-velocity methods.

assuming, (Dufour 2005):

nφ(t,x, φ) = n(t,x)δ(φ− φd(t,x)). (2.34)

It gives the following evolution for the number and the mass density, the momentum and
the enthalpy:

∂tn+ ∂x · (nud) = 0,

∂t(αρl) + ∂x · (αρlud) = −ṁp,

∂t(αρlud) + ∂x · (αρlud ⊗ ud) = −βαρl(ud −Ug)− ṁpud,

∂t(αρlhld) + ∂x · (αρlhldud) = Ql − ṁphld,

(2.35)

where α is the liquid volume fraction, ṁp is the mass flux due to evaporation, β is the
drag coefficient and Ql represents the heat transfer. In this framework, a mean size can be
defined for the droplets by the following formula:

R =
( 3α

4πn

)1/3

. (2.36)

Nevertheless, the information on the size distribution and on the size-velocity correlation is
lost in this derivation. Closures are thus needed for the terms ṁp, α and Ql. In this frame-
work, the droplet interaction terms, needed to account for secondary breakup, collisions and
coalescence, cannot be included directly but can only be treated by rough approximations.
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Polydisperse extension

In order to obtain a more precise description of the size distribution and to take into account
droplet interactions, two methods have been developed to extend the two-fluid model.

Sampling method A first method is to realize a sampling of the distribution and to
define N samples by:

fφ(t,x, φ,u, T ) =
N∑

i=1

ni(t,x)δ(φ− φdi(t,x))δ(u− udi(t,x))δ(T − Tdi(t,x)), (2.37)

each sample having its mean size, φdi, velocity, udi, and temperature Tdi. The system of
equations for each sample is derived in the way used for the classical two-fluid method,
presuming the shapes of the velocity, temperature and size distributions. It thus results
in N systems of equations similar to Eq. (2.35). This sampling is illustrated in Fig. 2.4.
Nevertheless, one has to notice that the sampled sizes are not interacting and thus the

Figure 2.4 – Size distribution sampling realized to derive sampling methods.

description of the phenomena inducing coupling in the size phase space, as coalescence or
secondary breakup, are not taken into account.

Presumed size distribution Another way to obtain a description of the size distribution
is to presume a PDF for the size variable, as done in (Babinsky and Sojka 2002; Mossa
2005). The idea is to presume a form for the size distribution and to solve the evolution of a
set of moments of this distribution. Nevertheless, this approach suffers from severe problem
coming from both the evaporation process and the coupling with the velocity conditioned
by size. Indeed it is necessary to presume a form of the spray NDF, for instance a log-
normal form, and to resolve the evolution of this log-normal parameters. Nevertheless, the
form of the NDF is not conserved through evaporation: an initially log-normal distribution
evaporating has no reason to stay a log-normal distribution. Therefore severe singularities
occur in the equations governing the evolution of the log-normal parameters.
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2.2.3 Multi-fluid model

The multi-fluid method, introduced in (Greenberg, Silverman, and Tambour 1993) and
characterized in (Laurent and Massot 2001), proposes to conserve information on the size
distribution as well as on the size-velocity correlations, discretizing the size phase space.
The semi-kinetic system Eq. (2.19) is averaged on fixed size intervals [φp, φp+1[, p ∈ [1, NS]
called sections, where NS is the number of sections. We thus solve the evolution of moments
of the NDF in each section, the sections being coupled by exchange of mass, momentum
and heat, see Fig. 2.5, Fig. 2.2. For each section p, a system of conservation law for the

Figure 2.5 – Size distribution function discretization.

mass, the momentum and the enthalpy, given by:

m(p)(t,x) =
∫ φp+1

φp
ρl V ol(φ)nφ(t,x, φ) dφ,

m(p)(t,x)u(p)
d (t,x) =

∫ φp+1

φp
ρl V ol(φ)nφ(t,x, φ)ud(t, x, φ) dφ,

m(p)(t,x) hl
(p)
d (t,x) =

∫ φp+1

φp
ρl V ol(φ)nφ(t,x, φ) hld(t, x, φ) dφ,

(2.38)

is derived from the semi-kinetic system:
∫ φp+1

φp
ρl V ol(φ) Eq. (2.19) dφ. (2.39)

The detailed equations for the multi-fluid model are given in Sec. 2.3, and we just give
here the key elements concerning its derivation. As far as closures are concerned, the size
phase space discretization allows to take into account evaporation or droplet interactions
phenomena coupling droplets of different sizes. The number distribution in one section,
nφ(t,x, φ), φ ∈ [φp, φp+1[, is unclosed as we only solve one moment in size of this distribution.
We thus presume the profile of nφ in a given section, as a function only of the droplet
geometry:

nφ(t, x, φ) = m(p)(t, x) κ(p)(φ). (2.40)
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The size distribution function is generally approximated by a piecewise constant function,
κ(p). The form of κ(p) depends of the choice for φ and will be different for V , S and
R. This is known as the fundamental sectional assumption, (Greenberg, Silverman, and
Tambour 1993; Laurent and Massot 2001). Unlike the presumed size distribution method,
the form of the size distribution is assumed only within a section in the multi-fluid model.
This model thus describes the polydispersion as well as the size velocity correlation, a key
issue in evaporating spray simulations. However, the main drawback of this method is the
cost associated to the resolution of NS systems of conservation laws, needed to obtain the
evolution of the sections. Indeed, it has been shown that the multi-fluid model is a first
order method regarding evaporation, (Laurent 2006), and thus a high number of sections,
typically ten to twenty, may be needed to obtain a precise description of the evaporation
process. This drawback can be avoided by using methods of higher order for the description
of evaporation in multi-fluid framework. A second important limitation, comes from the
description of droplet crossing trajectories, that can not be done with standard multi-fluid
method, as with all presumed velocity PDF based Eulerian method. Nevertheless a new
method coupling multi-fluid method with QMOM, the multi-fluid multi-velocity model, has
been proposed to answer to this problem. These new outbreaking methods are developed
in the following and summarized in Fig. 2.6.

Higher order method for evaporation

A first way to increase multi-fluid precision regarding size description is to assume for nφ

a more complex form than the piecewise constant form defined by Eq. (2.40). While the
form of nφ was only depending on size

nφ(φ) = ψ(p)(φ), φ ∈ [φp, φp[, (2.41)

the use of a more complex form would introduce new parameters:

nφ(φ) = ψ(p)(a, b, φ), φ ∈ [φp, φp[. (2.42)

A new conservation equation is needed to close the system, and it is obtained taking a
second moment in size of the distribution function. Indeed the classical multi-fluid was
solving only one moment of the size distribution, the mass m(p). This technique has been
applied in (Dufour and Villedieu 2005), where a piecewise exponential form is chosen for
the size distribution, using surface variable:

n(t,x, S) = a(p)(t,x) exp(−b(p)(t,x)S), S ∈ [Sp, Sp+1[. (2.43)

As previously mentioned, we choose the surface as the size variable for the multi-fluid
formulation, (Laurent 2006). In order to close this formulation, two moments, of order 0
and 3/2 in surface, of the size distribution function are solved:

∫ Sp+1

Sp

(
1
S3/2

)

Eq. (2.19) dS. (2.44)

The moment of order 3/2 in surface is already solved in the standard multi-fluid, as it
corresponds to the mass, as V ol(S) = S3/2/(6

√
π) and ρl is constant. A new equation is

added for the conservation of the moment of order zero, corresponding to the conservation
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of the number density. In this case, the conservation of mass and of number density are
not equivalent. The details of the multi-fluid derivation in this framework can be found in
(Dufour 2005) and (Dufour and Villedieu 2005)

Another form has been proposed for the number density inside one section in (Laurent
2006). The distribution is assumed piecewise polynomial. The idea here is to solve a higher
number of moments m of the size distribution function to increase the order of precision of
the method. The method is assessed for m = 2 with moments of order 0 and 1 in surface:

∫ Sp+1

Sp

(
1
S

)

Eq. (2.19) dS. (2.45)

All the details concerning the derivation of the multi-fluid model in this framework along
with the numerical method needed are given in (Laurent 2006).

These methods achieve second order precision in the size variable. Nevertheless, a new
method for the size phase space treatment have been recently proposed, (Kah 2007; Massot,
Laurent, Kah, and de Chaisemartin 2009), leading to an important improvement in pre-
cision. The method solves the evolution of four moments in size of order 0 to 3, in each
section p:
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 Eq. (2.19) dS. (2.46)

The closure is based on a reconstruction of the number density n from the four moments
solved. It allows to evaluate the point-wise value of the distribution at the boundary
of the sections to compute the flux between the sections of the multi-fluid model. This
reconstruction step must satisfy two main constraints:

• preserve positivity,

• preserve the moment space.

The second constraint consists in ensuring that the vector of moments modified by the
fluxes of the method stays a vector of moments of a distribution function. To satisfy these
constraints, a maximum entropy formalism as well as a kinetic scheme are used, as detailed
in (Massot, Laurent, Kah, and de Chaisemartin 2009). The entropy comes from information
theory. A particular attention must also be devoted when dealing with the evolution in
physical space of the vector of moments, again for moment space preservation purpose,
(Kah 2007). This recently developed method leads to a great improvement of the precision,
and allows a very precise description of the size distribution with only few size sections.

Multi-fluid multi-velocity model

An important limitation arising with Eulerian methods based on a presumed velocity dis-
tribution around a mean velocity, is the impossibility to model droplet trajectory crossings.
A recent model coupling multi-fluid model and QMOM, see Fig. 2.6, has been proposed
in (de Chaisemartin, Freret, Kah, Laurent, Fox, Reveillon, and Massot 2009) and (Freret,
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de Chaisemartin, Laurent, Vedula, Fox, Thomine, Reveillon, and Massot 2009). The deriva-
tion of this method differs from the standard multi-fluid model one. Indeed, there is no
intermediate step associated with a semi-kinetic system based on a presumed velocity PDF.
The form of the spray NDF f(t,x, S,u, T ) is directly assumed within a multi-fluid section
p:

f(t,x, S,u, T ) = n(p)(t,x, S)ψ(p)
u (t,x,u), (2.47)

where n(p) is the size number density function and ψ(p)
u is the velocity probability density

function, which is assumed independent of size variation inside the pth section. We still
consider the mass moment of order 3/2 in size, zero or one in temperature, depending
whether heat transfer are considered, and up to order three in velocity. The moments
considered in the pth section can be written:

m(p) M
(p)
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l k

=
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Sp
ρl S

3/2 n(p) dS
∫

u
ul ψ(p)

u (t,x,u) du
∫

T
T kψ

(p)
T (t,x,u) dT, (2.48)

with |l| ≤ 3 for a 3-D case and k equal to zero or one. The transport in physical space is
then closed with a quadrature methods of moments extended from (Fox 2008). In order to
be able to treat trajectory crossings, a 2Ndim-node quadrature is used, the moments being
linked to the weights wn and abscissa un by:
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(p)
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l k

=
2Ndim∑

n=1
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(
u(p)
n

)|l|
. (2.49)

The difficulty is to obtain the weights and abscissas from the moments, the resolution of
this task is described in (de Chaisemartin, Freret, Kah, Laurent, Fox, Reveillon, and Massot
2009).

A method treating the size polydispersion as well as droplet crossings for evaporating,
(de Chaisemartin, Freret, Kah, Laurent, Fox, Reveillon, and Massot 2009), and colliding
spray, (Freret, de Chaisemartin, Laurent, Vedula, Fox, Thomine, Reveillon, and Massot
2009), has thus been developed and assessed in 2-D configurations.

2.2.4 Direct Quadrature Method Of Moments for spray

As we mentioned in Sec. 2.2.1, an alternative to the presumed velocity PDF Eulerian method
for the simulation of spray is the Direct Quadrature Method of Moments (DQMOM),
introduced in (Marchisio and Fox 2005). In this framework, the NDF of the spray is
assumed to have the form:

fφ (t,x, φ,u, T ) =
N∑

n=1

wn δ(φ− φn) δ(u− un) δ(T − Tn), (2.50)
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Figure 2.6 – Size/Velocity high order multi-fluid method. These methods describe accu-
rately droplet evaporation and trajectory crossings, respectively.

and a system of conservation laws is derived directly for the weights and abscissas
(wn, φn,un, Tn):

∂twn + ∂x · (wnun) = an,

∂t(wnφn) + ∂x · (wnφnun) = bn,

∂t(wnφnun) + ∂x · (wnφnun ⊗ un) = cn,

∂t(wnTn) + ∂x · (wnTnun) = dn,

(2.51)

where the source terms (an, bn, cn, dn) are obtained from the source terms of the Williams
equation Eq. (1.30); the evolution of the weights and abscissas allows to compute the
moments and the moments allow to compute the source terms, (Marchisio and Fox 2005),
solving a linear system of 6N unknowns.

The DQMOM method, along with the multi-fluid method, have been compared to a La-
grangian description in the framework of a 1-D vaporizing and coalescing laminar spray
(Fox, Laurent, and Massot 2008). It has been shown that the DQMOM method, first in-
troduced in the context of aerosol dynamics and aggregation-breakage processes, can be
implemented for a vaporizing spray described by a Williams equation, Eq. (1.30), as also
tackled in (Fox 2007). The DQMOM reveals to be very efficient to describe spray coales-
cence, more efficient that the multi-fluid due to its limited numerical diffusion in the size
phase space. As far as evaporation is concerned, the method is shown to be efficient but
the importance to treat precisely the problem of the evaporative flux due to droplets disap-
pearance is highlighted. An efficient solution to this problem, common to several moment
methods for fluid-particle flows, is tackled in (Massot, Laurent, Kah, and de Chaisemartin
2009).

Finally, up to now, the DQMOM fails to treat droplet trajectory crossing, (Fox 2008).
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2.2.5 Extension to the simulation of turbulent flows

A DNS framework for the Eulerian moment methods derivation has been considered so
far. The extension to modeled or partially modeled flow simulations is assessed here. We
do not tackle the gas phase description, but we discuss the effect of a gas phase partially
modeled, on the Eulerian models derivation. In a Large Eddy Simulation (LES) context,
small scales of the gas phase are modeled. In this case, the turbulence description alters
the kinetic level of description, and the kinetic equation presented in Sec. 1.2 is no longer
closed, (Reeks 1991).

Two-phase turbulent flows modeling and LES description

In order to assess more realistic configurations, the gas phase needs to be, at least partially,
modeled. In the context of LES, the information on the gas velocity is only partial, the
small scales being modeled, and the kinetic formulation for spray needs thus to be adapted.
The strategy is to start at the kinetic level with a realization of the Williams equation
Eq. (1.30) and to derive a kinetic equation in the average where the effects of the small
scales of the turbulent gas phase are modeled. The idea is to obtain a closed equation at
the kinetic level and then, from there, at the fluid level. This approach, as well as its main
interests are described originally in (Reeks 1991).

Kinetic model “in the mean” The derivation of a transport equation for the NDF of
droplets in turbulent flows has been the subject of many researchers in the past two decades.
We do not detail here the various works and we refer to the reviews done in (Mashayek
and Pandya 2003; Minier and Peirano 2001; Kaufmann 2004). We only recall here the form
of the NDF’s equation obtained in (Reeks 1991; Reeks 1992; Reeks 1993) and (Hyland,
McKee, and Reeks 1999). The carrier velocity is split into a mean and a fluctuating part:

Ug(t,x) = 〈Ug〉(t,x) + U ′g(t,x), (2.52)

where 〈.〉 denotes the ensemble averaging operator with respect to the randomness intro-
duced through the fluctuating quantity. A kinetic equation “in the mean” can be obtained
by ensemble average of the Williams equation, to describe the evolution of 〈f〉, given, if no
droplet interactions are considered by:

∂t〈f〉+ ∂x · (u〈f〉) + ∂u ·
(

〈F 〉 〈f〉+
〈
U ′g
St
f

〉)

− ∂S (Rs 〈f〉) + ∂T (E〈f〉) = 0. (2.53)

In this formulation, it is assumed that no convective corrections are conducted for evapo-
ration and heat transfer, so that the droplet size and temperature change rates, Rs and E,
are not modified by the stochastic process. One has to notice that the term 〈U ′gf〉 is not
closed and we refer to (Reeks 1992) for a closure proposition. This closure, along with an
equilibrium assumption on the velocity distribution conditioned by size, allow us to derive,
as in Sec. 2.2.1, a semi-kinetic system of conservation laws, taking in this case the moment
of order 0, 1 and 2 in velocity, see for example (Massot 2007). Two-fluid and multi-fluid
model derivation can then be conducted from this point, with their associated size phase
space treatment, see Sec. 2.2.2 and Sec. 2.2.3.
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LES and two-fluid model As far as two-fluid models are concerned, many efforts have
been devoted to a derivation for LES framework, and this method is, at present, the most
advanced for LES of turbulent flow. The basis of turbulent modeling are given in (Fevrier
2000), and the first formulation of two-phase flow LES is to be found in (Kaufmann 2004).
Many works were first devoted to LES of solid particles, (Fevrier 2000; Fevrier, Simonin, and
Squires 2005; Moreau 2006; Riber 2007), and completed by studies on monodisperse spray in
reacting flows, (Riber, Garcia, Moureau, Pitsch, Simonin, and Poinsot 2006; Boileau 2007;
Lamarque 2007). An extension of LES for polydisperse spray is proposed in (Mossa 2005),
with a size presumed PDF, Sec. 2.2.2. The LES filtering for the equations obtained from the
ensemble average formulation is described in (Kaufmann 2004). The filtered equations for
the two-fluid described disperse phase are developed in (Kaufmann 2004), and modeling of
unresolved terms for the disperse phase LES is detailed in (Kaufmann 2004; Moreau 2006;
Riber 2007).

Toward LES with multi-fluid approach Two issues have to be tackled to extend the
multi-fluid method used in this study to LES of turbulent flow.
The first point for LES with the multi-fluid method is to provide size-conditioned closures.
First size-conditioned closures for turbulent approach are studied in (Reveillon, Péra, and
Massot 2002; Massot, Knikker, Péra, and Reveillon 2004; Reveillon, Péra, Massot, and
Knikker 2004). A multi-fluid model is derived to achieve ensemble average simulation
(EAS) of sprays in turbulent flow fields. The efficiency of the multi-fluid is assessed through
a comparison to a Euler-Lagrange DNS of a non homogeneous turbulent two-phase flow.
A spatially decaying turbulence is used, offering a spatial evolution of stationary statistics.
The study uses one-way coupling and focuses on the sole effects of the turbulence fluctu-
ations on the spray dispersion. The ensemble averaged Eulerian fields obtained from the
Eulerian multi-fluid simulation are compared to the ones analyzed from the Euler-Lagrange
DNS. This study shows the ability to capture the physics, see the references above for more
details, and provides a first step toward LES simulation with multi-fluid.
Second, mathematical studies of the resulting equations could provide the elements to ex-
tend the numerical scheme provided in this work, to this framework. The main difference
comes from the pressure arising in the momentum equation, vacant in the DNS case, due
to the monokinetic assumption.

2.3 Monokinetic multi-fluid model detailed derivation

In the present study, DNS with multi-fluid spray description is provided, in Part. II and
Part. IV. The “classical” multi-fluid model is used, that corresponds to a low order moment
method in size and velocity, coupled with a size discretization. This method is chosen
given its relative simplicity and robustness, an essential issue to assess the more realistic
configurations tackled in Part. IV.

Recent improvements have been obtained for the multi-fluid method, Sec. 2.2.3. Indeed, a
high-order multi-fluid moment method in size, (Massot, Laurent, Kah, and de Chaisemartin
2009), has been provided for a refined evaporation description. Besides, a high-order multi-
fluid moment method in velocity (de Chaisemartin, Freret, Kah, Laurent, Fox, Reveillon,
and Massot 2009; Freret, de Chaisemartin, Laurent, Vedula, Fox, Thomine, Reveillon,
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and Massot 2009), allows to describe out-of-equilibrium velocity distribution, and thus to
account for droplet trajectory crossings. Both features have been assessed, i.e., a high-
order method in size and velocity, (Kah, Laurent, Massot, Fox, and Jay 2008). These
methods have been implemented in the multi-fluid solver (MUSES3D) provided in this
work. Nevertheless since they are not directly studied in the present work, we do not give
their complete derivation. The precise description and evaluation of these methods will be
provided in (Kah 2010).

The derivation of the multi-fluid model based on the monokinetic velocity distribution
assumption, is detailed in this section. The steps for the derivation of this model from the
kinetic level of description, detailed in Sec. 1.2, are provided. As we already mentioned, we
decided to assess the efficiency of the multi-fluid model mainly through numerical studies,
comparing it with a reference Lagrangian description, in the framework of simple droplet
models, in order to conduct precise evaluation. We thus neglect collisions, coalescence and
secondary breakup in the derivation of the multi-fluid system of conservation laws. We
refer to (Massot and Villedieu 2001; Laurent, Massot, and Villedieu 2004; Dufour 2005),
for the derivation of the multi-fluid model including coalescence and secondary breakup
and to (Freret, de Chaisemartin, Laurent, Vedula, Fox, Thomine, Reveillon, and Massot
2009) for rebound.

2.3.1 Semi-kinetic system conservation laws

The general form of the semi-kinetic system has been given in Eq. (2.19). We highlight
here the main assumptions and give its form under an equilibrium assumption at zero
temperature for the velocity. As previously mentioned, we use the surface S as the size
variable, (Laurent and Massot 2001). In this framework, the closure of the system is
obtained through the following assumptions :

[H1] For a given droplet size, at a given point (t,x), there is only one characteristic averaged
velocity ud(t,x, S) and one averaged temperature Td(t,x, S).

[H2] The dispersion in the distribution function around the mean velocity ud and temper-
ature Td is zero in each direction, whatever the point (t,x, S).

It is equivalent to presume the following NDF conditioned by droplet size :

f(t,x, S,u, T ) = n(t,x, S) δ(u− ud(t,x, S)) δ(T − Td(t,x, S)), (2.54)

that is to reduce the support of the NDF to a one dimensional sub-manifold parametrized
by droplet size. The semi kinetic system is then close, and Eq. (2.19) becomes:

∂t n+ ∂x · (nud) = ∂S(nRsd),

∂t (nud) + ∂x · (nud ⊗ ud) = ∂S(nRsdud) + nF d,

∂t nhld + ∂x · (nhldud) = ∂S(nhldRsd) + nCp,lEd,

(2.55)

where

Rsd = Rs(ud, Td), hld = hl(ud, Td), Ed = E(ud, Td). (2.56)
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The expressions for the terms Rs and E are given in Sec. 1.2.2. It has to be noticed that
the two descriptions at the “kinetic” level and at the moment level are equivalent as long
as two conditions are satisfied. First the NDF conditioned by droplet size is mono-kinetic,
i.e. satisfies Eq. (2.54) and associates one single velocity and one single temperature at
a fixed position and time for a given droplet size. Second, the solution of the system of
conservation equations remains smooth, see Chpt. 3 where non-regular δ−shock solutions
are studied.

2.3.2 Multi-fluid system conservation laws

Size discretization and closure

In order to obtain the classical multi-fluid system of conservation laws, we then discretize
the phase space. We choose a discretization 0 = S(1) < S(2) < · · · < Sp < · · · < S(NS+1) for
the droplet size phase space and to average the obtained system of conservation laws over
each fixed size intervals [Sp, Sp+1[, called section. The set of droplets in one section can
be seen as a “fluid” for which conservation equations are written. The sections exchange
mass, momentum and heat. The average in each section consists in taking one moment in
size, of order 3/2 in surface. The system of conservation laws gives thus the evolution of
the vector of moments of the phase space (S,u, T ):
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 . (2.57)

The order 3/2 in size M 3
2

0 0 corresponds to the mass density of droplets and it has been
chosen because of its relevance to the evaporation and combustion processes. The evolution
of these moments gives the evolution of mass, momentum and enthalpy of the spray. To
close the system, the following assumptions are introduced :

[H3] In one section, the characteristic averaged velocity and temperature do not depend
on the size of the droplets.

[H4] The form of n as a function of S is supposed to be independent of t and x in a
given section, thus decoupling the evolution of the mass concentration of droplets in
a section from the repartition in terms of sizes.

These assumptions are equivalent to presume the NDF in velocity, temperature and size
inside each section :

ud(t,x, S) = u
(p)
d (t,x) ∀S ∈ [Sp, Sp+1[,

Td(t,x, S) = T
(p)
d (t,x) ∀S ∈ [Sp, Sp+1[,

n(t,x, S) = m(p)(t,x) κ(p)
S (S) ∀S ∈ [Sp, Sp+1[,

(2.58)

where m(p) is the mass concentration of droplets in the pth section, given by:

m(p)(t,x) =
∫ Sp+1

Sp
ρl
S3/2

6
√
π
n(t,x, S) dS, (2.59)
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giving thus for the form κ
(p)
S in one section:

∫ Sp+1

Sp

ρl
6
√
π
S3/2 κ

(p)
S (S) dS = 1. (2.60)

We have chosen, as advised in (Laurent and Massot 2001), a form for the NDF constant
in radius, i.e., κ(p)

R = constant. The formulation of the case κ(p)
S = constant is given in the

last paragraph of Sec. 2.3.2. From Eq. (1.29), we have:

κ
(p)
S dS = κ

(p)
R dR, (2.61)

leading to:

κ
(p)
S (S) =

κ
(p)
R

4
√
π S

. (2.62)

We have then, through Eq. (2.60):

κ
(p)
R =

48π
ρl (S2

p+1 − S2
p)
. (2.63)

System of conservation laws for the pth section

We derive the evolution of the set of moments Eq. (2.57), from the semi-kinetic system
Eq. (2.55):
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Eq. (2.55) dS, (2.64)

and we obtain, under the closure assumption [H1] to [H4]:
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(2.65)

where we defined the averaged velocity and enthalpy in the pth section:

u
(p)
d (t,x) =

1
m(p)

∫ Sp+1
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S3/2

6
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ud(t,x, S)n, dS,

hl
(p)
d (t,x) =

1
m(p)

∫ Sp+1

Sp
ρl
S3/2

6
√
π
hld(t,x, S)n, dS,

(2.66)
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External forces and heat exchange terms Given the size integration, the external
forces and heat exchanges terms are given by:

F
(p)
d (t,x) =

1
m(p)

∫ Sp+1

Sp
ρl
S3/2

6
√
π
F d(t,x, S,ud)n(t,x, S) dS,

E
(p)
d (t,x) =

1
m(p)

∫ Sp+1

Sp
ρl
S3/2

6
√
π
Ed(t,x, S,ud, Td)n(t,x, S) dS.

(2.67)

One has to notice that, for the physical droplet models used, the dependance of F d and Ed
in the variable size S can be assumed to be 1/S, see Sec. 1.3. Furthermore, using the form
for n, given in Eq. (2.58), and for κ(p), given in Eq. (2.63), the expressions for the averaged
external force and rate of heat exchange become:

F
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d (t,x) = F d

(
t,x, S

(p)
d ,u

(p)
d

)
,

E
(p)
d (t,x) = Ed
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(p)
d ,u

(p)
d , T

(p)
d

)
,

(2.68)

the mean surface for the pth section, S(p)
d , being given, for a radius constant reconstruction,

Eq. (2.63):

S
(p)
d =

Sp + Sp+1

2
. (2.69)

Evaporation terms Regarding the evaporation term,
∫ Sp+1

Sp ρl S
3/2/(6

√
π)Rsd n dS, an

integration by part is conducted to separate the exchange terms between successive sections,
given by:

E
(p)
1 = ρl

S3/2
p

6
√
π
Rs

(p)
d κ

(p)
S , (2.70)

from the exchange terms with the gaseous phase:

E
(p)
2 =

∫ Sp+1

Sp
ρl

dS(S3/2)
6
√
π

Rsd κ
(p)
S (S) dS, (2.71)

that is, using Eq. (2.62) and Eq. (2.63)

E
(p)
1 =

2Sp(
S2
p+1 − S2

p+1

) Rs
(p)
d ,

E
(p)
2 =

3
(Sp + Sp+1)

Rs
(p)
d ,

(2.72)

with Rs
(p)
d , given by:

Rs
(p)
d (t,x) = Rsd(t,x, S

(p)
d ,u

(p)
d , T

(p)
d ). (2.73)

These terms only depend on the choice of the size discretization on the choice of κ(p), they
can thus be pre-computed, preliminarily to the system resolution. One can notice that to
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conduct the integration of Eq. (2.71), we assumed that Rsd was not depending on surface
inside the section. Actually, Rsd depends on size when we consider convective corrections
for evaporation, as the correction depends on the relative Reynolds number Rep, given in
Eq. (1.35). We thus assumed that this correction was changing slowly enough inside one
section to consider it constant and take the point-wise value at the mean surface: S = S

(p)
d .

The term E
(p)
2 , allows to compute the fuel mass source term in the gaseous equation, SspeciesF .

We need to evaluate this term in order to study gaseous fuel mass fraction prediction by
the multi-fluid model through the FADO procedure and for the coldflame computations,
described in Sec. 1.4.3. For mono-component droplets, we have, Eq. (1.33)

SspeciesF = Sm =
∫

S

∫

u

∫

T
ρlRs

dS(S3/2)
6
√
π

f dS du dT, (2.74)

and thus in the multi-fluid framework, the mass source term is given by the sum of the
section contributions:

SspeciesF =
NS∑

p=1

m(p)
∫ Sp+1

Sp
ρl

dS(S3/2)
6
√
π

Rsd κ
(p)
S (S) dS =

NS∑

p=1

m(p)E
(p)
2 . (2.75)

Dimensionless multi-fluid formulation

The multi-fluid model is computed in a dimensionless form, obtained from the dimensionless
kinetic formulation introduced in Sec. 1.3.4. The formulation uses, as in the previous
pragraph, presumed shape constant in radius in a section, κ(p)

R = constant. The non
dimensional formulation with a shape constant in the surface variable, κ(p)

S = constant, is
provided in the next paragraph. We first introduce a reference mass density for droplets,
m0:

m0 = ρ∞
S

3/2
0

6
√
π
n0. (2.76)

The dimensionless multi-fluid system of conservation laws is given by:

x0

U0m0
Eq. (2.65a),

x0

U2
0m0

Eq. (2.65b),

x0

U0m0Cp,∞T∞
Eq. (2.65c).

(2.77)
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It leads to the same system as Eq. (2.65), with the following dimensionless variable:

m(p) =
m(p)

m0

,

u
(p)
d =

u
(p)
d

u0

,

hl
(p)
d =

hl
(p)
d

Cp,∞T∞
.

(2.78)

The dimensionless form of the external forces, the rate of heat exchange and the surface
rate of change in one section, are directly obtained from Sec. 1.3.4:

F
(p)
d (t,x) = F d

(
t,x, S

(p)
d ,u

(p)
d

)
,

E
(p)
d (t,x) = Ed

(
t,x, S
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d ,u
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d , T

(p)
d

)
,

Rs
(p)
d (t,x) = Rsd

(
t,x, S

(p)
d ,u

(p)
d , T

(p)
d

)
,

(2.79)

the expression of the of F d, Ed, and Ed, being given in Eq. (1.98). The dimensionless terms
for evaporation are given by:

E
(p)
1 = ρlRs

(p)
d κ

(p)
R

1
2
Sp,

E
(p)
2 = ρlRs

(p)
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(p)
R

3
4

(
Sp+1 − Sp

)
,

(2.80)

given

κ
(p)
R =

4

ρl
(
Sp+1

2 − Sp2
) , (2.81)

it leads:

E
(p)
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2Sp(
Sp+1

2 − Sp+1
2
) Rs

(p)
d ,

E
(p)
2 =

3
(
Sp + Sp+1

) Rs
(p)
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(2.82)

The fuel mass source term becomes:

SspeciesF =
S0

3/2

6
√
π
N0

NS∑

p=1

m(p) E
(p)
2 . (2.83)
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Surface constant reconstruction

The multi-fluid model formulation with a presumed NDF constant in surface within a size
section is presented here. From Eq. (2.60), we have, assuming κ(p)

S = constant:

κ
(p)
S =

6
√
π

ρl

5/2
(
S

5/2
p+1 − S5/2

p

) . (2.84)

This new NDF form only modifies the source term expressions. As far as external forces
and heat exchanges terms are concerned, the mean surface is modified. The pth section
mean surface S(p)

d for a surface constant reconstruction is given by:

S
(p)
d =

3
(
S

5/2
p+1 − S5/2

p

)

5
(
S

3/2
p+1 − S3/2

p

) . (2.85)

Concerning the evaporation source terms, E(p)
1 and E(p)

2 expressions can be computed from
Eq. (2.70) and Eq. (2.71):
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(2.86)

In dimensionless formulation, κ(p)
S becomes:

κ
(p)
S =

5/2

ρl

(
Sp+1

5/2 − Sp5/2
) . (2.87)

The variables S(p)
d , E(p)

1 and E
(p)
2 are still given by Eq. (2.85), Eq. (2.86), but as functions

of the dimensionless variables: Sp+1, Sp and Rs
(p)
d .

Conclusion

This multi-fluid formulation is assessed throughout this work. A mathematical study of its
governing system of equations, Eq. (2.65), is provided in Chpt. 3, leading to the design of an
efficient numerical scheme, and to a theoretical characterization of the singularities arising
due to the equilibrium assumption made for the velocity. The precision of this method is
assessed through numerical, Chpt. 4, and experimental, Chpt. 5, comparisons in vortical
flows. An original implementation and optimization of this method is provided in Part. III,
allowing to tackle first 2-D jet and 3-D turbulent configurations, Part. IV.
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Introduction

This part gives a first step toward the use of multi-fluid simulation in the more realistic
configurations tackled in Part. IV. Indeed, the issues related to multi-dimensional multi-
fluid simulation are tackled.
A three stage characterization, providing mathematical, numerical and experimental analy-
sis of the multi-fluid method, is conducted in this part. It provides an extension of previous
multi-fluid studies, as done in (Laurent and Massot 2001; Laurent, Massot, and Villedieu
2004; Dufour and Villedieu 2005; Laurent 2006), to multi-dimensional simulations. This
part aims at precisely illustrating the robustness, the efficiency and the precision of multi-
fluid multi-dimensional computations. The three levels considered allow to assess these
issues.
The study of the multi-fluid system mathematical structure underlines the requirements
to fulfill with the numerical scheme. Furthermore it gives the theoretical elements needed
for a such scheme derivation. Finally, it allows to analyze the possible creation of singulari-
ties, due to droplet trajectory crossings, called δ−shock. This study, conducted in Chpt. 3,
leads to the derivation of a specific numerical scheme for multi-dimensional configurations.
The robustness and efficiency of this numerical method is assesed in the numerical study
conducted in Chpt. 4. The singularity analysis conducted in the mathematical part is
shown to predict singularity occurence in the 2-D vortical flows considered. Finally, the
precision of the method is assessed through quantitative comparisons with a DSMC La-
grangian method. The link between this Lagrangian approach and a Eulerian kinetic-based
method, provided in Chpt. 2, shows the validity of such comparisons. In order to focus on
the spray method used, the simplified modeling framework introduced in Chpt. 1 is used.
Finally, the ability of the multi-fluid method to capture the physics of spray/vortices inter-
actions, is analyzed through experimental comparisons in Chpt. 5.
The coupling between this three complementary levels, constitutes a novel approach al-
lowing a better physical comprehension. Indeed, the mathematical elements are needed to
design efficient and robust numerical schemes that allow to study the physics of the spray.
Furthermore, each studies brings in new elements:

• a numerical scheme for multi-dimensional Eulerian description able to simulate critical
situations with high level of concentration, vacuum or singularities, is provided;

• a precise characterization of spray singularities, as well as their conditions of oc-
curence, is conducted;

• time-resolved, size-conditioned quantitative comparisons between Eulerian and La-
grangian methods are achieved;

• finally, size-conditioned comparisons between a Eulerian spray description and exper-
imental data are provided.
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In the context of the evaluation of the multi-fluid relevance for industrial applications, the
first step is to show the ability to design a robust and efficient numerical scheme. This step
requires to analyze the mathematical properties of the multi-fluid model conservation laws.
Isolating physical space transport, the monokinetic multi-fluid modeling leads to a weakly-
hyperbolic system of conservation laws, known as the pressureless gas system, (Bouchut
1994). The numerical scheme used for its discretization must verify the positivity of density
and a maximum principle on velocity. Furthermore, the scheme must handle the singular-
ities, called δ−shocks, that can arise. The link with the mathematical studies of theses
singularities is given in Sec. 3.1, and illustrations for 2-D vortical flows are provided. Cri-
teria predicting the formation of singularities, are defined from the provided illustrations.
They will be assessed in Chpt. 4.
As far as phase space transport is concerned, one has to solve an ODE system, where stiff-
ness can occur. Indeed, for instance the response time of the droplets to the drag force can
be very different for different droplet inertia, and thus for different multi-fluid sections. It
is thus necessary to choose carefully the appropriate integrator.
The multi-fluid numerical scheme must satisfy all these constraints and provide as gener-
icity as possible, so that it does not reduce to a given multi-fluid method or to a given
modeling framework. Its derivation is given in Sec. 3.2. An efficient transport scheme is
provided for 2-D, 2-D axisymmetric and 3-D configurations. An efficient integrator for stiff
ODE is used.

3.1 Mathematical peculiarities of multi-fluid modeling

The assumptions formulated at the kinetic and at the macroscopic level while deriving
the Eulerian model, lead to several mathematical difficulties. Indeed we obtain a peculiar
system of conservation equations without any pressure term leading to singularities called
δ−shocks. These singularities occur when the mono-kinetic assumption of the multi-fluid
model ceases to be valid and introduces some artificial velocity averaging. The key issue
is thus to characterize the appearance of such singularities and to relate it to the physics
of droplet dynamics. This will have two consequences, first we will be able to choose
comparison configurations which are within the validity limit of the multi-fluid model;
second, since the configurations of interest frequently involve flow location which can be a
little beyond the validity limit and still can be accurately described by the multi-fluid model,
we aim at developing a numerical method robust enough to cope with these singularities in
case they do occur.
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3.1.1 Mathematical properties of monokinetic multi-fluid trans-
port

In the monokinetic multi-fluid framework chosen in this study, Chpt. 2, the transport term
has a peculiar structure known as the pressureless gas system, (Bouchut 1994). Indeed, it
is similar to an Euler gas dynamics system of equations, but without any pressure term in
the momentum equation:

∂tm+ ∂x · (mud) = 0,
∂t(mud) + ∂x · (mud ⊗ ud) = 0.

(3.1)

This weakly hyperbolic system can be found for example in astrophysics, when describing
the formation of large scale structures in the universe or in the modeling of sticky par-
ticles (Zel′dovich 1970); it has also been presented in (Druzhinin and Elghobashi 1999)
for bubbles. The structure of this system comes from the monokinetic assumption for the
spray velocity distribution done at the kinetic level, Chpt. 2. An interesting property in
this framework is the mathematical equivalence between the kinetic and the fluid level of
description for smooth solutions, Theorem 2.

Theorem 2 (Bouchut). Let T > 0, m(t,x),u(t,x) ∈ C1([0, T ]×Rd) and define

f(t,x,u) = m(t,x)δ(u− ud(t,x)). (3.2)

Then (m,ud) solve Eq. (3.1) in [0, T ]× Rd if and only if

∂tf + ∂x · (uf) = 0 in [0, T ]× Rd × Rd, (3.3)

where d is the number of physical space dimensions. This equivalence is shown in (Bouchut
1994), and is an interesting property for the construction of a numerical scheme, as detailed
in Sec. 3.2. Therefore the solutions of the macroscopic system Eq. (3.1) are the solution of
the kinetic equation Eq. (3.3) as long as the distribution is monokinetic, Eq. (3.2). A key
point is thus to know whether an initially monokinetic distribution stays monokinetic as
times evolves. These issues are discussed in (Jabin 2002), where a kinetic equation with a
Stokes drag force source term is considered:

∂tf + ∂x · (uf) = −∂u ·
(
Ug − u

St
f

)

. (3.4)

This work considers on open domain with Lipschitz boundary. In the framework of our
study, it is not needed to consider domain boundary, for periodicity reasons. The whole
space Rd is thus considered. It is shown that, under normalization conditions on the initial
velocity field u0

d and on the gas velocity field Ug, f remains monokinetic, Theorem 3. These
conditions are based on the Stokes number.

Theorem 3 (Jabin). Assume m0 ∈ L1(Rd) and

m ∈ L∞
(
[0,∞], L1(Rd)

)
,

ud ∈ L∞
(
[0,∞],W 1,∞(Rd)

)
,

||u0
d||W 1,∞(Rd) ≤

1
2d St

,

||Ug||L∞([0,∞],W 1,∞(Rd)) ≤
1

4d St
.

(3.5)
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Then there exist unique m and ud defined on the time interval [0,∞], solutions to Eq. (3.1).

A precise framework is thus defined where the equivalence between the kinetic and the fluid
level of description stands. If the provided conditions are not fulfilled, this equivalence is no
longer valid and singularities may occur at the fluid level of description. These singularities,
caused by the breaking of the monokinetic assumption, are called δ−shock. It corresponds
to a discontinuity in velocity which leads to Dirac delta function concentrations in density.
In fact, for smooth solutions, the equation on the velocity itself is decoupled from the
conservation of mass and takes the form of the Burger’s classical equation:

∂tud + ud · ∂xud = 0. (3.6)

A shock may then arise, leading to the concentration of density at its interface. The breaking
of the monokinetic assumption is related to droplet crossings trajectory. As mentioned in
introduction of this manuscript, in the infinite Knudsen limit taken in the applications,
cluster of droplets are crossing each other, without colliding. It is associated, in a Eulerian
description of the spray, to a bimodal distribution at the kinetic level, leading to two droplet
velocities at the same space and time location. In the resolution of the whole problem, as
formulated in Eq. (2.65), the drag term will decrease the occurrence of such crossings,
attracting droplet velocity toward gas velocity. Nevertheless, for droplets inertial enough,
influence of drag is weaker and crossings may still occur. As we already mentioned in the
assumption [H1], Sec. 2.2.3, at a given point there is only one averaged velocity, preventing
the description of droplet crossings. In the two-fluid model, also based on one averaged
velocity, the same problem occurs and droplet crossings can neither be described. However,
in the multi-fluid model, as presented in assumption [H1], we have one averaged velocity
at a given size. Consequently, the polydispersion described in the multi-fluid model allows
crossing of droplets provided they do not belong to the same size interval. Nevertheless,
equally-sized droplet crossings are out of the limits of the multi-fluid model and can not be
described.
This observation has two consequences. First one wants to be able to control droplet
dynamics for a given gaseous flow. Indeed for turbulent flows or even for laminar flows
with contra-rotative vortices or impinging jets, equally-sized droplet crossings may occur.
One would like to be able, through a limitation on the Stokes number of the droplets, to
foresee these crossing occurrence. To do so, Theorem 3 is used in 2-D vortical flows to
illustrate the conditions leading to droplet trajectory crossings. This study is conducted in
Sec. 3.1.2. Second, a robust numerical method must be developed to cope with the velocity
discontinuities and density concentration arising if equally-sized droplet crossings do still
occur at rare occasions in the flow.

Along with the previously described singularities, the system can lead to creation of vacuum.
One can note that it is important to be able to cope efficiently with vacuum zones since they
represent areas of the flow where no droplet is to be found and are commonly encountered
in most applications. Furthermore, the positivity of density and the maximum principle
on velocity are preserved. One can note that configurations challenging to compute may
arise, even when no singularity occurs, for example due to the concentration of density in
an area of the flow. This situation occurs for example when droplets are ejected from the
core of vortices and accumulated in weak vorticity areas.

A specific numerical method is consequently needed, for the transport part of the multi-fluid
method, requiring:
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• to stand high gradients even up to the situation where all the mass density would be
concentrated in one cell;

• to preserve the positivity of mass density;

• to reproduce a discrete maximum principle on the velocity;

• to deal with vacuum zones in the computational domain.

Furthermore, the best compromise between robustness, precision and computational cost
is required. The development of such a numerical method is presented in Sec. 3.2.

3.1.2 Multi-fluid limit illustrations in 1-D and 2-D vortical flows

The peculiar structure of the multi-fluid system and the set of associated assumptions
require a precise analysis of droplet dynamics description. The purpose of this section is to
illustrate the theoretical tools introduced in Sec. 3.1.1, in 1-D to 2-D cases, to define the
conditions for singularities occurrence. A critical Stokes number is introduced characterizing
the multi-fluid limits. For droplets with Stokes number under this criteria, the monokinetic
multi-fluid assumption is valid and no singularity is to occur. Theorem 3 is first illustrated
in a typical one dimensional problem where the critical Stokes number is defined. This
definition is then extended to two-dimensional problems in the context of Taylor-Green
vortices for the gaseous flow. The extension to a more general framework for more complex
flow field is then considered. Finally Lagrangian numerical applications are performed in
these configurations, to study the validity of the theoretical criterion introduced.

1-D model problem and critical Stokes number

The purpose of the present section is to identify the critical point for the appearance of
“δ-shocks” (Bouchut 1994; Bouchut, Jin, and Li 2003), that is, the eventual concentration
up to infinity of the droplet mass density field related to the creation of a discontinuous
velocity field. Such an event corresponds to the crossing of characteristic curves in the
physical space (LeVeque 2002) and to the limit of the mono-kinetic character of the NDF
at the kinetic level, i.e. the velocity distribution at given location becomes multi-valued.
These characteristic curves are defined, for both the kinetic equation Eq. (1.30) and the
system of conservation laws Eq. (2.55), in the case of non-evaporating droplets, by a set of
ordinary differential equations (ODE) and initial conditions :






dtXp = Up

dtUp =
Ug(t, Xp)− Up

St

,






Xp(0) = X0
p

Up(0) = U0
p

, (3.7)

with U0
p = u0(X0

p ) since the initial distribution is mono-kinetic. It should be noticed that
the non-linear coupling between the two fields is contained in the fact that the gaseous
velocity field Ug is only sampled by the droplet trajectory at Xp. Thus, the characteristic
curves are the integral curves of the vector field defined by Eq. (3.7), parametrized by the
initial spatial coordinate so that we will adopt the notation (Xp, Up)t(t, X0

p , U
0
p ). Under

some standard conditions on the regularity of the field Ug, the characteristic curves exist
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and are well-defined for all time and spatial initial conditions. However, as soon as some
characteristic curves cross each other in the only spatial projection of the characteristic
diagram (x, t), the distribution ceases to be mono-kinetic and the equivalence between the
macroscopic and kinetic descriptions is not valid any more. In fact the characteristics never
cross each other in the (x, u) phase space so that the distribution admits multiple velocities
at a point where the spatial projection of the characteristics cross each-other. For the sake
of simplicity the generic example of steady gaseous flow field is given by a spatial harmonic
oscillation Ug(x) = sin (2π x), with periodic boundary condition on the spatial interval
[0, 1]. The initial condition for the spray is a uniform zero velocity distribution u0 = 0, as
well as a constant density distribution n0 = 1. The characteristic first crossing point can
be shown to be at x = 1/2 since this is the maximum of the gas velocity derivative. It can
be seen as the point of maximal strain. In order to characterize the limit we linearize the
original system of ODEs Eq. (3.7) at x = 1/2 for which the eigenvalues of the associated
matrix are real, if and only if 8π St ≤ 1. The limiting value of the Stokes number is then
1/(8π) ≈ 0.0398, that corresponds to the condition provided by Theorem 3. Taking a look
at Fig. 3.1 will provide the reader with the intuitive picture of two cases where there is
or is not characteristic crossing. We have represented on the left the trajectories of the
particles (that are also the characteristic curves, for smooth solutions, in this pressureless
configuration) with the usual convention that the abscissa is the spatial coordinate and the
ordinate, the time evolution. We consider thirty equi-distributed initial spatial positions
and a zero initial velocity. We plotted the evolution of the position versus time for two
Stokes numbers which are below and above the critical one. It can be clearly seen that
the characteristics cross at x = 0.5 for St = 0.3 at time around t = 0.5 which corresponds
to the first time when the velocity distribution at x = 0.5 becomes multi-valued as shown
in the position-velocity phase plane on the top-right of Fig. 3.1. On the contrary, such a
scenario never occurs for St = 0.03 for which the characteristic curves never cross and the
velocity field as a function of position always remain mono-kinetic as presented in Fig. 3.1,
(bottom).

Besides, as shown in (Dufour 2005) in the 1D case, the droplet velocity field is rapidly
attracted, within a non dimensional time equal to a few Stokes number, to an invariant
velocity manifold. It is smooth only if the non-dimensional Stokes number is below the
critical limit and becomes discontinuous beyond this threshold, thus allowing the droplets to
go from one half of the domain to the other (see Fig. 3.1, (top), for St = 0.3). This manifold
is easily observed in the (Xp, Up) phase plane in Fig. 3.1, (top-right), for St = 0.03 < 1/(8π).

For Stokes numbers beyond the critical limit, let us underline the fact that, even for the
Williams equation at the kinetic level, there is a singularity at the time when the character-
istics are crossing in the (x, t) diagram. At this exact time, the zeroth order moment of the
NDF, that is the number density of droplets, becomes infinite at x = 1/2 and the original
modeling at the kinetic level can cease to be valid if the initial droplet number density is
high enough for the collision term to become important in the neighborhood of the axis of
symmetry where the singularity occurs. Even if this singularity is spatially integrable, the
original modeling on the NDF should then involve a collision term or a “granular pressure”.
For an interesting study of the influence of the initial number density of droplets on the col-
lisional term in the NDF equation in a different framework, we refer to the work of Volkov
and collaborators, see (Volkov, Tsirkunov, and Oesterle 2005) and references therein.
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Figure 3.1 – (top): St = 0.3, characteristic crossing in the (x, t) plane (left) and phase
plane dynamics (x, u) (right) for 30 initial conditions equally distributed in
space with zero initial velocity; (bottom): St = 0.03, no characteristic cross-
ing in the (x, t) plane (left) and phase plane dynamics (x, u) (right) for 30
initial conditions equally distributed in space with zero initial velocity.

This will prove to be symptomatic of what happens in multi-dimensional configurations
with more complex flows.

Taylor-Green vortices

In a first step toward more complex multi-dimensional configurations, we investigate a
gaseous flow field which is given by the two-dimensional Taylor Green vortices, a steady
solution of the inviscid incompressible Euler equations. The reason for such a choice is
related to the fact that while being two-dimensional, such a configuration is representative
of the vortical structure of turbulent flows and still allows an analytical treatment that
will highlights the study of more complex configurations. To extend the study to a two-
dimensional version of the steady spatially oscillating gaseous flow field, we consider a
steady solution of the incompressible Euler equations with periodic boundary conditions,
which reads in the non-dimensional setting Ug = sin(2 π x) cos(2 π y) for the horizontal
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Figure 3.2 – Velocity vectors of Taylor-Green gaseous vortices configuration.

velocity, and Vg = − cos(2 π x) sin(2 π y) for the vertical one, (x, y) ∈ [0, 1] × [0, 1]. The
structure of the flow field is presented in Fig. 3.2 through the velocity vectors.

In order to analytically characterize the critical Stokes number, we focus on the behavior of
the system around the central point (1/2, 1/2). The characteristics, in their non-dimensional
form, are then linearized at this point and it yields :






dtXp = Up, dtUp =
2 πXp − Up

St
,

dtYp = Vp, dtVp =
−2 π Yp − Vp

St
.

(3.8)

The system of four ODEs can then be split into two decoupled system of ODEs in each
direction which can be treated separately. In the x direction, the eigenvalues are always
real, whereas, in the y direction, we recover the same analysis as in the 1D case, with the
same critical value of the Stokes number. It can be shown that, for the considered initial
mono-kinetic velocity distribution, the first point of characteristics crossing is at the center:
(1/2, 1/2) which is again the point of maximum rate of strain.

Beyond the obtained Stokes critical value, droplets are ejected from vortices and encounter
droplets coming from other vortices, since the original number density of droplets is sym-
metrical. Consequently, for Stokes numbers below this critical value, we are sure that
the multi-fluid assumptions are valid in the sense that the kinetic modeling and the fluid
modeling provide identical descriptions. For Stokes numbers beyond this critical value, the
multi-fluid model and the kinetic model provide diverging solutions and are not equivalent
any more. The Eulerian semi-kinetic and multi-fluid models both lead to infinite density
concentrations and discontinuous velocity fields. In fact, in the non-dimensional gas ve-
locity variables, the maximal value of the strain for both 1D and 2D cases is 2π at the
symmetry point.

To obtain a first numerical illustration of the previously introduced Stokes criteria, we per-
form Lagrangian simulations in this Taylor-Green configuration to study droplets dynamics
evolution with their inertia. The analytical velocity field allows us to compute analytically
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Figure 3.3 – Initial conditions for droplets: non-dimensional polydisperse size distribu-
tion.

the gas velocity at the position of the droplets. We decided to introduce in the com-
putational domain a uniform distribution of droplets, equally distributed in the domain.
Concerning the distribution in the size phase space, we have a polydisperse distribution
reproducing f 0(S) represented in Fig. 3.3. This droplet size distribution does not depend
on spatial coordinate. We choose two maximum Stokes numbers for this distribution: a
Stokes number under the critical value St = 0.03 < Stc and one over the critical value
St = 0.3 > Stc. Results are represented at four different times in Fig. 3.4 and Fig. 3.5.
As expected, the droplets with a Stokes number under the critical value are ejected from
the gaseous vortices, and they accumulate at the edges of the vortices without leaving their
original vortex, see Fig. 3.4. On the contrary, more inertial droplets with a Stokes number
over the critical value are ejected from their original vortex leading to crossing trajectories
for droplets as shown in Fig. 3.5.

Extension to a general framework

The purpose of this subsection is to illustrate what happens in the framework of a more
complex gaseous velocity field and to point out the similarities with what has just been
presented in the context of Taylor-Green vortices.

In the previous study, we have considered only zero initial droplet velocity distribution and
conducted a study of the critical Stokes number in terms of the gaseous flow field. In fact,
in a general framework, there is also a condition on the initial droplet velocity field. From
(Jabin 2002) it can be shown that system Eq. (2.19) is equivalent to the kinetic Williams
equation for mono-kinetic initial velocity distributions under two conditions on both the
initial velocity field u0

d and on the maximum amax of the derivative of the steady gaseous
velocity field. The variable amax denotes the maximal rate of strain of the gaseous flow
field. In non-dimensional variables, the conditions can be written amax St < 1/(4 d) and
|∂xu0

d|∞ St < 1/(2 d), d being the number of dimension of the physical space. Since in
the preceding case, amax = 2 π, one recovers the obtained condition on the critical Stokes
number in the one-dimensional setting. These two conditions insure, from a mathematical
point of view, that the kinetic NDF will remain mono-kinetic, if it was originally so, for all
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Figure 3.4 – Lagrangian numerical parcels position at time t = 0.5, t = 1.25, t = 2.75,
and t = 4 in the non dimensional setting. Positions are plotted over velocity
vectors of the gaseous Taylor-Green vortices. The maximum Stokes number
of the droplets distribution is St = 0.03 < Stc. Computation with 10000
numerical parcels.

times. In this context this provides a rigorous basis to insure the validity of the semi-kinetic
and multi-fluid model.

We can thus tackle the configuration of a given non-dimensional gaseous flow field. The
point we want to make is related to the previous study, and relates to a new set of non-
dimensional values of (x0, a0) for which a typical “eddy size” in the new space variable
x+ = x/x0 and a related typical “rate of strain” in the new velocity variable U+

g = Ug/(x0 a0)
are respectively one. In this framework, using the previous result, we will define the critical
new Stokes number St+

c as being 1/4, which will yield the original critical Stokes Number
Stc = 1/(4 a0).
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Figure 3.5 – Lagrangian numerical parcels position at time t = 0.5, t = 1.25, t = 2.75,
and t = 4 in the non dimensional setting. The positions are plotted over
velocity vectors of the gaseous Taylor-Green vortices. The maximum Stokes
number of the droplets distribution is St = 0.3 > Stc. Computation with
10000 numerical parcels.

The only point remaining to be fulfilled is the choice of the couple (x0, a0). In the Taylor
Green vortices, this choice is obvious, since the typical vortex size is x0 = 1 and the typical
rate of strain is a0 = 2π, thus yielding the obtained value Stc = 1/8π.

As long as the flow is incompressible, the two eigenvalues of the symmetric part of the
velocity tensor are of opposite sign and the positive eigenvalue is then presented. More
precisely :

∂x,y

[
Ug
Vg

]

=




∂xUg

∂yUg + ∂xVg
2

∂yUg + ∂xVg
2

∂yVg



+
ω

2

[
0 1
−1 0

]

, (3.9)
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where ω = ∂yUg−∂xVg is the vorticity field and ±iω/2 are the two eigenvalues of the second
matrix. The eigenvalues of the first matrix read :

λ± =
1
2

(
∂xUg + ∂yVg ±

√
ψ(Ug, Vg)

)
, (3.10)

with:

ψ(Ug, Vg) = (∂xUg − ∂yVg)2 + (∂yUg + ∂xVg)
2 . (3.11)

For the case of study of an incompressible velocity field in 2D, the zero-divergence of the
flow imposes that there are two opposite eigenvalues. A characteristic value of a0 can then
be determined from the field of λ+, from the distribution of this eigenvalue in the flow field.
We can then determine the corresponding critical Stokes number: Stc = 1/(4 a0). Such
definition will be used in Sec. 4.2, in the case of a turbulent gaseous flow field.

3.2 Eulerian multi-fluid specific numerical method

The numerical method designed for the multi-fluid method must deal with the complex
mathematical structure of the governing system of equations, described and illustrated in
Sec. 3.1. Furthermore, the numerical scheme has to present the best compromise between
precision and cost, in order to tackle more complex 2-D jet or 3-D configurations, Part. IV.
In order to treat efficiently the different difficulties of the multi-fluid system, that are a
complex transport term and stiff source terms, we use an operator splitting, (Strang 1968;
Bobylev and Ohwada 2001; Descombes and Massot 2004). It allows to design efficient nu-
merical methods for each contribution. Furthermore, one takes advantage of the structured
grids used in this study to introduce a dimensional splitting to treat multi-dimensional
configurations, leading to a high efficiency. One has to note that this choice is not restric-
tive since extension to unstructured grids have been proposed in the literature. Methods
devoted to unstructured grids would be required for industrial realizations. Nevertheless,
albeit this work aims at studying the relevance of the multi-fluid method for industrial scale
configurations, it focuses on a still academic context. This is a needed first step toward
industrial applications, and with a clear gap in terms of configuration complexity compared
to the multi-fluid computations provided up to now. Furthermore, this academic context
is needed to provide precise analysis and validations of the model, Chpt. 4. Finally, its
relative simplicity, allows to rapidly settle a configuration. It allows to realize different
types of 2-D jets and to compute a first 3-D configuration, Part. IV.

3.2.1 Operator splitting

Phenomena involved in our problem are of two different types: transport induces an evolu-
tion in the physical space without leading to any interaction between the sections, whereas
transport in internal coordinate space, i.e., size and velocity through evaporation, drag,
heat transfer and collisions, induces an evolution without any coupling with the spatial
coordinates. It is then interesting to separate them using an operator-splitting method.
The multi-fluid system, Eq. (2.65), is then split into two systems, for the physical space
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and for the phase space. On one hand, the evolution in physical space for the multi-fluid
size section p reads:

∂t m
(p) + ∂x ·

(
m(p) u

(p)
d

)
= 0,

∂t
(
m(p)u

(p)
d

)
+ ∂x ·

(
m(p) u

(p)
d ⊗ u

(p)
d

)
= 0,

∂t
(
m(p) hl

(p)
d

)
+ ∂x ·

(
m(p) hl

(p)
d u

(p)
d

)
= 0.

(3.12)

On the other hand, the phase space evolution, in internal coordinate space, reads for sec-
tion p:

dt m(p) = −
(
E

(p)
1 + E

(p)
2

)
m(p) + E

(p+1)
1 m(p+1),

dt
(
m(p)u

(p)
d

)
= −

(
E

(p)
1 + E

(p)
2

)
m(p)u

(p)
d + E

(p+1)
1 m(p+1)u

(p+1)
d +m(p) F

(p)
d ,

dt
(
m(p) hl

(p)
d

)
= −

(
E

(p)
1 + E

(p)
2

)
m(p)hl

(p)
d + E

(p+1)
1 m(p+1)hl

(p+1)
d +m(p) Cp,l E

(p)
d .

(3.13)

The operator-splitting method consists in solving alternatively these simpler problems
Eq. (3.12) and Eq. (3.13) in order to approximate the solution of the full problem, Eq. (2.65).
We choose a Strang splitting which is second order in time provided all the steps are second
order in time, with the following structure, see (Descombes and Massot 2004):

• Phase space transport: solve Eq. (3.12) during ∆t/2,

• Physical space transport: solve Eq. (3.13) during ∆t,

• Phase space transport: solve Eq. (3.12) during ∆t/2.

This approach has the great advantage to preserve the properties of the schemes we use for
the different contributions, as for example maximum principle or positivity. If we assume
that the involved phenomena evolve at roughly similar time scales, this Strang splitting
algorithm guaranties a second order precision in time provided that each of the elementary
schemes has at least a second order time accuracy.

As mentioned in (LeVeque 2002), this Strang splitting can also be obtained with an algo-
rithm based on a Lie splitting. The Lie splitting is composed of two steps of length ∆t.
The Strang splitting is constructed with this two steps but it alternates the order in which
they are performed:

1. iteration 2n

• Phase space transport: solve Eq. (3.12) during ∆t,

• Physical space transport: solve Eq. (3.13) during ∆t,

2. iteration 2n+1

• Physical space transport: solve Eq. (3.13) during ∆t,

• Phase space transport: solve Eq. (3.12) during ∆t.

This form is in fact a classical Strang splitting with a splitting timestep 2∆t. Indeed it can
be written:
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• Phase space transport: solve Eq. (3.12) during ∆t

• Physical space transport: solve Eq. (3.13) during 2∆t

• Phase space transport: solve Eq. (3.12) during ∆t

The error due to the splitting increase, but the steps are of length ∆t. Therefore there is
no CFL reduction in the physical space transport. Furthermore, to advance the solution
of ∆t we need to perform only two steps and not three, and it can lead to a benefit in the
computational efficiency of the algorithm.

3.2.2 Physical space transport resolution

As mentioned in Sec. 3.1.1, the transport part of the multi-fluid system of equations has
a peculiar structure. Indeed the system for the physical transport of the pth multi-fluid
section, Eq. (3.12), is similar to the pressureless gas system Eq. (3.1). In order to explain
the choice made for the multi-fluid transport scheme, one first focuses on this pressureless
gas system. The kinetic finite volume scheme derived in (Bouchut, Jin, and Li 2003) is
presented in a 1-D case. Afterward its extension to multi-dimensional cases is discussed.
2-D illustrations are first used as a framework to define the multi-dimensional method as
efficient as possible for the cases considered in this work, Chpt. 4, Chpt. 5 and Part. IV. This
general presentation gives the basis to derive the numerical method used for the multi-fluid
transport. This transport term resolution is presented regardless of the multi-fluid section
discretization, as physical transport is local in size phase space.

Finite volume kinetic schemes for pressureless gas system

The general framework of pressureless gas system is used to introduce finite volume kinetic
methods, in 1-D and multi-dimensional cases.

Conservative methods We refer to (LeVeque 1992; LeVeque 2002; Godlewski and
Raviart 1992), as reference manuals on conservative methods for hyperbolic problems.
To introduce finite volume methods, we choose the 1-D system of conservation laws for
pressureless gas dynamics:

∂tm+ ∂x(mud) = 0,
∂t(mud) + ∂x(mu2

d) = 0.
(3.14)

This system can be written in the form:

∂t p+ ∂x(g(p)) = 0, (3.15)

where

p =

(
m
mud

)

; g(p) = ud p. (3.16)

In order to cope with the discontinuous solutions arising from the non linear conservation
law Eq. (3.15), a finite volume method is well-suited. Indeed, finite difference methods can
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be expected to break down near discontinuities in the solution, where the partial differential
equation form of the conservation law, Eq. (3.15) does not hold in the classical sense, but
in the sense of distributions. Finite volume methods are based on the integral form of the
conservation law, instead of the differential equation. The integral form of Eq. (3.15) is
given, for any two points x1 and x2:

dt
∫ x2

x1

p(x, t) dx = g(p(x1, t))− g(p(x2, t)). (3.17)

In the finite volume methods, rather than point-wise approximations at grid points, the
domain is broken into grid cells, and the cell average of p is approximated over each grid
cell. The classical finite volume discretization gives evaluation at the center of the cells:
0 < x1 < x2 < ... < xNx , if N cells are considered. Therefore a cell corresponds to
[xi−1/2, xi+1/2], where: 0 ≤ x1/2 < ... < xi−1/2 < ... < xNx+1/2. The ith cell average pni of p
at time tn, is defined by the integral of p divided by the length of the cell:

pni =
1

∆xi

∫ xi+1/2

xi−1/2

p(x, tn) dx, (3.18)

where ∆xi = xi+1/2 − xi−1/2.
These values are modified by the flux through the edge of the grid cells:

pn+1
i = pni −

∆t
∆x

(
F i+1/2 − F i−1/2

)
, (3.19)

where F is called the numerical flux function. This form can be naturally obtained from
the time integration, over [tn, tn+1], of the integral form Eq. (3.17). Therefore the numerical
flux function can be seen as an average flux through xi−1/2 over the time interval, (LeVeque
1992):

F i−1/2 ∼
1

∆t

∫ tn+1

tn
g(p(xi−1/2, t)) dt. (3.20)

The primary problem in finite volume methods is to determine good numerical flux functions
that approximate the correct fluxes reasonably well, based on the approximate cell averages,
the only data available. Note that in order to obtain high order resolution methods, the cell
averages are used to reconstruct a piecewise linear function, used to obtain a more precise
evaluation of the numerical flux function. It gives a better accuracy for smooth function,
nevertheless, it fails near discontinuities where oscillations are generated. Slope limiters
are thus used to detect discontinuity and to avoid local extrema creation. In our case, two
main slope limiters are used, that gives, for example of the mass, m = p(1), slope Dmni
(LeVeque 2002):

• the minmod slope, defined by:

Dmni = minmod

(
mni −mni−1

∆xci
,
mni+1 −mni

∆xci+1

)

, (3.21)

where

minmod(a, b) =






a if |a| < |b| and ab > 0,
b if |b| < |a| and ab > 0,
0 if ab ≤ 0,

(3.22)
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• the Monotonized Central-difference limiter (MC limiter), first introduced in (van Leer
1977) defined by:

Dmni = minmod

((
mni+1 −mni−1

∆xci−1 + ∆xci+1

)

, 2

(
mni −mni−1

∆xci

)

, 2

(
mni+1 −mni

∆xci+1

))

.

(3.23)

Furthermore, we want a numerical method able to cope with the delta-shock formation and
the emergence of vacuum, described in Sec. 3.1.2. We then want a method that guaranties
a maximum principle on the velocity and the positivity of density. These requirements
enforces us to use a method of at most second-order.

Bouchut et al. proposed, in (Bouchut, Jin, and Li 2003), a second-order kinetic scheme
designed to solve the pressureless gas system, thus ensuring positivity of density and max-
imum principle on velocity. They propose first- and second-order kinetic schemes for 1-D
and 2-D pressureless gas systems.

1-D kinetic scheme algorithm A 1-D finite volume scheme kinetic scheme is developed
in (Bouchut, Jin, and Li 2003) for this system. It is based on the equivalence between a
macroscopic and a microscopic level of description, see Theorem 2:

∂tf + u ∂xf = 0 ⇐⇒
{

∂tm+ ∂x(mud) = 0
∂t(mud) + ∂x(mu2

d) = 0
, (3.24)

with:

f(t, x, u) = m(t, x)δ(u− ud(t, x)). (3.25)

The values of m and ud are then recovered from f by the formula:
(

m
mud

)

(t,x) =
∫

R

(
1
u

)

f(t, x, u)du. (3.26)

In order to obtain the kinetic conservative scheme for the density and the momentum,
we thus integrate the equivalent kinetic equation Eq. (3.24) (left) on the control volume
Ci,j =

[
xi−1/2, xi+1/2

]
for all the velocities u ∈ R and for time t ∈ T n = [tn, tn+1], that is to

say we take the moment of order zero and one in velocity of the kinetic equation:

∫

Ci,j

∫

R

∫

T n

(
∂tf
u ∂tf

)

dt dx du =
∫

Ci,j

∫

R

∫

T n

(
u ∂xf
u2 ∂xf

)

dt dx du. (3.27)

Let us define:
(
mni
qni

)

=
1

∆xi

∫

Ci,j

(
m (tn, x)
q (tn, x)

)

dx, (3.28)

with qni = mni u
n
i and q = mud. With these definitions, the integration Eq. (3.27) of the

kinetic equation lead to the following scheme:
(
mn+1
i

qn+1
i

)

=

(
mni
qni

)

− ∆t
∆xi

(
F i+1/2 − F i−1/2

)
, (3.29)
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∆t

f(tn+1, x, u)

Figure 3.6 – Main steps of the kinetic based transport scheme.

with the fluxes given by:

F i+1/2,j =



 F
(1)
i+1/2,j

F
(2)
i+1/2,j



 =
1

∆t

∫ tn+1

tn

∫

R

(
1
u

)

u f(xi+1/2, u, t)du dt. (3.30)

These fluxes are obtain under the CFL condition:

∆t sup
x
|ud (x) | ≤ min

i
∆xi. (3.31)

In order to compute these fluxes, an evaluation of the function f is needed at some points
of the grid. This is done by reconstructing this function from the averaged values mni and
qni . Let us denote f̃ this reconstructed function. This function, given by Eq. (3.25), can be
taken as a piecewise constant function, for first-order scheme, Eq. (3.32) (left), or piecewise
linear reconstruction, with adequate slope Dmni , Du

n
i , Eq. (3.32) (right):

{
mn(x) = mni
un(x) = uni

,

{
mn(x) = mni +Dmni (x− xi)
und(x) = ūni +Duni (x− xi)

, (3.32)

with

ūni = uni −
DmniDu

n
i

12mni
(∆x)2. (3.33)

The bar value ūni is introduced to ensure conservation of momentum, i.e., to satisfy Eq. (3.28).
Finally, one needs to evaluate this reconstructed function, f̃ , at time tn+1. The kinetic equa-
tion Eq. (3.24) has an exact solution, a translation at velocity ud. As f̃ is a solution of the
kinetic equation, it can be written: f̃(t, x, u) = f̃n(x− ud(t− tn), u)

The fluxes, Eq. (3.30), can now be computed, their form depend on the chosen reconstruc-
tion. Different reconstructions are described in (Bouchut, Jin, and Li 2003), from piecewise
constant reconstruction to piecewise linear reconstruction, associated with a first and a
second order precision, respectively. Besides, a simplified form of second order method,
using constant reconstructions on half-cells and thus easier to extend to multi-dimensional
configurations, is presented.

This kinetic scheme can be summarized as illustrated in Fig. 3.6, with the three steps allow-
ing the scheme derivation and the flux computation: kinetic function reconstruction from
average values, analytical kinetic evolution of the reconstruction, average values evolution,
through numerical fluxes.
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Multi-dimensional kinetic schemes formulation In order to discuss the extension of
the previously described kinetic scheme, we first adopt a 2-D point of view. We analyze
three types of second-order kinetic method extensions for multi-dimensional configurations.
The analysis is based on 2-D examples:

• the method based on linear reconstruction can not be easily extended to 2-D configu-
rations, the numerical fluxes computations being rather complex. This is all the more
true for 3-D configurations. The expressions of the numerical fluxes for this method
are not provided in (Bouchut, Jin, and Li 2003),

• the method using constant reconstructions on a grid cell sub-domains, half-cells in 1-D,
and also providing second order accuracy, is thus better suited for multi-dimensional
configurations. Such a method is described for 2-D configurations in (Bouchut, Jin,
and Li 2003). In this case quarter-cell reconstructions are needed. For the example
of the x-component velocity u, having u = (u, v)t, it leads:

uIi,j = ūi,j +
∆xi

2
Dxuni,j +

∆yj
2
Dyuni,j,

uIIi,j = ūi,j −
∆xi

2
Dxuni,j +

∆yj
2
Dyuni,j,

uIIIi,j = ūi,j −
∆xi

2
Dxuni,j −

∆yj
2
Dyuni,j,

uIVi,j = ūi,j +
∆xi

2
Dxuni,j −

∆yj
2
Dyuni,j.

(3.34)

It corresponds to choose, for the half-cells constant values, the reconstruction taken at
the corner of the cell. These reconstructions allow to compute the numerical fluxes.
The resulting flux will depend on all the neighbors of the (i, j) cell. We can for
example write for the first component, i.e., the mass density, in the first direction:

F
(1)
i+1/2,j = F ( mni,j, m

n
i−1,j, m

n
i−1,j−1, m

n
i−1,j+1, m

n
i,j−1, m

n
i,j+1

uni,j, u
n
i−1,j, u

n
i−1,j−1, u

n
i−1,j+1, u

n
i,j−1, u

n
i,j+1).

(3.35)

These dependance on all the neighbor cells brings algorithmic complexity and makes
the method more difficult to implement in complex industrial or semi-industrial codes.
Furthermore it can brings higher computational cost, due to data memory access.
Indeed, accessing to all the neighbors of a grid cell, may need to access to remote data
in the processor memory. Finally, a half CFL condition is necessary when deriving
this scheme, and it is difficult to find an efficient slope limiter not inducing important
numerical diffusion.

• Another extension of constant sub-domain values can be proposed, where the constant
values are computed at the center of the grid edges, instead of the corners. The x-
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component velocity reconstruction Eq. (3.34), then becomes:

uIi,j = ūi,j +
∆xi

2
Dxuni,j,

uIIi,j = ūi,j −
∆yj

2
Dyuni,j,

uIIIi,j = ūi,j −
∆xi

2
Dxuni,j,

uIVi,j = ūi,j +
∆yj

2
Dyuni,j.

(3.36)

The corresponding numerical fluxes, valid under a half CFL condition, depend then
only of one neighbor, (i− 1, j)

F
(1)
i+1/2,j = F

(
mni,j, m

n
i−1,j , u

n
i,j, u

n
i−1,j

)
. (3.37)

This method is easier to implement in complex industrial codes, may decrease the time
needed for data memory access, and allows to take a MC slope limiter, see for example
(LeVeque 1992), whereas the previous method is based on a more diffusive minmod
slope limiter. Nevertheless it assumes that the only contribution to the flux is from the
adjacent cell on the upwind side (the donor cell). Thus it fails to predict correctly a
flow at an angle to the grid and can lead, in the Taylor-Green vortical flow previously
described, to a high imprecision. Furthermore, this method has stability problems,
as exposed in (LeVeque 2002). This type of methods is described as "Donor-Cell
Upwind" (DCU) methods, and is shown, through a von Neumann stability analysis,
to be stable only for ∆t small enough that:

∣∣∣∣∣
ud ∆t
∆x

∣∣∣∣∣+

∣∣∣∣∣
vd ∆t
∆y

∣∣∣∣∣ ≤ 1. (3.38)

Given the difficulties linked to the multi-dimensional kinetic schemes, and since we aim at
computing academic configurations with quadrilateral grids, the dimensional splitting,
also called alternating direction technique (ADI), see (Godlewski and Raviart 1992) and
(LeVeque 2002) and references therein, appears as a very interesting alternative. Indeed, it
offers:

• an easy implementation,

• a great efficiency, since second order method with linear reconstruction can be used,
as we perform a mono-dimensional transport,

• an easy extension to the aimed configurations, i.e. to 2-D, 2-D axisymmetric and 3-D
domains.

One can note that this technique cannot be used for unstructured grids, nearly always
encountered in industrial realizations. Therefore the study of a numerical scheme, with the
greater efficiency in multi-dimensional configurations with unstructured mesh, is still to
be done. For example, the detailed analysis of the numerical schemes implemented in the
semi-industrial code AVBP, co-developed at IFP and CERFACS, provided in (Lamarque
2007), shows the necessity to develop a finite volume cell-vertex formulation of the kinetic
scheme. Nevertheless, this is not the aim of the present work, where first realizations of the
multi-fluid methods are given, providing ideas on the feasibility of such computations.
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Numerical scheme for multi-fluid transport term

For the considered applications of this work, one wants to solve the multi-fluid system in
2-D and 3-D cases. The resolution of the transport part of this system is provided in this
paragraph, using a kinetic scheme coupled with a dimensional splitting approach, taking
advantage of the structured grids used.

We will use the same Strang splitting defined for the operator splitting, Sec. 3.2.1, in order
to conserve the second order of the method. For a 2-D Cartesian grid case, the multi-fluid
transport term reads:

∂tm+ ∂x (mud) + ∂y (mvd) = 0,

∂t (mud) + ∂x (mu2
d) + ∂y (mudvd) = 0,

∂t (mvd) + ∂x (mudvd) + ∂y (mv2
d) = 0,

∂t (mhld) + ∂x (mhldud) + ∂y (mhldvd) = 0,

(3.39)

where ud and vd are the components of the mean multi-fluid velocity of the considered
section. The index of the size section is dropped, as the transport is local in size phase
space. To detail the splitting algorithm used, we introduce the operators, for the x- and
y-direction:

Ax = ∂t ·+∂x (ud·) ,

Ay = ∂t ·+∂y (vd·) ,
(3.40)

and the vector U :

U =




m
mud
mvd



 , (3.41)

then the chosen Strang 2∆t timestep dimensional splitting algorithm can be written:

• obtain U ⋆ solving Ax (U) = 0 during ∆t for x-direction,

• obtain U ⋆⋆ solving Ay (U ⋆) = 0 during 2∆t for y-direction,

• obtain U (t+ 2∆t) solving Ax (U ⋆⋆) = 0 during ∆t for x-direction.

As for the operator splitting, it is implemented with an alternation between the steps:

1. iteration 2n

• obtain U ⋆ solving Ax (U) = 0 during ∆t for x-direction,

• obtain U (t+ ∆t) solving Ay (U ⋆) = 0 during ∆t for y-direction,

2. iteration 2n+1

• obtain U ⋆ solving Ay (U ) = 0 during ∆t for y-direction,

• obtain U (t+ 2∆t) solving Ax (U ⋆) = 0 during ∆t for x-direction,
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We have thus to solve, for each splitting step, a system that reads, for the example of the
x-direction:

∂tm+ ∂x (mud) = 0,

∂t (mud) + ∂x (mu2
d) = 0,

∂t (mvd) + ∂x (mvdud) = 0,

∂t (mhld) + ∂x (mhldud) = 0.

(3.42)

This system is solved with a 1-D cartesian kinetic scheme, based on the scheme described
in (Bouchut, Jin, and Li 2003), and given in details in the following. One can see that
the generic problem linked to Eq. (3.42), is the transport in the x-direction of a vector
V = (m,mud, mΨd) t. Indeed the transport equations of vd and hld in the x-direction are
the same. It corresponds to the advection of the scalar mΨd, Ψd standing thus either for
vd or hld. Therefore, we only need to detail the 1-D kinetic scheme for the transport of the
vector V , to present the resolution of the 2-D Cartesian transport.

As far as 2-D axisymmetric cases are concerned, one recovers exactly the same situation
for the transport in the axial z-direction. The same scheme is thus used. Nevertheless, the
transport in the radial direction has a different structure. Indeed, one needs to solve in the
r-direction:

∂tm+
1
r
∂r (rmud) = 0,

∂t (mud) +
1
r
∂r
(
rmu2

d

)
= 0,

∂t (mvd) +
1
r
∂r (rmudvd) = 0,

∂t (mhld) +
1
r
∂r (rmhldvd) = 0,

(3.43)

where ud is the velocity in the radial direction and vd in the axial one. The Cartesian 1-D
scheme derived in (Bouchut, Jin, and Li 2003) has thus been extended in this work to radial
1-D configurations. We will thus describe the transport for the vector V in the 1-D radial
case.

Finally, regarding 3-D case, one recovers the transport term of the multi-fluid method,
directly extended from the 2-D Cartesian case:

∂tm+ ∂x (mud) + ∂y (mvd) + ∂z (mwd) = 0,

∂t (mud) + ∂x (mu2
d) + ∂y (mudvd) + ∂z (mudwd) = 0,

∂t (mvd) + ∂x (mvdud) + ∂y (mv2
d) + ∂z (mvdwd) = 0,

∂t (mwd) + ∂x (mwdud) + ∂y (mwdvd) + ∂z (mw2
d) = 0,

∂t (mhld) + ∂x (mhldud) + ∂y (mhldvd) + ∂z (mhldwd) = 0,

(3.44)

where ud, vd and wd are the components of the mean multi-fluid velocity of the considered
section. The 2-D cartesian operators, Eq. (3.40) are straightforwardly extended to obtain
the following splitting algorithm:



88 Chapter 3. Mathematical structure and resolution scheme

• obtain U ⋆ solving Ax (U) = 0 during ∆t for x-direction,

• obtain U ⋆⋆ solving Ay (U ⋆) = 0 during ∆t for y-direction,

• obtain U 3⋆ solving Az (U ⋆⋆) = 0 during 2∆t for z-direction,

• obtain U 4⋆ solving Ay
(
U 3⋆

)
= 0 during ∆t for y-direction,

• obtain U (t+ 2∆t) solving Ax
(
U 4⋆

)
during ∆t for x-direction.

This algorithm is implemented, as for the 2-D Cartesian case, with an alternation of sym-
metrical steps. We have the to solve, for each splitting step, a system, that reads, for the
example of the x-direction:

∂tm+ ∂x (mud) = 0,

∂t (mud) + ∂x (mu2
d) = 0,

∂t (mvd) + ∂x (mvdud) = 0,

∂t (mwd) + ∂x (mwdud) = 0.

∂t (mhld) + ∂x (mhldud) = 0.

(3.45)

Therefore, the resolution corresponds, as in the 2-D Cartesian case, to the transport of the
vector V = (m,mud, mΨd) t, Ψd standing here for vd, wd or hld. The same 1-D Cartesian
kinetic scheme is thus used.

We present in the following:

• a 1-D kinetic scheme for Cartesian direction, based on the work of (Bouchut, Jin, and
Li 2003);

• a 1-D kinetic scheme for 1-D radial cases, derived in this work, extending (Bouchut,
Jin, and Li 2003).

We choose to present the transport of the generic vector V = (m,mud, mΨd) t. We thus
choose the x-direction in the Cartesian case. The scheme is identical for y- or z-directions,
taking V = (m,mvd, mΨd) t and V = (m,mwd, mΨd) t, respectively.

1-D Cartesian kinetic scheme for multi-fluid transport The transport term solved
in the multi-fluid framework, for x-direction:

∂tm+ ∂x (mud) = 0,

∂t (mud) + ∂x (mu2
d) = 0,

∂t (mΨd) + ∂x (mΨdud) = 0,

(3.46)

has the same structure as the pressureless gas system, Eq. (3.14). The 1-D kinetic scheme
presented previously is used. The only difference comes from the additional equation on
the scalar Ψ. We thus compute the following evolution:




mn+1
i

mn+1
i un+1

i

mn+1
i Ψn+1

i



 =




mni
mni u

n
i

mni Ψ
n
i



− ∆t
∆xi

(
F i+1/2 − F i−1/2

)
. (3.47)
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In order to compute the fluxes of the scheme, Eq. (3.30), we choose a linear piecewise
reconstruction, ensuring a second order spatial precision. In the multi-fluid framework,
Eq. (3.32) becomes:






mn (x) = mni +Dmni (x− xi)

und (x) = ūni +Duni (x− xi)

Ψnd (x) = Ψ̄ni +DΨni (x− xi)

, (3.48)

with

ūni = uni −
DmniDu

n
i

12mni
(∆x)2, Ψ̄ni = Ψni −

DmniDΨni
12mni

(∆x)2. (3.49)

The slope Dmni is obtain here using a MC limiter to limit the numerical diffusion:

Dmni =






min
(

2
mni+1 −mni

∆x
, 2
mni −mni+1

∆x
,
mni+1 −mni−1

2∆x

)
if mni−1 < mni < mni+1

max
(

2
mni+1 −mni

∆x
, 2
mni −mni−1

∆x
,
mni−1 −mni−1

2∆x

)
if mni−1 > mni > mni+1

0 otherwise

.

(3.50)

This is different to what is done in (Bouchut, Jin, and Li 2003) where a minmod limiter was
used. The slopes Duni and Dvni are chosen in order to guarantee the maximum principle
property on the velocity and also the CFL-like condition ∆tDuni > −1, see (Bouchut, Jin,
and Li 2003):

Duni =
1
2

(
sgn(uni+1 − uni ) + sgn(uni − uni−1)

)

×min

{
|uni+1 − uni |

(1−∆xDmni /6mni )∆x
,

|uni − uni−1|
(1 + ∆xDmni /6mni )∆x

,
1

∆t

}

,

(3.51)

and

DΨni =
1
2

(
sgn(Ψni−1 −Ψni ) + sgn(Ψni −Ψni−1)

)

×min

{
|Ψni−1 −Ψni |

(1−∆xDmni /6mni )∆x
,

|Ψni −Ψni−1|
(1 + ∆xDmni /6mni )∆x

,
1

∆t

}

.

(3.52)

To give the fluxes at the interface xi−1/2, let us denote mLi−1/2, mRi−1/2, uLi−1/2, u
R
i−1/2,

ΨLi−1/2, ΨRi−1/2 the corresponding values of mn(x), und(x) and Ψnd (x) at the left and the
right of interface xi−1/2 between the cells (i− 1) and (i):

mLi−1/2 = mni−1 + ∆x
2
Dmni−1, mRi−1/2 = mni − ∆x

2
Dmni ,

uLi−1/2 = ūni−1 + ∆x
2
Duni−1, uRi−1/2 = ūni − ∆x

2
Duni ,

ΨLi−1/2 = Ψ̄ni−1 + ∆x
2
DΨni−1, ΨRi−1/2 = Ψ̄ni − ∆x

2
DΨni .

(3.53)
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Finally, the fluxes can be written in the vector flux splitting form, integrating separately
over R+ and R−:

F
(1)
i−1/2 = F+(1)

i−1/2 + F−
(1)
i−1/2,

F
(2)
i−1/2 = F+(2)

i−1/2 + F−
(2)
i−1/2,

F
(3)
i−1/2 = F+(3)

i−1/2 + F−
(3)
i−1/2,

(3.54)

so we can write:

F+(1)
i−1/2 = mLi−1/2

(
αLi−1/2

)

+
− ∆t

2

(
αLi−1/2

)2

+
Λ+(1)
i−1/2,

F−
(1)
i−1/2 = mRi−1/2

(
αRi−1/2

)

−
− ∆t

2

(
αRi−1/2

)2

−
Λ−(1)
i−1/2,

F+(2)
i−1/2 = mLi−1/2

(
αLi−1/2

)2

+
− ∆t

2

(
αLi−1/2

)2

+
Λ+(2)
i−1/2,

F−
(2)
i−1/2 = mRi−1/2

(
αRi−1/2

)2

−
− ∆t

2

(
αRi−1/2

)2

−
Λ−(2)
i−1/2,

F+(3)
i−1/2 = mLi−1/2ΨLi−1/2

(
αLi−1/2

)

+
− ∆t

2

(
αLi−1/2

)2

+
Λ+(3)
i−1/2,

F−
(3)
i−1/2 = mRi−1/2ΨRi−1/2

(
αRi−1/2

)

−
− ∆t

2

(
αRi−1/2

)2

−
Λ−(3)
i−1/2,

(3.55)

with the following definitions:

αLi−1/2 =
uLi−1/2

1 + ∆tDuni−1

,

(
αLi−1/2

)

+
=

(
uLi−1/2

)

+

1 + ∆tDuni−1

,
(
uLi−1/2

)

+
= max

(
0, uLi−1/2

)
,

(3.56)

and

Λ+
i−1/2 =





Λ+(1)
i−1/2

Λ+(2)
i−1/2

Λ+(3)
i−1/2



 =





Dmni−1

−mLi−1/2Du
n
i−1 + αLi−1/2Dm

n
i−1 +

∆t
3
Dmni−1Du

n
i−1α

L
i−1/2

mLi−1/2DΨni−1 + ΨLi−1/2Dm
n
i−1 −

2∆t
3
Dmni−1DΨni−1α

L
i−1/2





.

(3.57)

These flux expressions can then be summarized as follow, for the R+ contribution:

F+
i−1/2 = ULi−1/2

(
αLi−1/2

)

+
− ∆t

2

(
αLi−1/2

)2

+
Λ+
i−1/2 , (3.58)
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with:

ULi−1/2 =




mLi−1/2

mLi−1/2 α
L
i−1/2

mLi−1/2 ΨLi−1/2



 , F+
i−1/2 =





F+(1)
i−1/2

F+(2)
i−1/2

F+(3)
i−1/2



 . (3.59)

1-D radial kinetic scheme for multi-fluid transport For the 1-D radial transport,
the system takes the form:

∂tm+
1
r
∂r (rmud) = 0,

∂t (mud) +
1
r
∂r
(
rmu2

d

)
= 0,

∂t (mΨd) +
1
r
∂r (rmΨdvd) = 0.

(3.60)

The same techniques as in (Bouchut, Jin, and Li 2003) can then be used in order to derive
a second order scheme which preserves the maximum principle on the velocities and the
positivity of m. In this radial framework, the kinetic equation, equivalent to the system
Eq. (3.60), takes the form:

∂tf +
u

r
∂r (r f) = 0, (t, r, u, v) ∈ R+ ×R+ ×R× R, (3.61)

with :

f (t, r, u,Ψ) = m (t, r) δ (u− ud (t, r)) δ (Ψ−Ψd (t, r)) , (3.62)

Ψd being the mean axial velocity vd or the mean enthalpy hld based on the mean temperature
Td. The values of m, ud and Ψd are then recovered from f by the formula :




m
mud
mΨd



 (t, r) =
∫

R2




1
u
Ψ



 f (t, r, u,Ψ) dudΨ. (3.63)

One defines the discretization 0 = r−1/2 < r1/2 < . . . < ri+1/2 < ... over R+ and sets
∆ri = ri+1/2 − ri−1/2 ∀ i ∈ {0, 1, ...}. The scheme is a finite volume method giving
approximations mni , u

n
i and vni of averaged values on each cell [ri−1/2, ri+1/2] of m, u and v

at each discrete time tn :



mni
mni u

n
i

mni Ψ
n
i



 ≃ 1
ri∆ri

∫ ri+1/2

ri−1/2

r




m(tn, r)

m(tn, r)u(tn, r)
m(tn, r)Ψ(tn, r)



 dr. (3.64)

The conservative scheme takes the form:



mn+1
i

mn+1
i un+1

i

mn+1
i Ψn+1

i



 =




mni
mni u

n
i

mni Ψ
n
i



− ∆t
ri∆ri

(
F i+1/2 − F i−1/2

)
, (3.65)
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with the fluxes

F i+1/2 =
ri+1/2

∆t

∫ tn+1

tn

∫

R2




1
u
Ψ



 uf
(
t, ri+1/2, u

)
du dΨ dt. (3.66)

Note that F−1/2 = 0.

As previously, we use the analytical kinetic solution f (t, r, u,Ψ) = fn (r − u (t− tn) , u,Ψ),
and provide piecewise linear reconstruction at time t = tn and for r between ri−1/2 and
ri+1/2 :






mn (r) = m̄ni +Dmni (r − ri)

und (r) = ūni +Duni (r − ri)

Ψnd (r) = Ψ̄ni +DΨni (r − ri)

, (3.67)

with

m̄ni = mni −Dmni
∆r2
i

12ri
,

ūni = uni −
∆r2
i

12ri
Duni

[

1 +
Dmni
mni

(

ri −
∆r2
i

12ri

)]

,

Ψ̄ni = Ψni −
∆r2
i

12ri
DΨni

[

1 +
Dmni
mni

(

ri −
∆r2
i

12ri

)]

,

(3.68)

in order to have the conservation property on the momentum, i.e., the property Eq. (3.64)
is exact for the reconstructed functions. The slopes Dmni , Du

n
i and DΨni are chosen, as

for the Cartesian case, to satisfy the positivity of density and the maximum principle on
velocity. We then choose, for i > 0 :

Dmni =
1
2

[
sgn

(
mni+1 −mni

)
+ sgn(mni −mni−1)

]

×min






∣∣∣mni+1 −mni
∣∣∣

∆ri
(
1− ∆ri

6ri

) ,

∣∣∣mni −mni−1

∣∣∣

∆ri
(
1 + ∆ri

6ri

)




 , (3.69)

Duni =
1
2

[
sgn

(
uni+1 − uni

)
+ sgn

(
uni − uni−1

)]

×min






∣∣∣uni+1 − uni
∣∣∣

∆ri (1− βi)
,

∣∣∣uni − uni−1

∣∣∣

∆ri (1 + βi)




 , (3.70)

and

DΨni =
1
2

[
sgn

(
Ψni−1 −Ψni

)
+ sgn

(
Ψni −Ψni−1

)]

×min






∣∣∣Ψni−1 −Ψni
∣∣∣

∆ri (1− βi)
,

∣∣∣Ψni −Ψni−1

∣∣∣

∆ri (1 + βi)




 , (3.71)
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with

βi =
∆ri
6ri

[

1 +
Dmni
mni

(

ri −
∆ri
12ri

)]

. (3.72)

For i = 0, the axial symmetry at r = 0 imposes that Dmn0 = 0, DΨn0 = 0 and the formulas
Eq. (3.70) can be used for Dun0 if we define un−1 = −un0 . In order to write the flux at
interface ri−1/2, we introduce the value at the left and at the right of the interface, as done
for the Cartesian case in Eq. (3.53). We can then write the flux in the vector flux splitting
form defined in Eq. (3.54). In this radial case, the fluxes can be summarized in the form:

F+
i−1/2 = ULi−1/2

(
αLi−1/2

)

+
Ra+
i−1/2 −

∆t
2

(
αLi−1/2

)2

+

(
Λ+
i−1/2

)

axi
, (3.73)

with:

(
Λ+
i−1/2

)

axi
=





λ1 Rb
+
i−1/2

−λ2 Rb
+
i−1/2 + λ3 Rc

+
i−1/2 + λ4 Rd

+
i−1/2

λ5 Rb
+
i−1/2 + λ6 Rc

+
i−1/2 − λ7 Re

+
i−1/2




, (3.74)

where the λi are the terms of vector Λ+
i−1/2, see Eq. (3.57):

Λ+
i−1/2 =




λ1

λ2 + λ3 + λ4

λ5 + λ6 − λ7



 , (3.75)

and with:

Ra+
i−1/2 = ri−1/2 −

∆t
2

(
αLi−1/2

)

+
,

Rb+
i−1/2 = ri−1/2 −

∆t
3

(
αLi−1/2

)

+
, Rc+

i−1/2 = ri−1/2 −
2∆t

3

(
αLi−1/2

)

+
,

Rd+
i−1/2 = ri−1/2 −

2∆t
4

(
αLi−1/2

)

+
, Re+

i−1/2 = ri−1/2 −
3∆t

4

(
αLi−1/2

)

+
.

(3.76)

We conducted different numerical tests to validate the numerical scheme we have derived.
A Rieman problem at a point r > 0 has for example been tested inducing the development
of a delta-shock that the numerical scheme capture with the correct propagation speed.
Since it is not very different to what is done in (Bouchut, Jin, and Li 2003) (replacing
m by rm), this test is not presented here. We merely focus on an other test case which
emphasizes the particular properties of our system. Moreover, we presents only results for
the m and u since, for Ψ, it is just a transport equation at the velocity u and it does not
lead to any difficulty.

The computational domain is the one-dimensional segment [0,1] discretized with 0 = r0 <

r1 < ... < rNr = 1 such that ri+1 − ri = ∆r for i = 1, ..., Nr − 1 and r1 − r0 =
∆r
2

. This

ensures the symmetry around the axis r = 0. We take the initial data to be

m(0, r) =






1/0.3 if 0 ≤ r < 0.3
1/r if 0.3 ≤ r < 1
0 if 1 ≤ r

, (3.77)
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and

u(0, r) =






−0.5 if 0 ≤ r < 0.35
0.4 if 0.35 ≤ r < 0.4
1.04− 1.6r if 0.4 ≤ r < 0.9
−0.4 if 0.9 ≤ r

. (3.78)

The exact solution is obtained using the characteristics for the variables r m and u. At time

t = 0.5, it is given by r m(t, r) = ψ(t)δ0(r) + µ(t, r), with ψ(t) =
∫ t

0
rm(0, r)dr = 5/48,

and

µ(t, r) =






(0.25 + r)/0.3 if 0 ≤ r < 0.05
1 if 0.05 ≤ r < 0.1
0 if 0.1 ≤ r < 0.55
1 if 0.55 ≤ r < 0.6
5 if 0.6 ≤ r < 0.7
1 if 0.7 ≤ r < 0.8
0 if 0.8 ≤ r

. (3.79)

Concerning the velocity, the exact solution is drawn on Fig. 3.7, (bottom), and is given by:

u(t, r) =






−0.5 if 0 ≤ r < 0.1
undefined if 0.1 ≤ r < 0.55
0.4 if 0.55 ≤ r < 0.6
0.4− 8(r − 0.6) if 0.6 ≤ r < 0.7
−0.4 if 0.7 ≤ r < 0.8
undefined if 0.8 ≤ r

. (3.80)

In this test, the initial velocity jump to a higher value at r = 0.35, which leads to a vacuum
state, followed by a linearly decreasing part, where the mass accumulates and causes the
density to increase. Fig. 3.7 (bottom), and Fig. 3.7, (top-middle), are respectively the
comparison of numerical and analytical solution of density and velocity. It can be seen
that the scheme gives good results with, however, some numerical diffusion. Moreover, the
initial negative velocity near r = 0 leads to an accumulation of mass density at r = 0,
which is particular to our case representing the r part of a 2D axisymmetric problem. It is
in fact a singularity for m but the averaged value is all the same defined, for the first cell :

mn1 =
2

(r1)2

(
ψ(t) +

∫ r1

0

0.25 + r

0.3
dr
)
. (3.81)

For ∆r = 0.004, the exact value of this quantity is 52133.48 whereas we obtain 52586
showing a good behavior of the scheme.

The expressions of the fluxes for the 1-D Cartesian transport, Eq. (3.58), and for the radial
transport, Eq. (3.73), of the vector V = (m, ud,Ψd) t have thus been given. It allows to
construct the dimensional splitting algorithm for 2-D, Cartesian or axisymmetric, and 3-D
cases.

3.2.3 Phase space transport resolution

We need to solve, in the phase space transport step, the ODE system Eq. (3.13). The
polydispersion resolution leads to a multi-scale problem. Indeed, droplets of different sizes
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Figure 3.7 – Comparison between the numerical (solid line), the analytical (diamonds)
and the initial (dotted line) solution at time t = 0.5 with CFL = 1 and
∆r = 0.004. (top-left) density fields with δ-shock formation at r = 0 (top-
right) zoom on the density fields witout taking into account the behavior
around r = 0 (bottom) velocity field.

have different response time to the physical phenomena. The ODE integrator must then
be carefully chosen.
Moreover, we reduce to simple model in some cases evaluating the resolution methods used.
For example, only drag force and evaporation are taken into account in Chpt. 4 and Chpt. 5,
dropping heat transfer, gravity and droplet interactions. We use, as a first approximation,
a simple Stokes relaxation drag force and we consider a D2 law for the evaporation process.
In this context, it is interesting to treat separately the drag term and the evaporation term
and to use a splitting algorithm, in order to obtain more efficient numerical methods.

Full ODE system resolution

In a more general context, we want to solve the full ODE system of the phase space trans-
port, Eq. (3.13), with more complex models for evaporation and drag force, and possibly
heat transfer and particle interactions, with an unsteady gas phase. We then want to use
an ODE integrator for this system. This ODE resolution for the phase space transport
is used in the computations presented in Part. IV, and in (de Chaisemartin, Freret, Kah,
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Laurent, Fox, Reveillon, and Massot 2009) and (Freret, de Chaisemartin, Laurent, Vedula,
Fox, Thomine, Reveillon, and Massot 2009).

Integrator choice The evolution of the droplet behavior with their inertia can lead to
several time scales in the problem, and then to stiffness. The Runge-Kutta implicit methods
are particularly well suited for stiff problems, see for example (Hairer and Wanner 1996).
If we want to find an approximation of the solution of:

dt(y) = ψ(t, y), (3.82)

we can integrate Eq. (3.82), from t0 to t0 + ∆t:

y (t0 + ∆t) = y0 +
∫ t0+∆t

t0
ψ(t, y(t))dt, (3.83)

with y0 = y(t0). To derive a numerical method, we have to approximate the integral,
through a s-stage quadrature formula:

I =
∫ t0+∆t

t0
ψ(t, y(t))dt ≈ ∆t

s∑

i=1

bi ψ(t0 + ci, y(t0 + ci))dt. (3.84)

The coefficients ci are the abscissa and bi the weights of the quadrature formula. A first
approximation could be to take a one step quadrature with c = t0 + ∆t and b = 1:

I ≈ ∆tψ(t0 + ∆t, y(t0 + ∆t)), (3.85)

leading to the Euler implicit method:

y1 = y0 + ∆t ψ(t0 + ∆t, y1), with y1 ≈ y(t0 + ∆t). (3.86)

To obtain a more precise method, one has to take more precise quadrature formula. We can,
for example use a Radau 2-stages third order (2s − 1) quadrature formula with (b1, b2) =
(3/4, 1/4) and (c1, c2) = (1/3, 1), leading to the approximation:

y(t0 + ∆t) ≈ y0 +
∆t
4

(

3 ψ

(

t0 +
∆t
3
, y

(

t0 +
∆t
3

))

+ ψ (t0 + ∆t, y (t0 + ∆t))

)

.

(3.87)

We then need another quadrature to approximate the value y (t0 + ∆t/3); we use a quadra-
ture formula with the same abscissa as the quadrature formula Eq. (3.87):

y

(

t0 +
∆t
3

)

≈ y0 +
∆t
12

(

5 ψ

(

t0 +
∆t
3
, y

(

t0 +
∆t
3

))

− ψ (t0 + ∆t, y (t0 + ∆t))

)

.

(3.88)

We then have the scheme:

k1 = ψ

(

t0 +
∆t
3
, y0 +

∆t
12

(5k1 − k2)

)

,

k2 = ψ

(

t0 + ∆t, y0 +
∆t
4

(3k1 + k2)

)

,

y1 = y0 +
∆t
4

(3k1 + k2) ,

(3.89)
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defining a third-order implicit Runge Kutta method. More generally, a s-stage Runge Kutta
method is defined for aij , bi and ci, for i = 1, ..., s and j = 1, .., s, by:

ki = ψ
(
t0 + ci∆t, y0 + ∆t

∑s
j=1 aijkj

)
, i = 1, ..., s

y1 = y0 + ∆t
∑s
i=1 biki.

(3.90)

When aij = 0 for i ≤ j, we have an explicit Runge-Kutta method (ERK). If aij = 0 for
i < j and at least one aii 6= 0, we have a diagonal implicit Runge Kutta method (DIRK), or
singly diagonal implicit method (SDIRK) if all diagonal elements are identical (aii = γ for
i = 1, ..., s. In all other cases, we speak of an implicit Runge Kutta method (IRK), (Hairer,
Nørsett, and Wanner 1993).

The implicit Runge Kutta method based on Radau quadrature is called Radau IIA. We
choose a 5 th order version of this integrator, obtained with a three-stage Radau quadrature
of order 5 = 2s − 1, still with cs = 1. This method is shown to be A-stable in (Hairer
and Wanner 1996). Furthermore, this method is L-stable, that allows a very fast conver-
gence, with a fast high frequency absorption. This property is of importance for multi-fluid
simulation as low inertia droplet velocity relaxes very rapidly to gas velocity, under drag
force effect. An important limitation of this method, is the difficulty to obtain an efficient
implementation of its algorithm.

Radau5 Program This Radau IIA method is implemented in the program RADAU5,
written by Hairer, see (Hairer and Wanner 1996). It offers a very efficient algorithm, solving
very efficiently the nonlinear system for the ki, see Eq. (3.90). We will give here the main
steps of this algorithm, refer to (Hairer and Wanner 1996) for details.

First of all, we rewrite the system Eq. (3.90), defining gi = y0 +
∑s
j=1 aijkj, so that

ki = ψ (t0 + ci∆t, gi) and:

gi = y0 + ∆t
∑s
j=1 aijψ (t0 + cj∆t, gj) , i = 1, ..., s

y1 = y0 + ∆t
∑s
i=1 bi ψ (t0 + ci∆t, gi) .

(3.91)

In order to reduce the influence of round-off errors, we define the quantities:

zi = gi − y0. (3.92)

The scheme of Eq. (3.91) now reads:

zi = ∆t
∑s
j=1 aijψ (t0 + cj∆t, y0 + zj) , i = 1, ..., s

y1 = y0 + ∆t
∑s
i=1 bi ψ (t0 + ci∆t, y0 + zi) .

(3.93)

The first step of the Radau5 program algorithm is the iterative resolution of the nonlinear
system, given by the equation on the zi in Eq. (3.93), with a Newton method. Basically,
the Newton method can be summarized as follow. For the nonlinear system:

ψ(x) = 0, (3.94)

where ψ : Rn → Rn is at least differentiable once. We start from a first approximation of
the rough solution, x0, and we linearize ψ(x) around x0:

ψ(x) ≈ ψ(x0) + dxψ(x0)(x− x0), (3.95)
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and we find x verifying: ψ(x0) + dxψ(x0)(x− x0) = 0. The algorithm has then the form:

Algorithm 2 Newton method algorithm
while not(stopping criterion) do

compute ψ(xk) and dxψ(xk)
solve dxψ(xk)∆xk = −ψ(xk)
compute xk+1 = xk + ∆xk

end while

In our case, for complex models, the Jacobian matrix is not known analytically and is
then evaluated numerically. We then use a simplified Newton method, where the Jacobian
matrix is approximated by dxψ(x0), so that we have:

dxψ(x0)∆xk = −ψ(xk). (3.96)

Therefore the Jacobian matrix is only computed once during the iterative procedure. For
the Radau IIA method, the nonlinear system Eq. (3.93) can be written:

zi −∆t
∑s
j=1 aijψ (t0 + cj∆t, gj) = 0, i = 1, ..., s (3.97)

thus the simplified Newton iteration read:

(Id−∆tA⊗ J)∆Zk = −Zk + ∆t(A⊗ Id)F (Zk),

Zk+1 = Zk + ∆Zk,
(3.98)

with J , the approximated Jacobian:

J ≈ ∂yψ (t0, y0) , (3.99)

and:

A = (aij),

Zk =
(
zki , ..., z

k
s

)
t,

∆Zk =
(
∆zki , ...,∆z

k
s

)
t,

F (Zk) =
(
ψ(t0 + c1∆t, y0 + zki ), , ..., ψ(t0 + cs∆t, y0 + zks )

)
t.

(3.100)

The details concerning the stopping criteria and the starting value for Newton iterations
are not given here and can be found in (Hairer and Wanner 1996). It is then necessary
to solve, in each iteration, the linear system given by the first equation of Eq. (3.98). A
decomposition in two subsystems, leading to diminution of the number of operations is
detailed in (Hairer and Wanner 1996) and implemented in the RADAU5 program.

This first step gives us the values of (zi), i = 1, ..., s, we can then explicitly compute y1,
leading to s evaluations of ψ. This computation can be simplified when the matrix A is not
singular. Indeed, in this case, Eq. (3.93) can be written:

A−1 (zi, ..., zs)t = ∆t (ψ (t0 + c1∆t, g1) , ...ψ (t0 + cs∆t, gs))t, (3.101)
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then:

(b1, ..., bs)t A−1 (zi, ..., zs)t = ∆t
∑s
i=1 bi ψ (t0 + ci∆t, gi) . (3.102)

Therefore, the evaluation of y1, can be written:

y1 = y0 +
∑s
i=1 dizi, (3.103)

with

(d1, ..., ds) = (b1, ..., bs) A−1. (3.104)

In our 3-stage method, we have d = (0, 0, 1), because bi = asi ∀i, and the method is stiffly
accurate.

Finally, the method has an adaptative timestep, thus we need to define the step sizes. To
do so, we use an embedded formula, that is to say we look for another evaluation ŷ1 of the
solution using the same evaluations of ψ:

ŷ1 = y0 + ∆t
∑s
i=1 b̂iki. (3.105)

The error is estimated by the difference: ŷ1 − y1. Since our method is of optimal order,
we use a lower order method of order p̂ to find ŷ1. We can write the error estimation, see
(Hairer and Wanner 1996):

y1 − ŷ1 ≈ C (∆t)p̂+1. (3.106)

The optimal ∆t will correspond to an error estimation close to the tolerance:

Tol ≈ C ∆tp̂+1
opt . (3.107)

We can choose the new step size ∆tnew equal to this optimal step size ∆topt, given from
Eq. (3.106) and Eq. (3.107):

∆topt = fac ∆t p̂+1

√
Tol

||y1 − ŷ1||
, (3.108)

where fac is a safety factor used to make the program safer. In the program RADAU5,
this step evaluation is coupled with a predictive controller, useful for stiff problems with a
rapid decrease of the step size. The idea of the previous method is to estimate error for
step n+ 1, from data of the step n:

||errn+1|| = Cn∆tp̂+1. (3.109)

This evaluation is based on the assumption Cn+1 ≈ Cn. A better model can be reached
assuming that logCn is a linear function of n, (Hairer and Wanner 1996). This means that
logCn+1 − logCn is constant, or equivalently:

Cn+1

Cn
≈ Cn

Cn−1
. (3.110)

It yields a new timestep evaluation, see (Hairer and Wanner 1996):

∆tnew = fac ∆tn
(

1
||errn+1||

)1/(p̂+1) ∆tn

∆tn−1

(
||errn||
||errn+1||

)1/(p̂+1)

. (3.111)

In the program RADAU5, the step size is taken as the minimum of the two step sizes
Eq. (3.108) and Eq. (3.111).
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Drag-evaporation simplified framework

We use, in this approximation, a modified Strang splitting and we will treat separately the
two terms in a phase space transport step, alternating the order with iterations:

1. iteration 2n

• solve evaporation term during ∆t;

• solve drag term during ∆t;

2. iteration 2n+1

• solve drag term during ∆t;

• solve evaporation term during ∆t.

This framework is used for the multi-fluid evaluation through refined comparisons conducted
in Chpt. 4.

Drag term We need to solve, for the drag term, the following system:





∂t m
(p) = 0,

∂t
(
m(p)u

(p)
d

)
= m(p) F

(p)
d ,

(3.112)

with:

F
(p)
d =

1
Std τconv

(
Ug − u(p)

)
, (3.113)

Std being the Stokes number for the mean surface Sd: Std = St (Sd). This mean surface
depends on the choice of the distribution’s profile κ(p), as detailed in Chpt. 2. In the case of
a steady gas phase, Chpt. 4, the system Eq. (3.112) can be solved exactly for a stationary
gas velocity, insuring a good accuracy in time and leading to the scheme for the section p :

m(p)n+1 = m(p)n,

m(p)n+1u
(p)n+1
d = m(p)n

(

Ug +
(
u

(p)n
d −Ug

)
exp

(

−∆t
Std

))

.
(3.114)

The order of precision of the splitting step solving evaporation and drag force will thus
depend on the order of the evaporation method.

Evaporation method To present the numerical method used to solve the evaporation
term, we recall here the system of equations, for the pth section, focusing only on this
evaporation term:

dt m(p) = −
(
E

(p)
1 + E

(p)
2

)
m(p) + E

(p+1)
1 m(p+1),

dt
(
m(p)u

(p)
d

)
= −

(
E

(p)
1 + E

(p)
2

)
m(p)u

(p)
d + E

(p+1)
1 m(p+1)u

(p+1)
d .

(3.115)
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In order to solve this system, we derive a θ-scheme, see (Laurent 2002b) and (Laurent 2006),
leading, for the mass density, to:

m(p)n+1 −m(p)n

∆t
= −

(
E

(p)
1 + E

(p)
2

) [
θm(p)n+1 + (1− θ) m(p)n

]

+E(p+1)
1

[
θm(p+1)n+1 + (1− θ) m(p+1)n+1

] , (3.116)

with θ ∈ [0, 1]. It can be written in the form:

Aθm
n+1 = Bθm

n, (3.117)

where Aθ andBθ are bi-diagonal matrices. The diagonal coefficients are 1+θ∆t
(
E

(p)
1 + E

(p)
2

)

for Aθ and 1 − (1− θ) ∆t
(
E

(p)
1 + E

(p)
2

)
for Bθ, with p ∈ {1, .., NS}, where NS is the

number of multi-fluid sections. The upper diagonal coefficients are −θ∆tE(p)
1 for Aθ and

(1− θ) ∆tE(p)
1 for Bθ. With θ = 1/2, the scheme offers unconditional stability, preserves

the positivity of the mass density in each section and is second order accurate in time. The
velocity is not evolving in this purely evaporating step. We finally have the scheme:

mn+1 =

(

Id +
∆t
2
C

)−1 (

Id− ∆t
2
C

)

mn,

mn+1 un+1
d
t = mn+1 und

t,

(3.118)

with:

C =





E
(1)
1 + E

(1)
2 −E(2)

1
. . . . . .

. . .

E
(NS)
1

E
(NS)
1 + E

(NS)
2





. (3.119)

The matrices

(

Id +
∆t
2
C

)

and

(

Id− ∆t
2
C

)

are constant during the computation, provided

∆t is constant, and can then be pre-computed in this case for a higher computational
efficiency.

Conclusion

The mathematical study of the multi-fluid system of conservation laws conducted in this
chapter allows to design a robust and efficient numerical scheme standing vacuum, high
concentration regions and δ−shock singularities. This numerical scheme is used for all the
multi-fluid computations conducted in this work, Chpt. 4, Chpt. 5, Chpt. 9, Chpt. 10 and
Chpt. 11.
Furthermore, it gives the basis for the analysis of the singularities arising in the monoki-
netic multi-fluid framework. We recall that these singularities are related to the inability
to describe droplet trajectory crossings in Eulerian formulations presuming the velocity
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distribution form. A Stokes criterion allowing to predict their creation is provided. This
criterion is assessed in Chpt. 4, for Taylor-Green vortices and Homogeneous Isotropic Tur-
bulence configuration. The impact of the singularities at a global modeling level is studied
in Chpt. 4.
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The behavior of the specific numerical method, designed in Chpt. 3, is assessed in this
chapter. Two issues are tackled: the behavior of the numerical method in challenging situ-
ations, for instance when δ−shocks are created, and the precision of the numerical method,
studying its effective order. In order to conduct such precise studies, 2-D vortical flow
configurations, as Taylor-Green flow or Homogeneous Isotropic Turbulence, are used. They
provide a relatively simple framework, and allow to study the interaction between spray
and gas vortices, that is a first step toward more realistic applications. In order to assess
singularities treatment, we also use a laminar crossing jets configuration, since the δ−shocks
are related to droplet trajectory crossings.
As far as the behavior of the method is concerned, its robustness is assessed in critical situ-
ations arising when vacuum as well as high mass density concentration regions are created,
and in singularities occurrence. The ability to treat such configurations, is a novelty for
Eulerian spray resolution methods. These singularities are further studied. The mathe-
matical analysis conducted in Chpt. 3 is assessed in the chosen configurations. Its ability
to predict singularity formation is illustrated. Finally, the global modeling impact of local
singularity formation is studied. This study provides the first precise characterization of
spray singularities arising when droplet trajectory crossings occur.
Regarding the precision of the method, time-resolved quantitative comparisons with a La-
grangian description are provided. A Direct Simulation Monte-Carlo (DSMC) method is
used, since it provides the same level of description as the Eulerian method, Chpt. 2. A
converged Lagrangian solution is thus defined, and used to reconstruct Eulerian fields to
evaluate the multi-fluid method. These comparisons provide a first validation of the multi-
fluid model, needed to assess more complex configurations, Part. IV. Furthermore, they
provide original time-resolved and size-conditioned quantitative comparisons between a La-
grangian DSMC and the Eulerian multi-fluid method.
The basis of this study was conducted in the framework of the TIMECOP-AE European
project, (de Chaisemartin, Laurent, Massot, and Reveillon 2006), (de Chaisemartin, Lau-
rent, Massot, and Reveillon 2008b). The crossing jet configuration was recently studied in
the 2008 Stanford CTR Summer Program, (Freret, de Chaisemartin, Laurent, Vedula, Fox,
Thomine, Reveillon, and Massot 2009).

4.1 Numerical configurations for multi-fluid charac-
terization

We use 2-D Cartesian gaseous configurations with polydisperse spray introduction to con-
duct this complete analysis of multi-fluid simulations.
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4.1.1 Gaseous flows

We present here the gaseous flows chosen as carrier phase for the spray, in order to charac-
terize the multi-fluid model. As we want to focus on the numerical method evaluation, we
choose simple stationary flow field, where we will study the unsteady multi-fluid-modeled
spray evolution. Since we are aiming at simulating spray turbulent dispersion, we first
choose gas flows allowing to study spray/vortices interaction. This study will be done us-
ing Taylor-Green vortices and frozen Homogeneous Isotropic Turbulence. Second, we want
to introduce the question of Eulerian spray crossing computation, and to do so we will use
steady crossing jets.

Vortical flows

Taylor-Green vortices The first flow field chosen to characterize multi-fluid spray ejec-
tion by vortices is the Taylor-Green vortices. These analytical vortices were described in
Chpt. 3, Sec. 3.1.1, and the velocity field is plotted in Fig. 3.2. This flow field can lead to
high gradients of mass density, due to the spray ejection, and is then well indicated to assess
the robustness of the numerical implementation of the multi-fluid model. Furthermore, we
will characterize numerically the multi-fluid model limits analyzed in Chpt. 3, Sec. 3.1.2,
using the analytical critical Stokes number Stc introduced in that section.

Homogeneous Isotropic Turbulence In order to carry on with spray/vortices inter-
actions, we choose to use a more complex isotropic homogeneous turbulence. We define
this flow as "frozen", as we just take a snapshot from a gaseous homogeneous turbulent
computation, and we follow the spray unsteady evolution in this stationary field. This
snapshot is taken from a 2-D computation. This turbulent field can clearly not model
an industrial device turbulence, but this is not the point of this study. We want here to
characterize multi-fluid modeled spray ejection by vortices with a more realistic flow than
the Taylor-Green vortices. This could have been done with a 2-D snapshot obtained from
a 3-D computation, nevertheless it would not change any conclusion of the study or bring
any additional information. We then use in this study a 2-D extracted field, for the sake of
practical simplicity. The snapshot is taken from a computation realized by a spectral solver,
available in the CORIA ASPHODELE code (Péra 2005; Meftah 2008), in a 128× 128 grid.
In this computation, a statically stationary turbulence is obtained through a deterministic
forcing scheme described in (Guichard, Reveillon, and Hauguel 2004), extended from the
ideas of (Overholt and Pope 1998). The idea is to force the computed spectrum to a model
spectrum, given in (Overholt and Pope 1998). The integral length scale of the turbulence
is defined as:

l0 =
2π
κ0
, (4.1)

where κ0 is the reference wave number, defined from the energy spectrum, corresponding
to energy-containing range. In the simulation, κ0 is given by, (Meftah 2008):

κ0 = 7∆κ, with ∆κ =
2π
L
, (4.2)



106 Chapter 4. Numerical efficiency, crossings and Lagrangian-evaluated accuracy

where L is the square domain dimension, L = 1 mm. The velocity root mean square
u′ = 1.5 ms−1 is a reference parameter, as well as the eddy turn-over time τ0 = l0/u

′. The
Reynolds number based on the integral length scale is Rel0 = 43. The vorticity of the frozen
field extracted from this computation is plotted in Fig. 4.5 (left).

Crossing jets

Finally, we will study in this chapter the case of crossing jets. This case is extreme from
the point of view of Eulerian spray modeling since many Eulerian spray models are based
on a mono-kinetic assumption, see Chpt. 2. The "classical" multi-fluid method will fail to
simulate the physics of such jets, nevertheless we will assess the numerical behavior of the
method in this case. Furthermore this configuration will allow us to introduce a multi-fluid
multi-velocity computation, published in (Freret, de Chaisemartin, Laurent, Vedula, Fox,
Thomine, Reveillon, and Massot 2009), as a preamble to (Kah 2010), devoted to this class
of model. The flow is assumed time-independent and uniform in the domain, with a non-
zero velocity component in the x-direction. The Reynolds number based on u0, ν∞ and
x0 is 1000, where U0 is the gas velocity and x0 is the global jet width. We will eventually
provide dimensional quantities for illustration purposes. These will be based on a velocity
of u0 = 1 ms−1, a length x0 = 1.5 cm, and kinematic viscosity ν∞ = 1.6× 10−5 m2s−1. In
addition, we will let D0 = x0/100, where D0 is the diameter corresponding to the droplet
surface area S0, and use a typical droplet number of N0 = 1000. The computational domain
has a size 6× 6, which then corresponds to 9 cm×9 cm in dimensional values. Two spray
jets with a width of 0.5 are injected into the domain at a unit dimensionless velocity in two
directions forming angles π/4 and −π/4, respectively, relative to the gas velocity. The gas
flow is uniform, with a x-component U0 and a zero y-component.

4.1.2 Spray initialization

We describe here the spatial distribution as well as the polydispersion of the spray intro-
duced in the gaseous configurations previously presented.

Spatial repartition

We first take, for vortical flows, a spray uniformly distributed in space, in order to study
droplet ejection from the core of the vortices to the edge and to obtain mass concentration
at the edges. This configuration is interesting in order to investigate the robustness of the
numerical method. We also define for the Taylor-Green vortices configuration a non-uniform
space distribution. This repartition is defined thanks to the function ψ(x) = sin(x)/x,
for x belonging to the interval [−π, π]. A representation of this repartition can be done
representing iso-surfaces of the number density of the droplets as in Fig. 4.1 (left).
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Figure 4.1 – Droplet initial spatial distribution: non uniform repartition in the domain,
(left) number density iso-contours, (right) three-dimensional plot with num-
ber density as the third coordinate.

As a matter of fact, this distribution will allow to analyze numerical diffusion of the method,
and to determine the spatial refinements needed. Indeed its gradients are important as we
can see in Fig. 4.1 (right) where we realized a three dimensional plot to represent the droplet
number density in the domain. The droplets are introduced in the computational domain
with a zero initial velocity in both cases.

In the crossing jets simulation, the spray is injected uniformly over the width of the two
jets. The spray is injected at the gas velocity.

Size polydispersion

The spray computed are polydispersed. We choose an analytical distribution, with smooth
properties and an exponential decrease see (Laurent 2006):

f(S) =
(1 + a S) (1− S)2

b
exp

(

c

(

1− 1
(1− S)2

))

, (4.3)

with:





a = 8

b = 1, 7

c = 0.001

. (4.4)

This distribution is plotted in Fig. 3.3. We discretize it with 10 to 20 multi-fluid sections.
To compute the initial mass density for each section, i.e., the moment of order 3/2 in size
of the distribution:

∫ Sp+1

Sp S(3/2)fdS, we use a Gauss-Legendre quadrature with ten nodes.
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In this section, we want to numerically evaluate the multi-fluid model, we then reduce to
simple models. We will use non-evaporating and evaporating spray using a D2 law. In the
crossing jets configuration, we will simulate non-colliding spray.

4.2 Numerical behavior and physical interpretation of
multi-fluid singularities

The multi-fluid numerical method has been designed, see Sec. 3.2, to achieve the simula-
tion in extreme situations coming up in multi-fluid method simulation. We thus evaluate
numerically the ability of the numerical method to simulate multi-fluid singularities. Fur-
thermore we propose here to assess the mathematical analysis of these singularities proposed
in Sec. 3.1.2. We study the ability of the Stokes criterion to foresee singularities formation
and we analyze the physical influence of these singularities at a global level.

4.2.1 Multi-fluid singularities computation

Eulerian spray simulation can lead to the creation of vacuum and of high density concen-
tration regions, possibly associated with a shock in velocity. The numerical method used
for Eulerian spray simulation must then achieve to simulate such peculiarities.

Vacuum and high density concentration region

The vortical Taylor-Green flow allows us to study the ability to simulate high density con-
centration due to the ejection of the spray from one vortex, and thus high mass density
gradients. We simulate a polydisperse spray, uniformly distributed in space. The polydis-
perse spray introduced in this flow satisfy the mono-kinetic assumption of the multi-fluid
model. To do so, we set a maximal Stokes number of the droplets remaining under the
critical value : Stc = 1/8π introduced in Sec. 3.1.2. Otherwise, droplets would leave their
initial vortices leading to the creation of crossing zones. We conduct a multi-fluid simula-
tion in a non-evaporating case. We resolve the dynamics of the droplets for the whole range
of sizes from zero up to the one corresponding to the critical Stokes number. The results
are presented in Fig. 4.2 for a Stokes number close to the critical one, thus exhibiting a
rather complete ejection within a time one. Two successive times t = 0.33 and t = 1 in the
non-dimensional setting are presented for droplets whose size correspond to 0.9 time the
critical Stokes number with a spatial resolution of 100× 100 cells. The numerical scheme
does not encounter any difficulties even if the main part of the mass is concentrated in only
a few cells.
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Figure 4.2 – Snapshots of the droplet mass density spatial distribution at times t = 0.33
and t = 1.0 during the ejection from the center of the Taylor-Green vortices
to the edges for a section corresponding to St = 0.9 Stc. The initial mass
density of droplets is uniform with a zero initial velocity distribution.

The detailed study of the level of refinement needed to precisely reproduce the dynamics
of the polydisperse spray will be conducted later on, in Sec. 4.3, throughout detailed com-
parisons with a Lagrangian solver. This study shows the accuracy of the proposed model
and numerical method within the assumptions of the multi-fluid model.

δ−shock description

We choose to study δ−shocks computation in the crossing jets configuration. We study
two non-colliding, i.e., we take an “infinite Knudsen limit”, non-evaporating sprays. If we
focus on the equal-size droplets from both spray, or if we take two mono-disperse sprays, a
bimodal velocity distribution out of equilibrium arise at the crossing point. This velocity
distribution can not be described by the classical mono-kinetic multi-fluid model, able to
describe only different-size droplet crossings. A δ−shock is created leading to an artificial
averaging of the velocities and to a concentration of the density. We thus switch to an
artificial colliding “zero Knudsen limit”, see Fig. 4.12, (left). The point we want to make
here is not linked to the model impact on the physics of the problem, this point is treated
in the next Sec. 4.2.2. Though we underline here the ability of the numerical method to
compute, without encountering any difficulty, the δ−shock singularity, as seen on Fig. 4.12,
(left). This shows the efficiency of the numerical method to simulate pressureless gas system
and validates the scheme derivation proposed in Sec. 3.2.
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4.2.2 Trajectory crossings simulation with multi-fluid model

Trajectory crossings simulation in Eulerian spray description leads, in many cases, to mod-
eling problems. Indeed, the description of the, at least, bimodal velocity distribution can
not easily be done by that type of model, neither by any classical two-fluid model. The
multi-fluid model can take advantage of its polydispersion resolution to describe naturally
different-size droplet crossings. Nevertheless, in its original derivation, that we refer as
“classical multi-fluid”, trajectory crossings of equal-size droplets lead to the outbreak of
δ−shocks. This singularity formation can be handled, as shown in Sec. 4.2.1, by the nu-
merical method derived. The impact of the model on the physics is, in the case of two
crossing jets with equal-size droplets, so considerable, that the multi-fluid model clearly
failed to simulate that type of configuration. Nevertheless, in vortical flows, the outbreak
of local crossings, due to the ejection of the spray by the eddies of a vortical flow, needs to
be characterized and the model impact evaluated at a global level. Finally, new techniques
have been introduced in (Fox 2008) to simulate crossings in Eulerian spray models, and we
introduce here their use in a multi-fluid framework.

Vortices ejection: beyond the critical Stokes

In order to characterize the multi-fluid model behavior when crossings occur in a vortical
flow, we need to be able to predict such outbreak. We thus study the validity of the critical
Stokes criteria introduced in Sec. 3.1.2, for a multi-fluid polydisperse spray computation in
a Taylor-Green flow. Then we assess the extension of this analytical criteria, applying the
analysis proposed Sec. 3.1.2 to the “frozen isotropic homogeneous turbulence” case. We
discuss in that case the impact of local crossing singularities at a global level.

Taylor-Green case If the Stokes number is increased beyond its critical value in the case
of a uniform initial droplet mass density spatial distribution, the dynamics of the spray is
correctly reproduced until droplets are ejected from one vortex to the other. However, once
droplets cross the lattice structure of the vortex edges, a velocity averaging phenomena, al-
ready foreseen in a different framework in (Laurent and Massot 2001), leads, by a symmetry
argument, to a zero normal mean velocity along the lattice axis. Consequently, a δ−shock
arises at this place, that is an important concentration of droplet mass in the surrounding
computational cells which are artificially trapped. After some finite time all the mass is
concentrated up to numerical diffusion in the cells at the edges of the vortex lattice. Such
a behavior can be clearly foreseen due to the symmetrical structure of the initial droplet
mass density spatial distribution.

The non-uniform distribution (Fig. 4.1) offers the ability to perform computations with
droplets having a Stokes number greater than the critical value of 1/8π without getting
into the same type of behavior (see Sec. 3.1.2). Indeed the exit of the vortex does not
lead in this case to frontal crossing of droplets originating from different vortices. This
distribution will then allow us to study the behavior of more inertial droplets in a different
framework.

We then performed a test case with a Stokes number St = 13 Stc, first with a lagrangian
computation. The droplets positions are presented in Fig. 4.3, for four times.
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Figure 4.3 – Lagrangian numerical parcel position at time t = 0, t = 0.8, t = 1 and
t = 1.4 in the non dimensional settings for St = 13Stc. Computation with
50000 numerical parcels.
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Figure 4.4 – Eulerian droplet mass distribution evolution at time t = 0, t = 0.8, t = 1
and t = 1.4 in the non dimensional setting for St = 13 Stc. 55 iso-contours
from 0 up to 1.66-time the maximum of the initial mass density.

Figure 4.4 shows the dynamics of the ejection of the Eulerian mass density of the spray in
the same conditions. In such a case, the spray is ejected from its original vortex, as already
predicted by the analytical approach; the numerical simulation reproduces this expected
behavior. Nevertheless, there is a tendency of the droplet mass distribution of such size to
concentrate in very narrow regions, a phenomenon that is captured by the numerical scheme
we have proposed. However, it can be seen that, during the ejection process, the artificial
averaging process is already active and leads to such a high segregation of the spray. The
behavior predicted by the Williams spray equation and discretized through a Lagrangian
solver is slightly different as we can see in Fig. 4.3, for time t = 1.4. Thus, in the framework
of the Taylor-Green vortices, we have been able to produce a rather clear picture of both
the numerical scheme capability and modeling limits of the transport associated with the
Eulerian multi-fluid model.

Homogeneous Isotropic Turbulence case Besides, we perform computations beyond
the critical Stokes in an Homogeneous Isotropic Turbulence, in order to test the validity of
this criteria in more complex gaseous flows than the Taylor-Green vortices. We consider a
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frozen homogeneous isotropic turbulence field. We call this “frozen” turbulence since the
gaseous flow field is stationary. We represent the iso-vorticity lines of this field in Fig. 4.5,
(left). To compute the critical Stokes in this configuration, we use the theory presented in
Sec. 3.1.2 and we compute the positive eigenvalue λ+ to assess the strain rate of the flow
(see Fig. 4.5, right), and exhibit regions of high strain rate of the flow. From this field we
can compute the distribution of the eigenvalue in the flow field (PDF in Fig. 4.6). The
upper value is about 5 and the corresponding critical Stokes is then St = 1/20.
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Figure 4.5 – (left) Frozen gaseous turbulent vorticity field; (rigth) associated strain rate
λ+. Grid 128× 128.

Figure 4.6 – Distribution of strain rate in the frozen turbulent gaseous velocity field.

For the sake of legibility, we focus on a small part of the domain, presented in Fig. 4.7 for
the turbulent gaseous velocity field and for the normal component of the droplet velocity
with respect to the gas one. Important contra-rotating gaseous vortices are present in the
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Figure 4.7 – (left) Frozen turbulent gaseous vorticity field, (right) Eulerian droplet velocity
component orthogonal to the gas flow, for the stationary attracting field with
20 iso-contours from -0.01 to 0.015 , at time t = 3 in the non dimensional
setting and for St = 0.1.

considered area which are responsible for the maximal values of the strain rate in the domain
(see Fig. 4.8, similarly to the central point for the previous Taylor-Green configuration).

This part of the domain is then relevant to study droplet dynamics evolution with the
Stokes number. We thus present a zoom of the gaseous vorticity field in the zone of interest
as well as the gaseous velocity field in the same zone in Fig. 4.8, (left), and Fig. 4.8, (right).

Results are then presented for three Stokes numbers corresponding to 0.1 (Fig. 4.9), 0.25
(Fig. 4.10) and 0.5 (Fig. 4.11). The droplet velocity field relaxes, within a non dimensional
time equal to a few Stokes number, towards a velocity conditioned on the droplet Stokes
number. Since we start with a zero initial velocity field, we can base our study on the
invariant droplet velocity manifold at each Stokes number. Consequently, we have plotted
the normal component of the droplet invariant velocity field with respect to the gaseous
velocity field on the left. On the right of each Figure for the three Stokes numbers, we
present the two vector fields, for both the droplets and the gas, with a zoom in the zone of
highest strain rate.
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Figure 4.8 – (left) Frozen turbulent gaseous vorticity field, (right) frozen turbulent gaseous

velocity field, at time t = 3 in the non dimensional setting. The fields are
zoomed in the area of interest.

X

Y

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

0.16

0.18

0.2

0.22

0.24

0.26

0.28

0.3

0.32

0.34

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

0.16

0.18

0.2

0.22

0.24

0.26

0.28

0.3

0.32

0.34

X

Y

Figure 4.9 – (left) Eulerian droplet velocity component orthogonal to the gas flow for the
stationary attracting field, at time t = 3 in the non dimensional setting for
St = 0.1. 20 iso-contours from -0.011 up to 0.017; (right) vector representa-
tion of both droplet (black) and gas (blue) velocities for the same time. Both
fields are zoomed in the area of interest.
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Figure 4.10 – (left) Eulerian droplet velocity component orthogonal to the gas flow for the

stationary attracting field, at time t = 3 in the non dimensional setting for
St = 0.25. 20 iso-contours from -0.08 up to 0.1; (right) vector represen-
tation of both droplet (black) and gas (blue) velocities for the same time.
Both fields are zoomed in the area of interest.
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Figure 4.11 – (left) Eulerian droplet velocity component orthogonal to the gas flow for the
stationary attracting field, at time t = 3 in the non dimensional setting for
St = 0.5. 20 iso-contours from -0.14 up to 0.16; (right) vector represen-
tation of both droplet (black) and gas (blue) velocities for the same time.
Both fields are zoomed in the area of interest.

When we start with a Stokes number which is 0.1, that is twice the obtained critical Stokes,
the amplitude of the normal component of the droplet velocity field with respect with the
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gaseous field can be shown to very be small (see Fig. 4.9 left and right). However, when
the Stokes number is close to the critical value, the ejection process from the vortices and
the resulting discontinuity is rather weak; such a statement can be shown precisely in the
1D and Taylor-Green vortices cases. Even if there is an impact of this discontinuity on the
number density field dynamics, this impact will be very limited.

When the Stokes number reaches 0.25, it is clear from the graphs in Fig. 4.10 that a
singularity in the droplet velocity field appears; the range of values of the normal velocity
starts growing and, at the scale of the spatial resolution provided for this example in
the neighborhood of the highest strain rate point, a discontinuity arises. This velocity
discontinuity leads to crossing droplets. Such a behavior will become even stronger for a
Stokes number of 0.5, that is ten times the critical value, for which a strong discontinuity
has formed in Fig. 4.11, (left), for the normal component of the droplet velocity field.
Even in Fig. 4.11, (right), one can observe some arrows having opposite directions in the
neighborhood of the highest strain rate point.

We can then conclude that the observed behavior is still the same in this more complex
configuration and leads to the same conclusions as before. First the numerical method
is able to cope with such difficulties and can capture the singularities appearing in the
Eulerian model without leading to unstable solutions. We have to keep in mind that in the
case of dilute sprays, the creation of such singularities relates to a failure of the modeling
to reproduce the physical behavior of the spray. However, it seems reasonable to think that
the limitation of the multi-fluid model associated with the mono-kinetic character of the
droplet velocity field will only be of real importance when strong discontinuities appear,
that is much above the critical Stokes number. In a such case, we will need extra modeling
at the Eulerian level as well as at the kinetic level where eventual interactions between
droplets have to be considered depending on the levels of droplet number density.

Crossing jets

We finally assess the extreme situation for crossing outbreak: two crossing jets. We recall
here that the sprays are not colliding, i.e., we have a “infinite Knudsen limit”. This very
challenging configuration for Eulerian model can be simulated by the multi-fluid model as
long as different-size droplets are crossing. Nevertheless, as we already shown, an artificial
averaging appears, leading to an artificial “zero Knudsen limit”, see Fig. 4.12, (right), for
equal-size crossings simulation. Recently, the use of the quadrature method of moments
in the velocity phase space has provided a closure for non-equilibrium velocity distribu-
tions for mono-disperse particles allowing to capture droplet crossing at finite Stokes num-
ber with the use of Eulerian model, see (Desjardins, Fox, and Villedieu 2008) and (Fox
2008). As presented in Chpt. 2, these techniques were extended to derive a new multi-fluid
multi-velocity Eulerian model, able to simulate efficiently equal-size droplets crossings, see
Fig. 4.12, (right).
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Figure 4.12 – Mass density for simulation of two crossing jets using the standard multi-
fluid approach (left) and the multi-fluid/multi-velocity model (right) for
droplets with St = 5.29.

These results are presented in (Freret, de Chaisemartin, Laurent, Vedula, Fox, Thomine,
Reveillon, and Massot 2009) were colliding jets are also tackled. Furthermore, the multi-
fluid multi-velocity model is used in a turbulent free jet with polydisperse evaporating spray
injection in (de Chaisemartin, Freret, Kah, Laurent, Fox, Reveillon, and Massot 2009).

We thus come up with a new Eulerian model, able to deal with polydispersion as well
as non-equilibrium velocity distribution for evaporating sprays. These methods have been
recently developed and will be discussed in details in (Kah 2010). In the present work, we
mainly focus on the “classical multi-fluid model”.

4.3 Multi-fluid and DSMC Lagrangian reference

After demonstrating the numerical efficiency and robustness of the method, character-
izing numerically the limits of the model, we evaluate here its accuracy. We decide to
assess the precision of the multi-fluid model through detailed quantitative comparisons
with Lagrangian simulations, defined as reference solutions. We present first precise and
quantitative comparisons between the Lagrangian and the Eulerian descriptions for the
Taylor-Green vortices. This analytical gaseous velocity field as well as the polydisperse
spray initial condition provide a challenging test case and are representative of the main
problems we will encounter in more complex configurations. The first ingredient is to define
a procedure to be able to compare the accuracy of both methods; we then use it for both a
non-evaporating and an evaporating case. Afterwards, we present the results we obtained
concerning comparisons in an Homogeneous Isotropic Turbulence configuration. Finally,
we present a first Lagrangian-evaluated accuracy of the multi-fluid multi-velocity method
in a crossing jets configuration.

4.3.1 Eulerian Lagrangian comparison procedure

To evaluate differences between the two spray solutions, given a gaseous velocity field,
we need to reconstruct Eulerian fields from the statistical information provided by the La-
grangian treatment. We thus need to define an Eulerian grid to perform this reconstruction.
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Furthermore, as we want to compare the Lagrangian results to the multi-fluid ones, we want
to perform comparisons for various droplet sizes in order to study the ability of the Eulerian
method to capture dynamics of droplets of various sizes. In our two dimensional Taylor-
Green case, we need a three-dimensional grid to account for space and size discretizations.
We have chosen in this case a 100×100×10 grid, to have a sufficiently detailed description
of the fields : 100×100 for the space discretization, and 10 size intervals to be able to study
polydispersion. Computing errors on this grid means :

• rebuilding the Eulerian fields for the mass densities in the size intervals from the
Lagrangian statistics on this grid;

• averaging, if necessary, the Eulerian multi-fluid results on this very grid.

An example of such a reconstruction is to be found in Fig. 4.13, where a zoom over a
quarter of the computational domain, is presented. In order to have statistically converged
Lagrangian computation on the Eulerian grid, we choose to compute the Lagrangian with
a very high number of numerical particles: 16 Million.
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Figure 4.13 – Zoom on a quarter of the periodic computational domain of the total mass
density of droplets at time t = 1.5, projected on the comparison grid 100×
100×10 : (left) Lagrangian reference solution (right) Eulerian with a 400×
400× 10 grid.

We evaluate on this grid the global error at the time t = 1.5 (i.e. t = 1.5 τgas, about one
and a half eddy turn over time). The constant by pieces error field for a generic quantity
Q, which in the following will be mainly the droplet mass density in one section, is defined
for an Eulerian computation by:

E1.5
Q (x, y) = Q1.5

e −Q1.5
l−ref , (4.5)

where the fields are taken to be constant inside a cell of the comparison grid. The right-
hand-side corresponds to the averages over the associated cell of both the Eulerian sim-
ulation (subscript e) and the Lagrangian reference simulation with 16 Million particles
(subscript l− ref), respectively.
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To have an estimate of the relative error over the whole grid, we study the L1 norm of the
relative error on the grid :

||E1.5
Q ||1 =

∫ 1
0

∫ 1
0 |Q1.5

e (x, y)−Q1.5
l−ref(x, y)|dx dy

∫ 1
0

∫ 1
0 |Q0

l−ref(x, y)|dx dy
. (4.6)

The denominator is taken at the initial time, but this has no impact on the non-evaporating
case since the global mass as well as the mass in the sections are preserved throughout the
calculation. For the evaporating case, this has however an impact and allows to quantify
the error relative to the initial amount of mass, which is the one with the main physical
sense.

4.3.2 Eulerian and Lagrangian sprays in Taylor Green vortices

Non evaporating spray

To illustrate comparisons between the Eulerian and the Lagrangian methods previously
described, we present a study of the error between the Lagrangian reference case with 16
Million particles and the Eulerian cases, to show that both methods converge towards the
same results. The chosen time for the comparison is t = 1.5, for which the total mass density
is presented in Fig. 4.13. It exhibits a high concentration of the inertial droplets around
the vortex and creates very high gradients. It is thus a really challenging test case as far
as Eulerian models are concerned, irrespective of the evaporation process. We now discuss
the error plots presented in Fig. 4.16 to Fig. 4.15 where the details of the comparisons are
conducted for three representative sections illustrating the influence of the droplets inertia
on their behavior. The pictures represent the evolution of the logarithm of the relative
error between Eulerian multi-fluid cases and the reference Lagrangian computation versus
the logarithm of the space discretization step of the Eulerian computation. For convenience,
we have presented the actual values of the error and of the space discretization step on the
two axis, but the points on these axis correspond to the logarithms of these values. As
we mentioned in Sec. 3.2, the numerical method used for the multi-fluid model is second
order in space, explaining the line with a slope equal to two in all the pictures. The plots
show three different levels of space refinements for the Eulerian computation: 100 × 100,
200 × 200 and 400 × 400. In order to see the influence of the refinement in size of the
multi-fluid model, we plot three curves in each Figure, showing three size discretizations:
10 sections, 20 sections and 30 sections.

Concerning the droplets of intermediate size presented in Fig. 4.14, the Eulerian computa-
tion converges towards the Lagrangian reference case with almost second order. Further-
more, ten sections are enough for the size discretization since the size refinement does not
have any impact on the global error. The effect of the size discretization step refinement
in this non-evaporating case is purely a finer description of the velocity distribution as a
function of droplet size for a given location and time. Consequently, in the range of Stokes
number associated to these droplets of intermediate size, the size-dependence of the velocity
field is not strong enough to require a finer discretization and the dynamics of the droplets
are correctly reproduced by the 10 sections case.
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Figure 4.14 – (top) Logarithm of L1 norm of the error between Eulerian simulation for
medium size droplets (fifth section St = 0.41 Stc) for various ∆x and the
Lagrangian reference solution at time t = 1.5, projected on the comparison
grid 100×100×10 : slope two line (blue solid line), 10 sections (solid line),
20 sections (dashed line) and 30 sections (dotted-dashed line). (bottom)
Corresponding droplet mass density with 10 iso-contours from 0 up to 1.44-
time the maximum of the initial mass density in the fifth section : (left)
Lagrangian reference solution, (right) Eulerian computation with a 400 ×
400× 10 grid.

For more inertial droplets, Fig. 4.15, the order of convergence is weaker and it is not
improved by the refinement in section. As a matter of fact, this is due to the high gradient
appearing for this class of droplets; indeed the inertial droplets are quickly ejected from the
vortex and form high concentration regions and therefore very high gradients (most of the
mass is concentrated in a few cells). In this case, the numerical method reduces its order
of precision to first order to deal with such concentrations and associated gradients, thanks
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to the use of a slope limiter we presented in Sec. 3.2.2. When we increase the number of
points we decrease these gradients and we therefore increase the order of the method, as
represented in the Fig. 4.15.
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Figure 4.15 – (top) Logarithm of L1 norm of the error between Eulerian simulation for
inertial droplets (ninth section St = 0.78 Stc) for various ∆x and the La-
grangian reference solution at time t = 1.5, projected on the comparison
grid 100 × 100 × 10 : slope two line (blue solid line), 10 sections (solid
line), 20 sections (dashed line) and 30 sections (dotted-dashed line). (bot-
tom) Corresponding droplet mass density with 10 iso-contours from 0 up
to 2.43-time the maximum of the initial mass density in the ninth section :
(left) Lagrangian reference solution, (right) Eulerian computation with a
400× 400× 10 grid.

As far as the small droplets are concerned, Fig. 4.16, the behavior is different from the
previous ones. Indeed we notice an important influence of the droplet size refinement in
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the rate of convergence. In this case with droplets of low inertia, the build up of the overall
droplet mass density spatial gradients does not build up to strongly so that the change
in order is not due to excessive gradients created by the droplet rapid ejection from the
vortices; nevertheless the droplet velocity is close to the gas one, but the velocity difference
between spray and gas can be shown to be linear, in first approximation, with respect to
the Stokes number and, thus one can guess that the velocity conditioned by droplet size
is a linear function of droplet surface around zero. The assumption of the multi-fluid (see
Sec. 2.2.3) imposes a velocity which is constant as a function of size inside a section and
thus it is not able to capture this effect. Then we have to switch to 20 sections to properly
predict the dynamics of droplets with very low inertia. Once refined in size, the Eulerian
computation converges towards the Lagrangian reference with an order of about 2.

Both descriptions are thus presenting a very good agreement as we can see quantitatively by
analyzing the error levels. The L1 norm of the error is around a few percent for a Eulerian
simulation with a 400× 400× 10 discretization as summarized in Table 4.1. Such an error
can be thought of as rather high. It can be explained in the following way. We have chosen
to present the relative error in reference of the initial total mass introduced in the numerical
simulation, we have a small amount of mass concentrated in a narrow region of the domain
which gets even more concentrated due to the ejection process by the vortex and finally, we
have extreme gradients in order to test the influence of the numerical diffusion of the second
order in space numerical method. If, however we decided to plot the absolute error only
considering that the mass density of droplets is reaching one at its maximum, we would
end up with an error of about one per a thousand. Such a statement can be observed more
qualitatively, plotting the iso-contours of the mass density for the three sections studied in
Fig. 4.16, Fig. 4.14 and Fig. 4.15. Dynamics of the droplet of various sizes are very well
predicted, even if the chosen test case is extremely challenging and leads to the presented
level of errors.

Droplet size Global error norm ||E1.5
m ||1

St = 0.14 Stc 8%

St = 0.41 Stc 5%

St = 0.78 Stc 8%

Table 4.1 – Computation of ||E1.5
m ||1, norm of the global error at time t = 1.5, for the mass

density of three sections of droplets in size: small droplets (St = 0.14 Stc),
medium size droplets (St = 0.41 Stc) and inertial droplets (St = 0.78 Stc).
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Figure 4.16 – (top) Logarithm of L1 norm of the error between Eulerian simulation for
small droplets (second section St = 0.14 Stc) for various ∆x and the La-
grangian reference solution at time t = 1.5, projected on the comparison
grid 100 × 100 × 10 : slope two line (blue solid line), 10 sections (solid
line), 20 sections (dashed line) and 30 sections (dotted-dashed line). (bot-
tom) Corresponding droplet mass density with 10 iso-contours from 0 up to
1.44-time the maximum of the initial mass density in the second section :
(left) Lagrangian reference solution, (right) Eulerian computation with a
400× 400× 10 grid.

Evaporating case

Our interest being in combustion applications, we perform similar comparisons in the evap-
orating case, the evaporation being described by a D2 law in both Eulerian and Lagrangian
descriptions (see Sec. 2.2.3). We still refer to a Lagrangian computation with 16 Million
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particles. To do so, we have chosen a low evaporation speed to preserve a relatively high
number of particles in our reference computation. We then chose an evaporation constant
Ev = 1/15 (introduced in Sec. 2.2.3), thus if we look at non dimensional t = 1.5, 10% of
the mass will be evaporated. We present in this case the errors already defined for the non
evaporating case between Lagrangian and Eulerian descriptions. We study the same mesh
refinements for the Eulerian method, in space as well as in size, and we study the behavior
of various droplet sizes.
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Figure 4.17 – Logarithm of L1 norm of the error between Eulerian simulation for small
droplets (second section St = 0.14 Stc) for various ∆x and the Lagrangian
reference solution at time t = 1.5, projected on the comparison grid 100×
100×10 in the evaporating case : slope two line (blue solid line), 10 sections
(solid line), 20 sections (dashed line) and 30 sections (dotted-dashed line).

We see in Fig. 4.17 and Fig. 4.18 that the behavior of small and intermediate droplets
is the same as in the non evaporating case: the Eulerian method converges towards the
Lagrangian reference solution with the expected second order. On the other hand, for the
inertial droplets, the refinement in space nearly do not change the error value, only modified
by the refinement in sizes, as we can see in Table 4.2.

As we introduced in Sec. 2.2.3, the multi-fluid model for evaporation is only first order
accurate in the size discretization step (Laurent 2006). This explain why we do not see the
effect of the space refinement, hidden by the need to increase the number of cells/sections
in the size phase space. This first order of the evaporation model can be illustrated by the
same type of log/log Figure as we presented so far, but taking the logarithm of the size
refinement, at fixed space discretization varying between ∆x = 1/100 and ∆x = 1/400.
This is done in Fig. 4.19.
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Figure 4.18 – Logarithm of L1 norm of the error between Eulerian simulation for medium
size droplets (fifth section St = 0.41 Stc) for various ∆x and the Lagrangian
reference solution at time t = 1.5, projected on the comparison grid 100×
100×10 in the evaporating case : slope two line (blue solid line), 10 sections
(solid line), 20 sections (dashed line) and 30 sections (dotted-dashed line).

0.0398 0.0501 0.0631 0.0794 0.1
10

−2

10
−1

10
0

∆s

|E
rr
||

1

Figure 4.19 – Logarithm of L1 norm of the error between Eulerian simulation for inertial
droplets (ninth section St = 0.78 Stc) for various ∆S at fixed ∆x and the
Lagrangian reference solution at time t = 1.5 projected on the comparison
grid 100 × 100 × 10 in the evaporating case : slope one line (blue solid
line), ∆x = 1/100 (solid line), ∆x = 1/200 (dashed line) and ∆x = 1/400
(dotted-dashed line).
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Error Error Error
1/∆x 10 Sections 20 Sections 30 Sections

100 25% 14% 10.5%

200 25% 15% 11%

400 25% 15% 11%

Table 4.2 – Evolution of L1 norm of the relative error between the reference Lagrangian
solution and Eulerian multi-fluid for various refinements in space and size,
projected on the comparison grid 100 × 100 × 10, and for inertial droplets
(St = 0.78 Stc). The results are presented at time t = 1.5.

This drawback of the multi-fluid method was already noticed in (Laurent, Massot, and
Villedieu 2004) and can be partially avoided by using a second order method to describe the
evaporation as described in (Laurent 2006) and (Dufour and Villedieu 2005). These tech-
niques are not assessed in this work because of the recent developments of multi-fluid meth-
ods based on high order moment method in size, (Massot, Laurent, Kah, and de Chaise-
martin 2009; Kah 2010), yielding a very efficient description of the evaporation process. As
a conclusion, we have shown in both the evaporating and non-evaporating cases the ability
of the multi-fluid model to accurately approximate the Lagrangian reference solution, and
thus the dynamics of droplets of various sizes coupled to the evaporation process. Even
if some improvement of the description of the evaporation process is to come, we can still
define an equivalent level of accuracy for both descriptions and thus come up with relevant
information for computational cost analysis, Chpt. 9.

4.3.3 Eulerian and Lagrangian sprays in Homogeneous Isotropic
Turbulence flows

The Taylor-Green configuration can be considered to be a challenging test in the sense that
it involves very high gradients of the number density function. Thus the results obtained
in the previous part of this section can be considered as reliable in terms of accuracy of
the methods. However, to show the ability of the Eulerian model to capture turbulent
configurations, we also provide some more qualitative comparisons in the case of a frozen
Homogeneous Isotropic Turbulence. This second configuration will be proved to be useful
in terms of computational cost comparisons. The vorticity of the selected gas field is
represented in Fig. 4.20, (left).
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Figure 4.20 – (left) Frozen turbulent gaseous vorticity field; (right) Eulerian total mass
density of the spray at time t = 1.5 with 50 iso-contours between 0 and
25-times the initial uniform level.

We performed Lagrangian and Eulerian computations with a polydisperse spray and an
initial uniformly distributed NDF as far as space is concerned. We present in Fig. 4.21
the Eulerian and Lagrangian total mass distribution at the non dimensional time t = 1.5.
Computations are done with 4 Million particles for the Lagrangian and a 256 × 256 × 10
grid for the Eulerian. We represent, in this figure, the total mass distribution, i.e sum over
all the size intervals.
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Figure 4.21 – Total mass density spatial distribution at t = 1.5, projected on a 128×128×
10 comparison grid with 50 iso-contours between 0 and 25-times the initial
uniform level which is the same for both computations: (left) Eulerian with
a 256× 256× 10 grid; (right) Lagrangian with 4 Million particles.
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These first results show a very good qualitative agreement between the Lagrangian and
Eulerian descriptions. We can observe the segregation effect of the vortices on the spray
mass density distribution, the structure of which corresponds clearly to the iso-vorticity
lines of the gaseous phase. The ejection of the droplet mass density from the vortical
structures generates region of high density and creates very large density gradients, which
are both described precisely by the two methods. This is not the purpose to reproduce the
same kind of analysis as before for this second case. It is shown for illustration purposes in
terms of precision since it is not as challenging as the Taylor-Green configuration.

4.3.4 Eulerian and Lagrangian sprays in crossing jets

In order to have a first evaluation of the multi-fluid multi-velocity model, we present here
comparisons with Lagrangian computations in a crossing jet configuration. The gas velocity
and the spray initialization have already been described in Sec. 4.1. However, the sprays
computed here are mono-disperse and weakly collisional. In this manner some droplets
of the jets follow their original trajectories as if they did not see the other ones, whereas
the other droplets undergo collisions and are deviated from their original trajectories. The
collisions are described as hard sphere Boltzmann collisions. The Bolztmann collision multi-
fluid modeling presented in Chpt. 2 is here extended to the multi-fluid multi-velocity model,
(Freret, de Chaisemartin, Laurent, Vedula, Fox, Thomine, Reveillon, and Massot 2009).
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Figure 4.22 – Mass density for the simulations of two crossing mono-disperse jets using
the DPS approach averaged and projected onto the Eulerian grid (a) and the
multi-fluid/multi-velocity model (b) for droplets with St = 5.29 undergoing
collisions.

The statistical Lagrangian results are not obtained here through a computation with a
high number of numerical parcels, but with an average over a high number of time steps,
the configuration being statistically stationary after a transitory regime. The mass den-
sity comparisons, Fig. 4.22, shows a good agreement between the two descriptions of the
crossing-collisional sprays. The limit between non colliding and colliding droplets does not
appear in the Eulerian simulation as clearly as in the Lagrangian one. This is due to the
numerical diffusion induced by the transport scheme used for the multi-fluid multi-velocity
model, see Chpt. 2. However, the level of mass density are very similar, showing a very
good description of the collisions.
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These computations are presented in (Freret, de Chaisemartin, Laurent, Vedula, Fox,
Thomine, Reveillon, and Massot 2009), along with bidisperse crossing sprays comparisons.
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The detailed numerical multi-fluid characterization performed in Chpt. 4, studying multi-
fluid’s assumptions and model impact in vortical flows, enables to design configurations
where the multi-fluid model is expected to give accurate results. We then decide to design an
experimental configuration allowing multi-fluid validation through experience/simulation
comparisons. For such a validation to be achieved, we need to be able to capture size-
conditioned dynamics in the experiment.

We consider acoustically pulsated free jets with a polydisperse spray injection in an axisym-
metric configuration. The acoustic excitation creates periodical large vortical structures,
which are representative of the dynamics of gaseous flows in more complex configurations,
and a strong interaction with the injected spray. In this context, we provide a series of
detailed experimental measurements using laser diagnostics; we analyze droplet size distri-
butions, associated size-conditioned dynamics and evaporation, for three liquids, leading to
various droplet preferential concentrations due to the vortices. Besides the achievements in
terms of diagnostics, we use the Eulerian multi-fluid model and dedicated robust numerical
schemes, provided in Sec. 3.2, in order to conduct simulations in the chosen configuration.
Detailed comparisons between numerical simulations and experimental measurements are
provided in terms of spray velocity and number density. Size-conditioned preferential con-
centration of both non-evaporating and evaporating sprays are observed and reproduced
by the numerical simulations, which eventually yields a validation of the proposed model.

The ability to analyze size-conditioned dynamics represents an important novelty, as much
from the experimental and the numerical, since a Eulerian method is used, point of view.

This work has been done in collaboration with L. Fréret with regard to the simulation part.
The experiment has been realized by C. Lacour, D. Durox and S. Ducruix, in EM2C lab-
oratory. Global comparisons were first presented in the 2007 International Conference on
Multiphase flows, (de Chaisemartin, Laurent, Fréret, Massot, Birbaud, Lacour, Ducruix,
and Durox 2007). The size-conditioned comparisons described in this chapter have been
published in the 32nd International Symposium on Combustion, (Freret, Lacour, de Chaise-
martin, Laurent, Massot, Ducruix, and Durox 2008).

5.1 Pulsated free jet with spray injection

Crow and Champagne demonstrated that a circular jet has a natural instability at a fre-
quency corresponding to the preferred mode of the jet (Crow and Champagne 1971). This
instability can be characterized by the Strouhal number Sh, defined by

Sh =
fD

Ub
, (5.1)
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D10 D32 Ev(D32) St(D32)
decane 26 36 93 0.12
methanol 20 32 3.4 0.13
heptane 20 40 6.8 0.15

Ev(18) St(18) Ev(60) St(60)
methanol 0.96 0.037 12 0.43

Table 5.1 – Mean size distribution and Sauter mean diameter (in µm) of decane,
methanol, heptane and their corresponding evaporation numbers. In case of
methanol, values of evaporation numbers for diameters of 18µm and 60µm.

based on the excitation frequency f , on the jet diameter D and on the mean axial bulk
velocity Ub. According to (Crow and Champagne 1971; Birbaud, Durox, Ducruix, and
Candel 2007), the jet strongly responds to excitations around the preferred mode Sh ≃ 0.4,
but is still very sensitive up to Sh = 1.5. Consequently, such a jet is an ideal candidate for
a specific study on the behavior of a spray in a flow exhibiting zones of high vorticity. Thus
the retained configuration is similar to the one in (Pichard, Durox, and Ducruix 2005), in
a non-reactive excited jet, laden by droplets. The range of selected Reynolds numbers is of
the order of 1000 and yields a laminar gas flow at the nozzle outlet.

In order to allow easy comparisons between numerical simulations and experimental results,
we work with dimensional quantities; however, the physics of the problem are governed by
two non-dimensional numbers. The reference time τf = 1/f is the acoustic time correspond-
ing to the frequency f imposed to pulsate the jet. The reference velocity U0 is the mean
axial velocity at the nozzle exit. A reference length can be deduced from these two quanti-
ties, which is characteristic of the coherent structure displacement. Characteristic droplet
surface S0 corresponds to a diameter of the largest droplets in the spray at the burner out-
let. The Stokes number St, is the ratio of the drag relaxation time τp(S) = (ρlS)/(18πµg)
to the acoustic time τf , whereas the evaporation number Ev is taken to be the ratio of the
evaporation time τv(S) = S/Rs over the acoustic time :

St =
τp(S)
τf

, Ev =
τv(S)
τf

, (5.2)

where ρl is the liquid density, µg the dynamic viscosity of the gas and Rs is a characteristic
surface evaporation rate. Both numbers are linear functions of the droplet surface S.

Different liquids are used to vary the liquid evaporation rate. Decane is chosen as a reference
slowly evaporating liquid, and methanol and heptane are more volatile. The mean size
distribution for decane is presented in (de Chaisemartin, Laurent, Fréret, Massot, Birbaud,
Lacour, Ducruix, and Durox 2007) and is weakly polydisperse as the other distribution
(see Table 5.1). The dynamical response is essentially the same for the three liquids but
droplets of different size can have very different dynamics (see Stokes numbers in Table 5.1).
Conversely, the evaporation numbers are very different from one liquid to another since
droplets below 18µm diameter of heptane or methanol have evaporated within one gaseous
acoustic time, i.e., one vortex eddy turn over time.
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Figure 5.1 – (left) Lateral view of the experimental setup, (right) PIV and IPI experimen-
tal set-up.

5.2 Experimental devices and diagnostics

5.2.1 Experimental setup

The experimental facility is presented in Fig. 5.1. The injector is equipped with a converging
nozzle with a symmetry of revolution leading to a flow at the nozzle exit with a turbulence
level less than 1% of the mean axial velocity U0=1.15 m.s−1. A spray is generated from an
ultrasonic atomizer, which is fed by a syringe (de Chaisemartin, Laurent, Fréret, Massot,
Birbaud, Lacour, Ducruix, and Durox 2007). The air jet flowing through this injector is
acoustically forced by two loudspeakers placed on the sides of the facility to control the
formation and evolution of vortices in the near field of the jet. Air flows through the cylinder
into the facility and drags the droplets. In order to obtain a homogeneous flow at the nozzle
exit, the distance between the atomizer zone, where volatile liquids start evaporating, and
the nozzle exit is 180 mm and corresponds to a droplet residence time of a fraction of a
second (Pichard, Durox, and Ducruix 2005). To benefit from the positive effect of gravity
on the droplet formation and motion, the facility is put in the downward direction.

The modulation frequency is f = 50 Hz so that the Strouhal number is Sh = 1.0 in this study.
At this Strouhal number the jet is yet highly sensitive and the excitation generates large
periodic vortices closer to the nozzle exit, than for lower Strouhal numbers corresponding
to the most amplified instability mode (Birbaud, Durox, Ducruix, and Candel 2007). High
vorticity levels are reached in the core of the vortices (600 s−1) (de Chaisemartin, Laurent,
Fréret, Massot, Birbaud, Lacour, Ducruix, and Durox 2007). The full cycle of oscillations
is divided into 20 regularly spaced phases.
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5.2.2 Measurement techniques PIV and IPI

The Particle Image Velocimetry (PIV) technique is used to characterize the gas flow and
droplet velocities. The set-up consists in a double pulsed Continuum Nd :Yag laser. A
laser sheet (500 µm thick) is focused on the central plane of the injector. The particle
Mie scattering is collected on a Dantec Hi-Sense CCD camera 1600×1186 pixels2 equipped
with a Nikkor 60 mm lens and an interferential 532 nm filter. Velocity calculations are per-
formed with an iterative cross-correlation algorithm (Dantec FlowManager). An iteratively
decreasing interrogation window size is used with final value fixed to 16×32 pixels2 with an
overlap of 50 %.

The Interferometry Particle Imaging (IPI) technique aims at determining the size of trans-
parent droplets, which flow through the light sheet and scatter light towards a camera.
This technique is based on the interferences created in a voluntarily defocused image be-
tween reflected and refracted light rays, traveling through a transparent droplet. Using the
geometrical approach (König, Anders, and Frohn 1986; Glover, Skippon, and Boyle 1995),
the interference pattern between reflected and first order refracted light ray paths can be
expressed by a simple linear relation between Nf the number of fringes and D the particle
diameter

Nf = κD, (5.3)

where the geometrical factor κ is expressed by :

κ =
α

λ



cos

(
φ

2

)

+
m sin

(
φ
2

)

√
m2 − 2m cos

(
φ
2

)
+ 1



 (5.4)

λ is the light source wavelength, φ is the observation angle, relatively to the light source
direction, m is the relative refraction index of the liquid related to the gas, α is the collection
angle and can be expressed as:

α = 2 sin−1

(
da
2zl

)

(5.5)

where da is the lens aperture diameter and zl the distance between the measurement plane
and the camera lens plane. The present experiment is carried out with two CCD cameras
collecting the scattered light at 90 deg relatively to the laser light source (see Fig. 5.1). The
set up is constituted on the base of the PIV set up described in this paper, with two identical
cameras. The PIV camera is not only used for the droplet velocity measurement but for the
droplet position detection too and the second one is defocused to generate the interference
fringes. Two different configurations have been used to achieve different objectives. Firstly,
the global behavior of the excited jet is studied with a full view of the jet with at least three
successive vortices (59×44 mm2), with the same experimental set up as previously detailed
in (de Chaisemartin, Laurent, Fréret, Massot, Birbaud, Lacour, Ducruix, and Durox 2007),
see Fig. 5.2. The maximum measurable droplet diameter by IPI with this set up is about
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90 µm, as one fringe has to be 4 pixel wide at least to be detected, and the minimum
diameter is 9.6 µm to have more than one fringe in the defocused circle. In order to obtain
correct statistics, the image acquisition has been phase-locked by synchronizing the laser
and the camera with the loudspeaker excitation signal. For each of the 20 phases, at least
20 phase-locked pairs of images are acquired and processed. Results are then phase-lock
averaged. In the present contribution, we intend to provide droplet density results for
both a non evaporating and an evaporating situations as well as size-conditioned droplet
dynamics. The previous set up was not suitable for such investigations for two reasons:
limited droplet diameter range and too low statistics. In order to reproduce the experiment
with an evaporating liquid, the measurable diameter range should be shifted towards the
smaller droplets. The distance zl between the laser sheet and the the camera lens, is thus
reduced to 180 mm (collection angle α = 6.8 deg), leading to a smaller field of view (27×20
mm2) and a better spatial resolution. The measurable diameter range becomes [5.2, 97] µm.
Moreover, the number of phase-locked acquisitions is increased to 120 in order to enhance
the statistical resolution.

(a) (b)

Figure 5.2 – Instantaneous modulated air flow and decane spray. (a) Tomographic focused
image of the air flow seeded with oil (light gray particles) and the decane spray
(black dots). (b) Defocused image of the decane spray. There is no oil seeding
in the air flow.

5.3 Numerical Approach

5.3.1 Numerical Resolution

A multi-fluid spray computation is done, to be compared to these experiments. We use drag
and evaporation models with convective corrections and we take into account the gravity,
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see Chpt. 2. This multi-fluid computation was done, with regard to transport, with a
dimensional splitting for 2-D axisymmetric configuration, described in Sec. 3.2

5.3.2 Numerical setup

The numerical computation requires two types of input from experiments: 1- boundary con-
dition for the dispersed phase spatially resolved in the radial direction at inlet for droplets
mass densities and velocities in each section, 2- the full gaseous velocity field as a function
of space and time to which the dispersed phase is coupled to in the numerical simulations.

For the latter, 20 phase-locked velocity fields obtained from PIV measurements are inter-
polated in time and space following the requirements of the dispersed phase discretization.
After noticing in (de Chaisemartin, Laurent, Fréret, Massot, Birbaud, Lacour, Ducruix, and
Durox 2007) that the slight deviation of the gaseous flow field from the 2D-axisymmetry
could lead to peculiar behavior of the spray along the centerline, and in order to be compat-
ible with the spray description, the obtained velocity fields are symmetrized in a symmetry
plane. The resulting modification of the gaseous flow field is of the amount of a few percent
in L2 norm and is mainly important far from injection.

The former spray injection boundary condition roughly corresponds to the nozzle exit. For
each time step and in each size section (20 sections of 3 µm width in diameter covering the
[0, 60]µm diameter range), at the inlet axial position, we interpolate spatially the droplet
velocities conditioned by size. The injection width of the spray strongly varies in time; at
each time and in each section, the number density of droplet is taken to be constant as a
function of radial position in agreement with experimental measurements.

In the present contribution, the spray volume fraction are bounded in areas of preferential
concentration by 5.10−5 and is mainly much below such a value, thus justifying the use
of one-way coupling; besides, up to measurement precision, the gaseous velocity field with
and without the spray are shown to be the same. The computational domain is discretized
in 20 sections in the size phase space, and in 400 × 400 structured cells in the two spatial
directions, thus offering good resolution for the purpose of comparisons with experimental
results. Eventually, such a simulation is a quasi three-dimensional (2D in space, 1D in size)
unsteady simulation carried out during four periods in order to reach a periodic regime.

5.4 Results and discussion

5.4.1 Global spray behavior

Let us first describe the full view of the configuration which covers the evolution of three
vortical structures at least issued from the nozzle exit. One vortex covers the 40mm axial
distance in a time of about 80ms that is 4τf and the eddy turn over time is about 20ms. If
we first concentrate on decane, the evaporation rate is so low at the considered temperature,
that the liquid can be considered to be non-evaporating. In Fig. 5.3, (left), it is observed
from experimental measurements that droplets are essentially absent from the vortex cores,
whereas the vortical structures create both successive zones of concentrations along the
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Figure 5.3 – Comparison between experimental measurements (right half) and numerical
simulation (left half) for decane droplet concentration (droplet/mm3 - left
picture) and mean droplet axial velocities (m.s−1 - right picture) for the phase
φ = 0 (arbitrary reference). Experimental results are presented through an
averaged field obtained from 20 instantaneous phase-locked samples for a
59×44 mm2 field of view. Numerical simulation was obtained on a 400 ×
400 grid.

centerline and large arms preventing the captured droplets from flowing toward the exit of
the domain. The absence of the spray from the vortex core is due to the combination of
two phenomena: mixing of the spray with the air entrainment associated with the pulsation
of the jet and ejection of droplets from the strong vortical structures due to inertia (see
tomographic images of the pulsated spray in (de Chaisemartin, Laurent, Fréret, Massot,
Birbaud, Lacour, Ducruix, and Durox 2007)). The corresponding axial velocity of the
droplets is presented in Fig. 5.3, (right). Let us underline that, extrapolating the results
provided in (de Chaisemartin, Laurent, Massot, and Reveillon 2007), for the range of Stokes
numbers associated with the biggest droplets under consideration, i.e. St = 0.43, an eddy
turn over time is enough for an almost complete ejection of such droplets from the vortex
present in our configuration, thus explaining the fact that droplets are being ejected after
one vortex turn over as observed in the experiments. However, such an ejection of droplets
from the vortex core is essentially governed by the size of the droplets and will be different
depending on the size. Thus we need to focus on size-conditioned droplet dynamics. Before
doing so, let us compare experimental measurements to numerical simulations at a global
level.

First, the axial velocity map is presented for both experimental and numerical results
in Fig. 5.3, (right). In the experimental case, velocities are measured essentially in the
central region of the jet, as the droplets are absent in the vortex cores. Along the central
axis, the droplets are successively accelerated and decelerated, corresponding to the vortex
convection. The zones of maximum droplet velocities in the numerical velocity field are
localized at the same position as in the experimental velocity field. Numerical results are
thus able to reproduce the droplet axial velocity and such a good agreement is also obtained
for radial velocity. Next, we compare droplet number density, Fig. 5.3, (left). It is measured
from PIV results by considering the number of droplets in a given volume. The present
results are representative of the general spray behavior. Concerning the numerical mean
droplet concentration, high concentration zones are located at the head of each vortex. This
result shows that the interaction between the high vorticity gas flow and the spray leads
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Figure 5.4 – Comparison between IPI experimental measurements (right half) and nu-
merical simulation (left half) for total droplet concentration at phase π in
droplet/mm3. From left to right: decane (non evaporating reference liq-
uid), methanol and heptane (evaporating liquids). Experimental results are
presented through an averaged field obtained from 120 instantaneous phase-
locked samples with a reduced field of view of 27×20 mm2. Numerical simu-
lation was obtained on a 400 × 400 grid.

to a non uniform distribution of droplets. The vortex cores present voids of decane droplet
concentration whereas high droplet concentration appear at the leading edges (head) of the
vortices. Droplets are ejected from the high vorticity core and follow the external vortex
arms. Consequently, at a global level, the comparisons are very good. Let us underline the
progress made in terms of comparisons in reference to (de Chaisemartin, Laurent, Fréret,
Massot, Birbaud, Lacour, Ducruix, and Durox 2007); first, because of the coherence in terms
of symmetry between the Eulerian spray modeling and the experimental gaseous velocity
field, no peculiar behavior on the centerline is to be found. Besides, since we have included
the variation of the spray width versus time at the inlet, and since we have greatly improved
the experimental statistics, we reach a much more satisfactory level of comparisons. This
level will be denoted "quasi-quantitative"; actually even if some differences appear in the
comparisons and even if we can not claim a fully quantitative agreement, up to measurement
uncertainty, we reach both the same structure and levels of droplet density and velocity.

5.4.2 Size-conditioned dynamics comparisons

In addition, one of the objectives of the present study is to put forward the pulsated jet
behavior regarding its polydisperse nature. In order to vary the size distribution width
and to have a larger range of droplet diameters in the jet, different liquids are studied
on a reduced experimental view (27×20 mm2). The experimental droplet concentration is
obtained from 120 instantaneous image pairs and averaged in windows of 0.66 mm2.

Fig. 5.4 presents the total concentration map obtained for decane (left), methanol (mid-
dle) and heptane (right) in the focused area under consideration. For the three liquids,
droplets concentrate between the two vortices along the central jet axis and are ejected
around the vortices to form external arms. The concentration reaches, in decane case, 0.4
droplet/mm3 inside the arm which nearly catches up the central part of the jet. For the
methanol spray, the pulsated jet structure is modified: the external arm concentration de-
creases to 0.2 droplet/mm3. For the heptane spray, droplets are present inside the vortex
core and concentration reaches 0.2 droplet/mm3. The presence of evaporation thus changes
the structure of the spray localization in both the vortex core and in the arms; such a
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Figure 5.5 – Comparison of size-conditioned decane (top) and methanol (bottom) droplet
number density (droplet/mm3) between 120 phase-locked IPI experimental
measurements with a reduced field of view of 27×20 mm2 (right half) and
numerical simulations on a 400 × 400 grid (left half) at phase π. Four size
ranges are presented from left to right, range [6,15] [15,30] [30,45] [45,60]
in µm. Small histograms represent the droplet number repartition among the
four size ranges. Two scales are used. Very small and big droplets have low
concentration level and are presented in ochre, whereas the high concentration
levels of droplets of inter size are presented in blue.

phenomenon is well reproduced by the numerical simulations at a global level.

In order to further investigate the polydisperse nature of the spray and its evaporation,
we focus on the first two liquids and investigate the dynamics conditioned by droplet size.
Decane concentration maps corresponding to four size ranges are presented in Fig. 5.5,
(top).

For bigger droplet classes, the experimental results are noisy due to a poorer statistic,
since the droplet number density is rather low. However, it is clear from experiments that
the ejection of the droplets from the vortex core follow different dynamics depending on
the inertia of the droplets. As size increases, the zone without droplets widens. Such a
behavior is well captured by the numerical simulations, where the structure of the arm
is found to be very different depending on the droplet size, thus exhibiting differential
dynamics conditioned by size.

In the evaporating configuration, methanol concentration maps presented with the same
four size intervals are presented in Fig. 5.5, (bottom). The differential dynamics observed
in the previous case is maintained in such a case, even if the repartition of droplet number
density is very different in terms of level due to evaporation. Let us underline that droplets
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in the arms have travelled about along one eddy along its turn over, thus corresponding to
a time of about 2τf and showing an important role of evaporation. However, evaporation
yields additional differences. We can note a large amount of small droplets due to the evap-
oration phenomena and as the size increases, even if the area without droplet is enlarged,
the structure of the created arm is rather different since the small droplets present in this
arm have had various dynamics during the evaporation history and followed different paths
from the small decane droplet. Such a phenomenon is captured by the numerical simulation,
however, the statistics level is not high enough to capture it in the experiments. Once again,
experimental and numerical results present very good agreement, thus demonstrating the
ability of the Eulerian model to capture the differential dynamics of droplets of various size
in a Eulerian manner. Let us also underline the robustness of the numerical methods used
for the simulations since we were able to conduct a numerical simulation of the disperse
liquid phase coupled to the gaseous flow fields obtained from experimental measurements.

In the present configuration, the spray dynamics leads to areas of preferential concentration
of droplets which can eventually lead to a limitation of the IPI technique. Indeed IPI results
rely on the processing of images and fringes counting, thus leading to a validation rate which
can spatially vary depending on the droplet concentration. However, we have checked
the total number of droplets present in the window of comparison is the same between
experiments and numerical simulation, thus showing that the potential bias associated
to higher droplet concentration does not have an important impact on the experimental
measurement in these areas.

Eventually, let us emphasize that this contribution provides the first quasi-quantitative
comparison of size-conditioned dynamics between experimental measurements and numer-
ical simulation. This will be essential for more realistic configurations and for combustion
chambers.

Conclusion

This study completes multi-fluid model characterization, complementing the mathematical
and numerical studies of Chpt. 3 and Chpt. 4 by experimental assessment. It provides
innovative experimental techniques allowing to capture quantitatively the size/velocity cor-
relations of the injected spray. The computations realized show again the robustness of
the numerical method provided, allowing to take the experimental data fields to describe
the gas flow in the computation. Finally, these comparisons validate the precision of the
multi-fluid model and its ability to capture the dynamics of the spray ejection by the
gaseous vortices. This study validates the behavior of the multi-fluid model in describing
non-evaporating and evaporating spray, through the use of different fuels in the experi-
ments. This study represents a first step toward simulation/experiment confrontations for
two-phase combustion.
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Introduction

The latest advances in High Performance Computing (HPC), made possible the predictive
simulation of an industrial burner, through the use of massively parallel computing. This
type of simulations is associated to very efficient computational codes, as for instance the
AVBP solver co-developed at CERFACS and IFP. This type of predictive computation is,
at present, restricted to purely gaseous combustion cases. Indeed, they are still several open
questions concerning liquid injection computation. Academical studies are thus needed in
this framework. Nevertheless, given the final objective, that is industrial device predictive
simulation, the academical studies must tackle operational concerns. Indeed, the computa-
tional efficiency of the developed method is of crucial importance, and must be associated
with the modeling concerns. In this context, academical solvers have to be developed,
fulfilling two main constraints:

• provide a high genericity level, to concentrate a wide ranges of models, and to extend
easily to new outbreaking methods;

• provide relevant conclusions concerning the use of the assessed methods in a HPC
context.

The study of the multi-fluid method provided in this work, is included in the actual aca-
demical research on spray resolution. A key element of the present study, is to provide an
academical solver allowing to meet the objective of multi-fluid operational evaluation. The
final objective being to show multi-fluid relevance for industrial device simulation. This
academical solver must conciliate a high genericity level together with an important com-
putational efficiency.
This part provides:

• an original answer to genericity requirement, making the most of Fortran standard,
through object oriented emulation and intrinsic scientific computing-devoted functions
use, Chpt. 6;

• an original optimization coupling single processor optimization and parallel domain
decomposition in a 4-D framework, Chpt. 7.

This part shows the features of the developed solver, MUlti-fluid Solver for Eulerian Spray
(MUSES3D), detailing the algorithms and the programming language implementations pro-
vided to ensure genericity. The resulting genericity allows to couple the multi-fluid method
to a gas solver and to tackle various configurations, Chpt. 9, Chpt. 10 and Chpt. 11. Be-
sides, it enables the efficient implementation of new types of multi-fluid methods. Indeed,
high order moment methods for evaporation have been included, (Massot, Laurent, Kah,
and de Chaisemartin 2009). Furthermore, the recent multi-fluid method for out of equi-
librium velocity distributions has been assessed in jet configurations, (de Chaisemartin,
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Freret, Kah, Laurent, Fox, Reveillon, and Massot 2009; Freret, de Chaisemartin, Laurent,
Vedula, Fox, Thomine, Reveillon, and Massot 2009), using the solver.
Moreover, this part provides the details of an efficient parallel multi-fluid implementation,
from the decomposition strategy analysis, to the types of communications used. It allows
to assess the efficiency of the multi-fluid method in a parallel framework. This first step is
needed before tackling 3-D configurations, Chpt. 11, that are essential for an operational
evaluation of the method.
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Developing academical numerical tools allows to conduct efficiently the characterization
of emergent methods prior to their use in industrial applications. Nevertheless, scientific
computing evolution in the last years must impact academical tool development. We assess
in this chapter the question of the required genericity in scientific computing developments.
For an academical research solver, genericity appears as an essential issue. Indeed, a such
solver must concentrate various developments of the research field considered, and evolve
rapidly in order to introduce the new developments. It must thus have a modular structure,
built up on different blocks sharing services.
In the framework of the multi-fluid model, we expect an efficient genericity at three lev-
els. First, different Eulerian spray resolution methods have to be used. Indeed, high order
methods for evaporation or multi-velocity methods for non-equilibrium velocity distribu-
tions, Chpt. 2, have to be implemented, in addition to the “classical” multi-fluid method
assessed in this study. Implementing these different methods in a solver is not in itself a
major difficulty, nevertheless making these models share the most elements as possible, in
order to obtain a high efficiency for their implementation and evolution is a more challeng-
ing issue. Second, the different modeling frameworks introduced in Chpt. 1, are needed.
The simplified framework is needed to conduct the refined studies of Part. II, or to evaluate
the multi-fluid method in more complex flows, Part. IV. However, a more general frame-
work must be implemented, not to be restricted to these needed simplifications. Third, in
order to assess more realistic multi-fluid computations, 2-D axisymmetric and 2-D plane
jets and 3-D isotropic turbulence are achieved in Part. IV. It requires to handle efficiently
various types of boundary and initial conditions.
A key issue arising in this context concerns the choice of the programming language. Due
to the recent and planned evolutions of the FORTRAN standard, and given the various
intrinsic, scientific computing devoted, functions it holds, (Metcalf, Reid, and Cohen 2004;
Corde and Delouis 2008), this standard has been chosen. The 90/95 standard, actually
supported by compilers, allows to emulate object oriented programming, (Decyk, Norton,
and Szymanski 1997). Furthermore, very efficient array manipulation functions are avail-
able, (Corde, Delouis, and Dupays 2008). An original position is thus adopted, with the
development of a solver making the most of Fortran actual standard, for genericity purpose.
This chapter presents the main choices done in this context for the development of the nu-
merical solver for multi-fluid description, MUlti-fluid Solver for Eulerian Spray (MUSES3D).
The idea through this presentation, is to highlight the scientific computing issues related to
a such development, and to show the choices made for their resolution. In this framework,
the different blocks devoted to data structures, numerical schemes and boundary conditions
are described. The genericity provided in the development, allows an easy coupling with a
gas phase solver.
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6.1 Research solver and scientific computing issues

The main scientific computing issues tackled within this chapter are detailed in this section.
These issues are related with the expected applications one wants to reach with the solver
MUSES3D developed in this work for multi-fluid spray computations. We show the relation
between the structure of the multi-fluid solver developed and the scientific computational
issues that are addressed in details in Sec. 6.2 to Sec. 6.5. A key question addressed in this
section is the choice of the development language. We aim at using a language devoted to
scientific computing and albeit allowing a high level of genericity.

6.1.1 Scientific computing issues raised in MUSES3D

One intends to use the multi-fluid solver in various cases. We aim at using:

• various computational domains. Indeed 2-D, 2-D axisymmetric and 3-D cases are
aimed at, see Part. IV. This requirement has an influence on the whole solver struc-
ture: data types, numerical schemes, boundary conditions, etc.

• Different configurations are also expected. Indeed, jet with spay injection, Chpt. 9
and Chpt. 10, as well as droplet-laden vortical flows, Chpt. 11, are realized. Therefore
different types of boundary conditions are considered:

• periodic,

• injection,

• free outlet,

• symmetry.

• Different types of resolution methods have to be implemented. Indeed, although
devoted to multi-fluid spray resolution, the solver should provide different multi-fluid
variants, described in Chpt. 2. High-order methods for velocity and size phase space
are implemented. The number of equations and variables change from one method
to another, as different sets of moments of the spray NDF have to be considered,
Chpt. 2.

• Different numerical schemes have to be provided by the solver. The first reason is
to have for the same multi-fluid method different possibilities. For example, the di-
mensional splitting algorithm may take different forms, see Chpt. 3. Furthermore,
albeit dimensional splitting clearly represents the most efficient way to treat the con-
figurations computed in Part. IV, the extension to multi-dimensional schemes has to
be designed in the solver. Second, the different types of multi-fluid methods, require
different resolution schemes.

• Different types of droplet models are also expected. Indeed, the evaluation of resolu-
tion methods, as provided in this work, requires a simple modeling context. Never-
theless, the use of multi-fluid resolution with more precise modeling, as infinite liquid
conductivity model, will have to be done later on. The number of variables of the
problem may then change, depending whether heat transfer are resolved or not.
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Figure 6.1 – Modular block structure of MUSES3D solver

A high level of genericity is therefore needed for MUSES3D, in order to treat all these cases.
Furthermore, it has to be coupled with a high modularity, in order to be easily coupled with
a gas phase solver, as detailed in Sec. 6.5. These requirements are impacting the solver at
different levels. The main blocks of MUSES3D solver are summarized on Fig. 6.1. Each
block requirements lead to difficulties.

• The data types defined in the solver must handle any dimension number for the
computational domain. Furthermore, the number of variables solved varies due to
the number of spray NDF moments solved or to the types of droplet models used.
One thus wishes to have generic data types as well as generic manipulation procedures
to handle the different possibilities and to extend to new cases easily. It corresponds
to an object-oriented class definition, gathering data structures and methods for their
manipulation. The strategy chosen in MUSES3D is detailed in Sec. 6.2.

• The numerical schemes used for the multi-fluid computation use two types of solver,
for the physical space and for the phase space, driven by a splitting algorithm. Given
the requirements of genericity for the numerical schemes, we provide in MUSES3D
a generic solution for splitting algorithms implementation, a general finite volume
transport scheme implementation, and an efficient coupling with an ODE solver.
These elements are described in Sec. 6.3.

• Finally, boundary conditions treatment must be isolated from numerical scheme im-
plementation to give the expected modularity. We provide in MUSES3D an original
array manipulation for the boundary conditions treatment, detailed in Sec. 6.4.

These scientific computing issues are arising for the development of the MUSES3D solver.
They are illustrated in this framework in Sec. 6.2 to Sec. 6.5. Nevertheless, one can note that
these issues are quite general and that the solutions provided in MUSES3D implementation
could be used in another framework.

6.1.2 Language choice for formula translation

The genericity we wish to reach would ask for a totally object oriented language. In this
framework C++ would be a very good candidate. This is confirmed in (Cary, Shasha-
rina, Cummings, Reynders, and Hinker 1997) where C++ and Fortran90 are compared
for object-oriented scientific programming. Indeed, C++ is a full-featured object-oriented
programming language, while Fortran90 allows object-oriented programming only to some
degree. Furthermore, as pointed out in (Cary, Shasharina, Cummings, Reynders, and
Hinker 1997), in the general software engineering community, C++ is order of magnitude
more common than Fortran. Nevertheless, this is not the case in the scientific comput-
ing community where Fortran programming language is still widely used. Furthermore,
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though its evolution was quite slow, the recent and planned changes make it a still very
competitive high level language completely devoted to scientific computing. Indeed, the
90-95 standards, today completely supported by compilers, introduce many features allow-
ing a high level of genericity and a highly modular implementation. This can be achieved
through the combined use of type and module syntax elements. Furthermore these norms
introduce many array intrinsic functions devoted to scientific computing, allowing easy and
efficient array transformations as well as vector or matrix computations, see (Corde, De-
louis, and Dupays 2008) for example. Moreover, as said in (Cary, Shasharina, Cummings,
Reynders, and Hinker 1997), Fortran compilers may be more optimized on massively paral-
lels processors. Finally, the future of Fortran, defined in the 2003 standard, is, among many
improvements, full object orientation as well as C interoperability, see (Corde and Delouis
2008) and (Metcalf, Reid, and Cohen 2004). This norm is at present being implemented on
compilers, and two complete implementations are already available. We thus use Fortran
programming language in this work. We insist on the fact that, even if Fortran is the most
common language for scientific computing in aeronautics and automotive applications, our
approach is original. Indeed, we want to make the most of Fortran object-oriented pro-
gramming support and scientific computing devoted features. This approach corresponds
to a first step toward the use of the Fortran 2003 standard, that is a full object-oriented
programming language devoted to scientific computing.

Conventions for algorithm and code writing

Throughout this part, we will use two ways to write implementation solutions: if the feature
illustrated is independent of any language consideration, we will write the algorithm with
the convention of Algo. 3. On the other hand if the underlined algorithm is based on
specific Fortran features, as for example intrinsic procedures, we will write the Fortran
code translation of the algorithm, in typewriter font, as done in Fort. 1. Therefore,

Algorithm 3 Algorithm nomenclature
{Algorithm Beginning}
begin block constructs

instructions
variable := value {Assignment}

end block constructs
...
call myprocedure(arguments)
...
{Algorithm End}
...
{Procedure definition}
procedure myprocedure(arguments)

procedure content
end procedure myprocedure

two types of fonts will be used when referring to a procedure, whether its algorithm or
Fortran implementation, is given. If the algorithm is given, we refer to myprocedure,
whereas if the Fortran implementation is given, we refer to myprocedure. In both algorithm
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Fortran 1 Fortran code nomenclature
!--Code beginning

...

begin block constructs

instructions

end block constructs

...

call myprocedure(arguments)

...

!--Code end

...

!--Procedure definition

subroutine myprocedure(arguments)

procedure content

end subroutine myprocedure

and Fortran code, we will use arrays of variables. We will define arrays in the following
way:

myarray (N1, N2, N3, N4, N5),

where myarray is the name of the array and (N1, N2, N3, N4, N5) its shape. The shape
corresponds to the sequence of extents, where the extent is the number of elements along
a given dimension. The rank of the array is the number of dimensions, e.g. five for the
example above.

Fortran genericity and modularity for scientific computing

Fortran90/95 standards provide several features devoted to genericity, modularity for sci-
entific computing applications. The main feature used for the development of MUSES3D
are summarized here.

• Regarding genericity, Fortran gives the possibility to define new derived data types.
Different intrinsic types can then be gathered in an object. For example one could
gather droplet characteristic in an intrinsic type droplet_type, Fort. 2. The decla-

Fortran 2 Fortran derived data types illustration
type droplet_type

real :: position, diameter, Temperature

real, dimension(3) :: velocity

end type droplet_type

ration statement for an element of this type would be:

type (droplet_type) :: dropleta, dropletb

The components of this variable are addressed individually using the component se-
lector character percent (%). Furthermore, Fotran90/95 standards offer operator
overloading and generic interfaces. Therefore, operations can be defined for the
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derived data types created. One could for example define assignment, overloading
assignment operator =, and give a meaning to:

dropleta = dropletb

Besides, generic interfaces allow to call several procedures by the same generic name.
It thus gives the possibility to define high level function used by the developer, re-
gardless of the types of the variables considered. For example an allocation generic
interface could be defined to allocate in the same way both arrays and derived types
containing arrays. Derived types associated to generic interfaces allow an emulation
of object orientation, defining classes gathering data types, public or private, and
methods, i.e. procedures associated to these data types.

• The required modularity for MUSES3D, can be obtained using Fortran modules.
They allow a very efficient sharing of data and procedures. Besides it allows to define
easily explicit interfaces for procedures. In this case, the interface of the procedure,
i.e., the name and properties of the arguments, is known by the calling unit. It leads
to a safer programming. Finally, a module can declare its content to be private,
allowing data encapsulation. Associated to the type feature, it allows to define an
abstract object.

• Finally, we take advantage of the several intrinsic array manipulation func-
tions defined in Fortran90/95. Among these functions, array shifting functions are
very interesting for boundary conditions implantation. For example, the function
eoshift(array,shift[,boundary][,dim]), shifts every rank one section of array

across dimension dim circularly and inserts values boundary into the gaps so created.
This function will be detailed later on, as it was used to pilot MUSES3D boundary
conditions, see Sec. 6.4.

Moreover, as far as precision is concerned, the kind type parameters are used in order to
work with the same precision on any computers. It allows to set the number of Bytes used
to describe numbers or characters. For example, to encode a real x, on height Bytes and
an integer n, on four Bytes, one writes:

integer :: ip=4, rp=8

real(kind=rp) :: x

integer(kind=ip) :: n

Therefore, to set the precision of a constant cst, one can write cst_ip or cst_rp for an
integer or a real constant.

6.2 Derived data types

6.2.1 Data structure

The ability to implement easily various spray model lies in the efficiency of the data struc-
ture for the spray variables. This structure gathers Eulerian spray data as mass, momentum
or more generally moments of the spray NDF, and possibly abscissas and weights when us-
ing more complex methods based on quadrature of moments, as needed in the multi-fluid
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multi-velocity model, see Chpt. 2. The multi-fluid models can need size moments, velocity
moments and thermodynamical temperature moments. We thus define, in Algo. 4 the spray
structure, with five arrays for, respectively, velocity moments, size moments, temperature
moments, abscissas and weights, Algo. 4. The mass density is a zero-order moment in

Algorithm 4 Spray data structure
structure spray{Spray structure}

array velmom, sizemom, tempmom, abs, wgt
end structure spray

size and velocity and can then be included in velmom or sizemom. These spray variables,
velmom, sizemom, etc., are chosen with a rank equal to five, denoting all these variables by
the generic name spray_variable, we have:

spray_array (Nx, Ny, Nz, NS, Nmom)

where the shape (Nx, Ny, Nz) covers the physical domain, NS stands for the number of
multi-fluid size sections and Nmom the number of considered moments. Although arrays
with a high rank are not very well suited for computational efficiency, this choice is the only
way to treat dynamically the number of sections and the number of moments considered,
a mandatory feature for multi-fluid computations. This data structure is defined for the
model variables but will be shared to define other elements, see Algo. 5. First, the physical
transport numerical scheme will use this structure. Indeed we need to define numerical
fluxes and possibly slopes and reconstructions in second-order method, see Sec. 3.2. These
scheme variables need to be defined for all the spray variables and we thus define new
structures for the scheme variables inheriting the spray structure. We define for example
the numerical flux structure, first structure of Algo. 5, as well as slope and reconstruction
structure in the same way. Nevertheless, for these numerical scheme structure, the arrays

Algorithm 5 Composed data structures

structure numerical flux{Numerical scheme structure}
structure spray

end structure numerical flux

structure boundary condition{Boundary condition structure}
structure spray

end structure boundary condition

velmom, sizemom, etc., are not with a rank equal to five, but to six. We denote these
variables under the generic name num_array:

num_array (Nx, Ny, Nz, NS, Nmom, N)

For the flux variable, N = Ndim_transp, i.e., the number of dimension of the domain, Ndim, if
we use a fully multi-dimensional scheme, or one if we use dimensional splitting. This array
dimension allows to store generically the flux components for each direction and to support
1-D to 3-D numerical schemes. We also have N = Ndim_transp for the slope variables, to
store the slope for each direction when using a multi-dimensional scheme. Finally, for the
reconstruction variables, N = 2Ndim_transp and represents the number of reconstructions
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of the scheme, see Sec. 3.2 for details on the reconstruction procedures. We sum up the
conditional values of this two variables, N and Ndim_transp in Algo. 6.

Algorithm 6 Value for variable N and Ndim_transp

{6-D Arrays last direction}
if (var = flux_var or var = slope_var) then {N ⇒ number of transport dimension}
N := Ndim_transp

else if (var = reconstruction_var) then {N ⇒ number of scheme reconstructions}
N := 2Ndim_transp

end if
...
{Number of transport directions}
if (dimensional splitting) then
Ndim_transp := 1

else
Ndim_transp := Ndim

end if

Second, we need to define boundary conditions, and store associated ghost cells, for all
the spray variables and we thus inherit again the spray structure, see second structure of
Algo. 5. Once again, the arrays involved in this structure will differ from the original spray
array: indeed we cover only Ndim − 1 space dimension on the boundary. The boundary
structure will be derived for the spray variables as well as for numerical scheme ones. We
thus define two types of arrays for ghost cells storage:

bc_spray_array (N1, N2, NS, Nmom), bc_num_array (N1, N2, NS, Nmom, N)

(N1, N2) being (Nx, Ny) for the third-direction boundary, (Nx, Nz) or (Ny, Nz) for the
second- and first-direction boundary, respectively.

These data structures are implemented in Fortran through derived types. Such types allow
to gather in a structure, considered as a scalar, heterogeneous elements. We have seen
previously that all the structures use the set of variables of the model but in different
shape arrays. We therefore defined three derived types, one for each rank needed, written
in Fort. 3. One can note that these fields use dynamic memory allocation for their com-
ponents, that is a feature of Fortran 2003 standard; nevertheless this standard is today
supported in many compilers. If not, it is possible to use the Fortran 90 pointer type for
the arrays, that is less suited for computational efficiency. The array N(i,j) is used for
the allocation procedure. The shapes of the type arrays are stored in it. The shape of N

is : N(number_of_arrays, 2× rank_of_arrays), to store the first and last index of each
direction for the type arrays. These types allow to define the structures needed for spray,
numerical scheme and boundary condition variables:

type(field_5d) :: spray

type(field_4d) :: Bound_spray

type(field_6d) :: Recons, Slope, Flux

type(field_5d) :: Bound_Recons, Bound_Slope, Bound_Flux
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Fortran 3 Spray derived data types
type field_6d

real(kind=rp), allocatable, dimension(:,:,:,:,:,:) :: sizes, vel, &

sizes_vel, temptherm

integer(kind=ip), dimension(4_ip,12_ip) :: N

end type field_6d

!

type field_5d

real(kind=rp), allocatable, dimension(:,:,:,:,:) :: sizes, vel, &

sizes_vel, temptherm

real(kind=rp), allocatable, dimension(:,:,:,:,:) :: a, w

integer(kind=ip),dimension(6_ip,10_ip) :: N

end type field_5d

!

type field_4d

real(kind=rp), allocatable, dimension(:,:,:,:) :: sizes, vel,

sizes_vel, temptherm

real(kind=rp), allocatable, dimension(:,:,:,:) :: a, w

integer(kind=ip),dimension(6_ip,8_ip) :: N

end type field_4d

6.2.2 Class organization

In order to handle these structures, we define dedicated procedures completing:

• structure allocation/deallocation,

• structure arithmetical operations,

• structure read/write (I/O) operations,

• structure initialization.

We define for example a procedure allocate, allowing to allocate dynamically memory to
the different structures with the same call:

call allocate(spray)
call allocate(flux)

We also want to be able to perform arithmetical operations directly on the structures:

spray3 := spray1 + spray2

flux3 := flux1 + flux2

To define such procedures, Fortran gives two features :

• generic interfaces,

• operator overloading.

We illustrate first the use of generic interface to generate a generic allocate procedure. To do
so we define three procedures to realize allocation of the types field_xd, the example of x=5
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is written in Fort. 4. This subroutine is based on the subroutine fill_N, devoted to write

Fortran 4 5-D field allocation
subroutine alloc_field5d(Field,Nd2)

type(field_5d), intent(inout) :: Field

integer(kind=ip), intent(in) :: Nd2

!

call fill_N(Field%N,Nd2)

call allocate_array(Field)

!

end subroutine alloc_field5d

in N the shapes of the arrays. For the arrays of the numerical scheme num_array we need to
know the value of N . This is done with the dummy argument Nd2. For the spray_array or
the bc_spray_array we set Nd2=0. The rest of the profile (Nx, Ny, Nz, NS, Nmom) is known
from the data structure of the mesh, globally available in the solver. We finally write a
generic interface, Fort. 5, to define a single allocation procedure allocate. An allocation

Fortran 5 Allocate generic interface
interface allocate

module procedure alloc_field6d, alloc_field5d, alloc_field4d

end interface allocate

of a spray and a flux structure would then be:

call allocate(spray,Ndim_transp)

call allocate(Flux,Ndim_transp)

An extra difficulty arise for boundary condition structure allocation since we don’t know a
priori which bound we are treating and thus the pair (N1, N2). We explain in details the
boundary conditions treatment in the next paragraph.
Second, we illustrate the operator overloading defining the addition operator for two struc-
tures. We show here the example of a field_5d type. We first write in Fort. 6, the function
defining the operation. The operator (+) is then overloaded with the interface block, Fort. 7
and will use the module procedure matching the type of the operands.

6.2.3 Composed-class for boundary condition treatment

In order to be able to treat 1-D to 3-D configurations, we need to define dynamically the
number of boundary conditions, equal to twice the number of dimensions of the computa-
tional domain. We thus would like to have a dynamic array of boundary condition struc-
ture, field_4d, to store the ghost cells at each frontier. We define, in Fort. 8, the structure
comp_field_4d, realizing this feature. It consists of a dynamic array of field_4d type ele-
ments, and a scalar Ncomp, giving the length of c, i.e., the number of boundary conditions to
treat in the computational domain. In order to treat boundary conditions for the numerical
scheme variables, we construct in the same way a structure comp_field_5d based on the
type field_5d. In order to obtain methods to handle these new data types, we extend the
ones developed for the basis data types field_xd. The only difficulty is for the allocations
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Fortran 6 Addition operator overloading function

function add_field5d(fielda, fieldb)

type(field_5d), intent(in) :: fielda, fieldb

type(field_5d) :: add_field5d

!

!-Sizes moments

add_field5d%sizes = fielda%sizes+fieldb%sizes

!-Velocity moments

add_field5d%vel = fielda%vel+fieldb%vel

!-Size-Velocity moments

add_field5d%sizes_vel = fielda%sizes_vel+fieldb%sizes_vel

!-Thermodynamic temperature moments

add_field5d%temptherm = fielda%temptherm+fieldb%temptherm

!-Abscissas & weights for quadrature-based multi-fluid multi-velocity method

if (multi_v) then

add_field5d%a = fielda%a+fieldb%a

add_field5d%w = fielda%w+fieldb%w

endif

end function add_field5d

Fortran 7 Generic interface for addition overloading

interface operator (+)

module procedure add_field6d, add_field5d, add_field4d

end interface

Fortran 8 4-D composed derived data type definition
type comp_field4d

type(field_4d), dimension(:), allocatable :: c

integer(kind=ip) :: Ncomp

end type comp_field4d
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of the array components of these new types comp_field_xd. Indeed, are these arrays are
storing the ghost cells at the boundaries of the computational domain, their shapes depend
on the considered boundary. For example, in a 3D-case, the boundaries and the shapes of
their associated ghost cells is defined as follow:

bound1 ⇐⇒ x-left boundary (x = 0) => shape: gc1_array(Ny, Nz)
bound2 ⇐⇒ x-right boundary (x = Nx) => shape: gc2_array(Ny, Nz)
bound3 ⇐⇒ y-left boundary (y = 0) => shape: gc3_array(Nx, Nz)
bound4 ⇐⇒ y-right boundary (y = Ny) => shape: gc4_array(Ny, Nz)
bound5 ⇐⇒ z-left boundary (z = 0) => shape: gc5_array(Nx, Ny)
bound6 ⇐⇒ z-right boundary (z = Nz) => shape: gc6_array(Nx, Ny)

We thus define an array compval containing the shapes of each boundary of the domain,
i.e., for the boundary i, the ghost cells array gci_array has the following shape, regarding
physical space:

compval(i,:) = (N1i, N2i)

We define a first level procedure, Fort. 9, devoted to boundary condition, to fill the array
compval and to launch a generic procedure for comp_fieldxd type allocation, extended
from field_xd type allocation procedure. Here for the example of the field_4d.

Fortran 9 4-D composed derived data type allocation
subroutine alloc_bound4d(Bound,Nd2)

type(comp_field4d), intent(inout) :: Bound

integer(kind=ip), intent(in) :: Nd2

!-local variable

integer(kind=ip), dimension(:,:), allocatable :: comp_val

allocate(comp_val(Bound%Ncomp,4_ip))

call fill_compval(comp_val)

allocate(Bound%c(Bound%Ncomp))

call allocate_comp_field(Bound,comp_val,Nd2)

!

end subroutine alloc_bound4d

6.3 Modularity for numerical scheme implementation

The core of the solver development is the ability to make the numerical scheme evolve as
easily as possible. A change in the numerical scheme can, for our multi-fluid solver, affect
the splitting algorithm as well as the physical transport scheme or the phase space one.
These three entities must then be developed separately and be as modular as possible.

6.3.1 A generic splitting algorithm

The numerical method used for multi-fluid simulations is based on an operator splitting,
see Sec. 3.2.1. As we mentioned in that section, different splitting algorithms are possible.
Indeed, two types of Strang algorithm can be defined, based on a splitting time step equal
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to the solver timestep of twice the solver timestep, see Sec. 3.2.1. In the following, we will
refer to the Strang splitting based on the timestep ∆t , as “classical” Strang splitting, and
to the one based on timestep 2∆t, as “modified” Strang splitting. Moreover, we can define a
simpler splitting algorithm ensuring time first order, the Lie splitting algorithm, by simply
solving separately physical space transport and phase space transport over ∆t:

• Phase space transport: solve Eq. (3.12) during ∆t

• Physical space transport: solve Eq. (3.13) during ∆t

In order to assess the influence of these different algorithms on the simulations, we want
to be able to switch easily in the code from one to another. Furthermore, we want to
implement easily new splitting algorithms. We thus decide to implement operator splitting
the following way:

Algorithm 7 Splitting algorithm
for i=1 to Nstep do

call phys_tranp(dtphys(i))
call phase_tranp(dtphase(i))

end for

The variable Nstep represents the number of steps of the splitting algorithm, i.e., two for
Lie and modified Strang splitting, and three for the “classical” Strang splitting. The arrays
dtphys(:) and dtphase(:), contain the timestep needed for each solver: ∆t/2, ∆t or zero. This
zero-timestep leads to the immediate exit of the phys_transp or phase_transp solvers. For
a “classical” Strang splitting we have:

Nstep := 3
dtphys(1 : Nstep) := (0, 1, 0)
dtphase(1 : Nstep) := (0.5, 0, 0.5)

This case is equivalent to the first splitting algorithm described at the beginning of part
Sec. 3.2.1. If we want to invert the position of the physical and phase space transports, we
just need to change their timestep array. For the “modified” Strang splitting we need to
change at each iteration these timestep array to alternate the order of the splitting steps:

Algorithm 8 Modified Strang Splitting timestep

if (odd iteration) then
dtphys(1 : Nstep) := (0, 1)
dtphase(1 : Nstep) := (1, 0)

else
dtphys(1 : Nstep) := (1, 0)
dtphase(1 : Nstep) := (0, 1)

end if

This implementation allows a high flexibility for the operator splitting definition.
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6.3.2 Finite volume solver

Objectives

Regarding the physical space transport scheme, detailed in Sec. 3.2.2, we want to implement
a general modular structure devoted to finite volume schemes. Such a scheme can be
written, as mentioned in Sec. 3.2.2, the following way, for a 2-D case:

Un+1
i,j = Uni,j −

∆t
∆x

(
F i+1/2,j − F i−1/2,j

)
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, (6.1)

We would like to be able to implement easily any conservative scheme in the Eq. (6.1)
form, at least for first- and second-order methods in space and time. We thus want to
easily change the numerical fluxes definition, i.e., to easily change the cell-average-based
reconstruction method, see Sec. 3.2.2. The scheme implementation must then be able to
treat any number of neighbors, the numerical method for pressureless gas possibly leading
to a numerical flux depending on all the grid neighbors of the current cell, see Sec. 3.2.2.
For example in 2-D we have, for the Bouchut flux:
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Furthermore, in order to obtain the second order in time, the scheme could contain several
steps. For example using a Runge-Kutta technique, the scheme would become:
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Such an evolution of the computed fields must be possible. Moreover, we want to use
the scheme in various configurations from 1-D to fully 3-D schemes and 3-D with dimen-
sional splitting, see Sec. 3.2.2. This also require a great genericity in the numerical scheme
implementation.

Transport algorithm

Our scheme implementation must then satisfies the two main constraints previously de-
scribed, i.e., to allow extension to any conservative scheme given by Eq. (6.1), and to allow
any time evolution based on explicit Euler steps. In order to make the method evolve easily,
we separate the different steps of the finite volume scheme:

• cell reconstruction,

• flux computation,

• field update.
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leading to the following algorithm:

Algorithm 9 Transport timestep procedure

procedure Transport_timestep(Spray)
...
{Reconstruction step}
call Reconstruction(Recons, Slope, Mean, Spray)
...
{Fluxes computation}
call Flux_evaluation( Flux,Recons,Slope,Mean,Spray)
...
{Fields evolution}
call Update_field(Spray, Flux)
...
end procedure Transport_timestep

We analyze here, for these different contributions, the way used to view the most generic
method for a generic computational domain.

Cell reconstruction The cell reconstruction step lead to the computation of the recon-
structed values needed for the flux computation, see Eq. (3.34) for example. In a first
order scheme, it simply corresponds to the cell average, the reconstruction being piecewise
constant. For a second order scheme, we need to first compute a slope, the reconstruction
being piecewise linear, see for example Eq. (3.53). The reconstruction procedure is then
divided into two sub-procedures devoted to slope (Slope), and reconstruction (Recons)
computations. We also compute, together with the slope, the bar values (Mean), given in
Eq. (3.49):

Algorithm 10 Reconstruction procedure

procedure Reconstruction(Recons, Slope, Mean, Spray)
...
{Slope computation}
call Slope_comp(Slope, Mean, Spray)
...
{Reconstruction computation}
call Recons_comp(Recons,Slope,Mean)
...
end procedure Reconstruction

Up to this level, the structure of the data is transparent, and any modification on the arrays
contained in the different data structures do not induce any modification in the transport
scheme. The different arrays of the structures are used inside the procedures Slope_comp
and Recons_comp where we define specific array-based procedures, for example for the
slope computation:
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Algorithm 11 Slope procedure

procedure Slope_comp(Slope, Mean, Spray)
...
{Size moments}
call Slope_sizes(Slope%sizes, Mean%sizes, Spray%sizes)
...
{Velocity moments}
call Slope_vel(Slope%vel, Mean%vel, Spray%vel)
...
{Crossed Size-Velocity moments}
call Slope_sizes_vel(Slope%sizes_vel, Mean%sizes_vel, Spray%sizes_vel)
...
{Thermodynamical temperature moments}
call Slope_temptherm(Slope%temptherm, Mean%temptherm, Spray%temptherm)
...
end procedure Slope_comp

We can thus easily add new fields in the structures and make the spray model along with
the numerical method evolve. Besides, several types of slope limiters are available and
easily used in the different slopes procedures.

We now focus on the computational domain evolution, in order to have generic, slope
and reconstruction, procedures for any type of domain, from 1-D to 3-D configurations.
Regarding the slope computation, the genericity for the computational domain is contained
in the data structure, Slope%array(Nx, Ny, Nz, NS, Nmom, Ndim), where we can store the
number of components needed for the considered dimension. Indeed, we store slopes for
x, y and z dimensions, in a 3-D case, in the last column of the slope array. The slope
computation in itself does not change with the dimension of the computational domain, the
slope computed being always one-dimensional, therefore no extra work is needed to handle
multi-dimensional cases. On the other hand, the reconstruction computation evolves with
the number of dimensions of the domain. Indeed, as we can see on Fig. 6.2, the form and the
number of the reconstruction evolve with the number of dimensions. In order to implement
these reconstruction in a general form for 1-D to 3-D configurations, we propose Algo. 12,
where the complexity lies in the function linear_part, and where dx(:) = (∆x,∆y,∆z),
and slope(:) = (slopex, slopey, slopez).

Flux computation The same features are to be found for the flux computation proce-
dure. Indeed we have a generic flux, as far as computational domain dimension is concerned,
thanks to the data structure: Flux%array (Nx, Ny, Nz, NS, Nmom, Ndim), so that we store in
the array the spatial components of the flux. We also define procedures for the different
fields of the structure in Algo. 13.
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Figure 6.2 – Formulation for second order transport scheme reconstruction in any space
dimension.

Algorithm 12 Multi-dimensional reconstruction

procedure Recons_comp(Recons,Slope,Mean)
...
for i=1 to 2Ndim do

Recons(i) := Mean(i) + linear_part(i,Slope(:))
end for
end procedure Recons_comp
...
function linear_part(n,slope)
{1-D case}
if (n odd) then

linear_part := dxi(1)/2*slope(1)
else if (n even) then

linear_part := -dxi(1)/2*slope(1)
end if
{2-D to 3-D case}
p := 2
while (p≤ Ndim) do

if (n=1 or n=2) or ((n=5 or n=6) and p=2) or ((n=7 or n=8) and p=3) then
linear_part := linear_part+dx(p)/2*slope(p)

else if (n=3 or n=4) or ((n=7 or n=8) and p=2) or ((n=5 or n=6) and p=3) then
linear_part := linear_part-dx(p)/2*slope(p)

end if
p := p+1

end while
end function linear_part
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Algorithm 13 Flux computation

procedure Flux_comp(Flux, Slope, Recons)
...
{Size moments}
call Flux_sizes(Flux%sizes, Slope%sizes, Recons%sizes)
...
{Velocity moments}
call Flux_vel(Flux%vel, Slope%vel, Recons%vel)
...
{Crossed Size-Velocity moments}
call Flux_sizes_vel(Flux%sizes_vel, Slope%sizes_vel, Recons%sizes_vel)
...
{Thermodynamical temperature moments}
call Flux_temptherm(Flux%temptherm, Slope%temptherm, Recons%temptherm)
...
end procedure Flux_comp

Besides, we have, as low level procedures, various types of fluxes available: cartesian,
axisymmetric, first order, second order, etc.

Field evolution Finally, when flux computation is over, we need to make the computa-
tional fields evolve, see Algo. 9. We use the procedure Update_field to compute the fields
at time tn+1, with the formula Eq. (6.3). In order to define a procedure generic for 1-D
to 3-D domains, we set the procedure euler, called inside a loop over the direction of the
domain done in the procedure Update_field, in Algo. 14.

Algorithm 14 Field time evolution

procedure Update_field(sprayn,sprayn+1)
...
spray⋆ = sprayn

for i=1 to Ndim do
call euler(spray⋆,i)

end for
sprayn+1 = spray⋆

...
end procedure field_update
...
procedure euler(spray⋆,m)
{Evolution for space direction m}
spray⋆ = spray⋆ −∆t/dx(m) ∗ (F luxi+1/2(m)− F luxi(m))
end procedure euler

It can then be used whatever the number of directions of the computational domain is.
This euler procedure is used for all the spray arrays, sizevel, momvel, temptherm... For
second order evolution, it may be necessary to use a Runge kutta scheme, see Eq. (6.3). In
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that case, the runge kutta algorithm is handled at the beginning of the physical transport
scheme. We implement it in a way easily extendable to other two steps, or more, methods.
The physical transport timestep implementation is given in Fort. 10. One can notice the use
of operator overloading, defined in the previous paragraph, allowing to manipulate directly
the spray structure without needing to write its different components. We use here the
overloading of the affectation (=), the addition (+) and the division (/) operators, see for
example:

Spray = (Sprayarray(1_ip)+Sprayarray(Nstep+1_ip))/real(Nstep,kind=rp)

Dimensional splitting

As we explained in Sec. 3.2.2, we will mainly use dimensional splitting for the transport in
physical space. This dimensional splitting, as the operator splitting, can take several forms,
from Lie to the different Strang splittings. Once again, we look for a performant generic
implementation. We make use of the algorithm already defined for operator splitting, to
write:

Algorithm 15 Dimensional splitting
for i = 1 to Nstep do

call phys_transp(spray,step_dim(i),step_dt(i))
end for

The variableNstep represents the number of step of the splitting algorithm while step_dim(i)
is the direction of transport and step_dt(i) the timestep of the current step. We can then
choose, with this algorithm, any ordering for the transport steps, and we can alternate the
ordering from one step to another, as required by the “modified” splitting algorithm, see
Sec. 3.2.2. Three elements need then to be first determined: the scalar Nstep, the vectors
step_dim and step_dt. For the Lie and the “modified” Strang splitting, Nstep = Ndim. For
the “classical” Strang algorithm, Nstep = 2 Ndim − 1, refer to Sec. 3.2.2 for details. For
the Lie and “modified” Strang splitting, we can easily create step_dim, using the Fortran
vector constructor together with implicit loop:

step_dim(:) = (/ (i,i=1_ip,grid%Ndim) /)

With this step_dim definition, the steps are performed first in x direction, then in y di-
rection and finally z direction, if 3-D. We can modify the order of these steps, shifting the
step_dim array with the Fortran intrinsic function cshift, realizing circular permutation:

step_dim(:) = cshift((/ (i,i=1_ip,grid%Ndim) /),shift=shift_val)

This shifting operation will be needed at the beginning of each iteration for the “modified”
Strang splitting algorithm, where we alternate the order of the steps. It appears a bit more
complicated for the “classical” Strang algorithm, where step_dim takes the general form
step_dim=(a,b,c,b,a), with a, b and c ∈ {1, 2, 3}. In order to determine the form of the
algorithm, the first (a) and the center (c) directions are given as parameters. The array
is then constructed from this information: we first create a vector, excluding the center
direction of the algorithm from the vector N=(1 ... Ndim), thanks to the Fortran array
extraction function pack:



6.3. Modularity for numerical scheme implementation 167

Fortran 10 Physical transport subroutine

subroutine Physic_transp_dt(Spray)

type(field_5d), intent(inout) :: Spray

!-local variables

type(field_5d), dimension(:), allocatable :: Sprayarray

integer(kind=ip) :: i,Nstep

!-Choice of time scheme Euler or RK2

if (param%type_timescheme == 1_ip) then !Euler

Nstep = 1_ip

elseif (param%type_timescheme== 2_ip ) then !RK2

Nstep = 2_ip

endif

!

!-TIMESTEP CHOICE----------------------------------------------------|

if (Nstep==1_ip) then

!-EULER TIMESTEP---------------------------------------------------|

call physic_transp_euler(Spray)

!------------------------------------------------------------------|

!

elseif (Nstep==2_ip) then !RK2 (generic routine for multi-step time method)

!-RK2 TIMESTEP-----------------------------------------------------|

!-First call-------------------------------------------------------|

call physic_transp_euler(Spray)

!------------------------------------------------------------------|

!-Allocations------------------------------------------------------|

!-Array allocation & array component allocation--------------------|

allocate(Sprayarray(Nstep+1_ip))

call allocate(Sprayarray,0_ip)

!-Loop on the step-------------------------------------------------|

Sprayarray(1_ip) = Spray

do i=1_ip,Nstep

Sprayarray(i+1_ip) = Sprayarray(i)

!-Second (and more if order>2)-----------------------------------|

call physic_transp_euler(Sprayarray(i+1_ip))

!----------------------------------------------------------------|

enddo

!-Final Form-------------------------------------------------------|

Spray = (Sprayarray(1_ip)+Sprayarray(Nstep+1_ip))/real(Nstep,kind=rp)

!------------------------------------------------------------------|

!-array component deallocation & array deallocation----------------|

call deallocate(Sprayarray)

deallocate(Sprayarray)

!

endif

!

end subroutine Physic_transp_dt
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step_dimtemp(:) = pack((/(i,i=1_ip,Ndim)/),&

mask=(/(i/=param%split_dim_ctr,i=1_ip,Ndim)/))

This extraction gives step_dim=(a,b), if a<b or step_dim=(b,a), if a>b. In the second
case, we apply a circular shift, through cshift, to the vector step_dimtemp to fit the first
direction asked. We can then completely fill the vector step_dim, the vector step_dimtemp
giving the first and last part of the splitting algorithm.

step_dim(1_ip:Ndim-1_ip) = step_dimtemp(:)

step_dim(Ndim+1_ip:Nstep) = step_dimtemp(Ndim-1_ip:1_ip:-1_ip)

step_dim(Ndim) = param%split_dim_ctr

where param%split_dim_ctr, is the center direction of the algorithm. This procedure
seems quite heavy, nevertheless it never presumes the value of Ndim. On the other hand, the
structure of the array step_dt is rather simple, and described in Algo. 16. The idea is then

Algorithm 16 Splitting timestep array

{Lie and Strang “modified” algorithm}
step_dt(:) = ∆t
{Strang “classical” algorithm}
if (i /= Ndim) then

step_dt(i) := ∆t/2
else

step_dt(i) := ∆t
end if

to be able to use the 1-D scheme implementation for the dimensional splitting, where we
have 3-D arrays and where the transport direction is not known a priori. We introduce the
variable Ndim_transp, taken equal to one for dimensional splitting case and toNdim otherwise.
The flux expressions are computed with Ndim_transp instead of Ndim to have a 1-D flux for
dimensional splitting. Moreover we define td as being the number of the transport direction,
given by the argument step_dim(i). We then perform the one-dimensional transport in
this direction. Finally, to extend the 1-D flux computation procedure to the dimensional
splitting case, we need to compute the fluxes for the velocity components different from the
transport component. To do so we set the array od with Ndim-1 elements and the 1-D flux
procedure for velocity moments, mass (zeroth order moment) and momentum (first order
moment), becomes Algo. 17. This procedure can be used for 1-D as well as for 3-D
dimensionally split configurations.

6.3.3 Radau5 Program modular introduction

We choose to use, for the integration of the ODE system coming from phase space trans-
port, the Radau5 program written by Hairer, (Hairer and Wanner 1996), providing an
implementation of Radau IIA ODE solver, detailed in Sec. 3.2.3. This program was written
in Fortran77, and contains three elements, a driver preparing the call to the Radau5 sub-
routine containing the solver. The third element is an external subroutine used to define ψ
function, the program solving the equation:

dt Y = ψ(t,Y ). (6.6)
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Algorithm 17 Combined 1-D and dimensional splitting formulation

procedure Flux_vel_1D(fluxvel,slopevel,reconsvel,td)
{Creating a vector with the directions without the splitting direction}
tabledim = (1,...,Ndim)
od := tabledim-td {excluding transport direction td from tabledim}
{Computing mass flux}
call mass_flux_1D(flux_mass,recons_mass,slope_mass)
{Computing velocity flux}
{Splitting difficulty : 2 different expressions}
{=> one for the flux of the transport direction}
{=> one for the other(s) (2D or 3D) direction(s)}
{Computing transport direction flux}
call vel_flux_1D(flux_vel(td),recons_vel(td),slope_vel(td))
{Computing other(s) direction(s) (if Ndim>1)}
{standard scalar moment transported by spray}
if (ndim>1) then

for i=1,Ndim-1 do
call scal_mom_flux_1D(flux_vel(od(i)),recons_vel(od(i)),slope_vel(od(i)))

end for
end if
end procedure Flux_vel_1D

It was not decided to realize a new implementation in Fortran90/95 of this solver given
the important work it represents, for development and validations. In order to introduce
this program in our computational code, we decide to rewrite the driver and to propose a
new way to implement the function ψ. On the other hand, we do not want to modify the
solver itself, since it is a very efficient implementation. The driver is written as a procedure
called by the code to launch the Radau solver. Moreover, we create a module drop_model,
to rewrite in Fortran90/95 the function ψ implementation. The first impact of Fortran 90
implementation is the transfer of data between the driver and the function ψ. Indeed, all
the physic of the model is contained in the function ψ. It then needs to access to many
variables of the code, and this can be done by module use association between its host
module, drop_model and the code modules containing desired information. Furthermore,
the function ψ may need to access to local variables defined in driver or more generally in its
host module, that contains the phase space solver, Transp_phase. For example, the phase
evolution being local in space, we need to know, in ψ, the local gas properties for each call of
the solver. This transfer can now be easily done through a module association between the
driver module and the function module. We can, for example define variables in drop_model

to store local gas velocity, and fill them in the module Transp_phase. Consequently all the
transfers between the solver driver and the right-hand side function ψ are done through
module association, as explained in Fig. 6.3. In a Fortran77 framework, all these transfers
are done using the Radau solver, the data being transfered from the driver to Radau and
from Radau to the function by input arguments, see (Hairer and Wanner 1996). This
prevent to have a generic driver, the driver being written for one precise function. The
driver procedure becomes then a Fortran90/95 interface for the Radau solver. It realizes
a data encapsulation defining and dynamically allocating all the local variables needed for
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driver
procedure−−−−−−→
arguments

radau_solver
procedure−−−−−−→
arguments

ψ

(a) Classical information transfer Radau F77

CODE

use

yassociation use

yassociation

driver
use−−−−−−→

association
ψ

(b) New information transfer through module association

Figure 6.3 – Scheme explaining data exchanges between the Radau driver and function ψ.
(a) the arguments are passed only through the Radau procedure; (b) the data
transfer uses only F90 module association, ψ receiving data from driver for
local data, and from the rest of the CODE for global data.

Radau, and taking as arguments all the Radau variables needing to be inherited. It allows
then a generic call for Radau:

call driver_radau(y,t0,tend,nt,tol)

allowing to drive the main input/output arguments of the solver: the variable vector y, the
beginning and ending time t0,tend along with the number of points in this interval, nt.
The argument tol is an instance of the derived type type_tol defined by:

type tol_type

real(kind=rp), dimension(:), allocatable :: rtol, atol

end type tol_type

containing the arrays for the absolute and relative tolerances needed by the Radau proce-
dure. This procedure allows an easy and safe use of the Radau solver. Regarding the ψ
function implementation, we take advantage of the new module, drop_model, definition to
implement a new generic procedure allowing to choose between several right-hand sides.
Indeed the Radau procedure call the procedure fed, that we define in Fort. 11. In that
case, the argument ipar, generally used to pass variables to the model from the driver
procedure, is used as a flag determining spray modeling to be used. It allows to define
in the same modules all the types of model we wish to use. One can note that implicit
profiles can not be used for the arguments y and f because this subroutine is called from a
Fortran77 procedure, enforcing the explicit declaration of the dimension: dimension(n).

We thus decouple in this approach the solver and the physical models involved, defining
a generic driver for Radau and interfacing the solver with a generic procedure connecting
various models. This modular implementation allows easy extension of modeling as well as
easy sharing of the solver for other applications.
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Fortran 11 Radau external subroutine
subroutine fed(n,t,y,f,rpar,ipar)

!-Right-hand side of multi-fluid equation----------------------------!

integer(kind=ip), intent(in) :: n

real(kind=rp), dimension(n), intent(in) :: y

real(kind=rp), dimension(n), intent(out) :: f

real(kind=rp), dimension(1_ip), intent(in) :: rpar

integer(kind=ip), dimension(2_ip), intent(in) :: ipar

real(kind=rp), intent(in) :: t

!-Choose type of equation solved--------------------------------------!

f=0._rp

!-Multi-size moments model--------------------------------------------!

if (ipar(1_ip)==1_ip) then

call mms_eq(t,y,f)

!-Multi-Fluid model---------------------------------------------------!

elseif (ipar(1_ip)==2_ip) then

call mf_eq(t,y,f)

!-Collisional Multi-Fluid model----------------------------------------!

elseif (ipar(1_ip)==3_ip) then

call mv_col(t,y,f)

endif

end subroutine fed

6.4 Separated Boundary condition implementation

In order to ensure an easy increase of numerical schemes implemented and of type of config-
urations simulated, we must isolate the treatment of boundary conditions from the scheme
implementation. We want to store the ghost cells for each frontier of the domain, in the com-
posed class comp_field_4d defined in Sec. 6.2. We explain here the way chosen to handle
the boundary conditions and to couple them with the physical transport implementation.

6.4.1 Obtaining generic boundary conditions

We focus here on one frontier, studying the way to fill a boundary condition type, field_4d,
containing the ghost cells at the considered frontier. We deal here with three types of basic
boundary conditions. In an injection case, the content of the ghost cells at the boundary
is read in a previously written file, that must be created in the initialization of the run or
of the iteration, depending whether the injection conditions are stationary or not. On the
other hand, for periodicity and symmetry conditions, the content of the ghost cells must
be extracted from the concerned field. We then define a generic procedure extract_field,
called as follows:

call extract_field(Field, Field_extract, bound_dim, bound_shape, pos)

In the case of a five-dimension array, coming from the spray type variable, field_5d,
this procedure extracts, from the Field(Nx, Ny, Nz, NS, Nmom), the four-dimension array
Field_extract(N1, N2, NS , Nmom). This extraction is done by taking only the point pos



172 Chapter 6. Research solver development

for the dimension bound_dim. The resulting space dimension: (N1, N2) are given in
the procedure argument bound_shape=(N1, N2). In other word, if we take for example
bound_dim equal to one in the case of an initial five-dimension array:

Field_extract(: , : , : , :) = Field(pos, : , : , : , :)

This procedure is implemented generically through the use of the Fortran intrinsic pack

function, and can deal with bound_dim from one to three. The idea of this function
is to generate a logical mask where the elements we wish to drop are replaced by false
elements. We create this mask with an implicit loop combined with a logical condition
on the loop index i/=pos. It gives the subroutine written in Fort. 12. We define similar
subroutines for five- and four-dimension arrays, and we regroup them under a generic
subroutine extract_field. These routines can treat any of the model moments, sizes,
vel, sizes_vel and temptherm. We obtain with this extracted field the ghost cells at the
considered frontier i:

(Ghostcell)frontier i = Field_extract (6.7)

This extraction is sufficient to obtain the ghost cells for periodic boundary conditions, where
we extract the opposite side in the considered dimension. For example if we want the ghost
cells at x = −∆x for a periodic boundary condition, we take the corresponding field at Nx:

(Ghostcell_periodic)x=−∆x = Field(Nx, 1:Ny, 1:Nz, 1:Ns, 1:Nmom)

On the other hand, to obtain the ghost cells for the symmetry boundary condition, we take
the immediate neighbor, i.e., for x = −∆x, the first point in x direction:

(Ghostcell_symmetry)x=−∆x = factor*Field(1, 1:Ny, 1:Nz, 1:Ns, 1:Nmom)

Furthermore, we need to add the multiplicative array factor. Actually, although the extrac-
tion is sufficient to symmetrize scalar fields as mass, a second operation is to be completed
to generate symmetry boundary condition for vectorial field, as velocity. Indeed, we need
fill the ghost cells with the opposite value for the component normal to the symmetry vector
or plane. We then multiply the extracted array by factor, an array with the shape of the
boundary and whose elements take the values +1 or -1. The multiplication is done element
by element. We then want to construct this factor array, for an arbitrary number of velocity
moments and for an arbitrary number of space directions. In order to illustrate this array
construction, we take an example for two space directions and four velocity moments, order
zero to three. At a fixed point of the physical space and for a fixed size, we have the array
of moments A of Eq. (6.8),

A =
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m(1)
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m(2)
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m(3)
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⇒ factor =





1
−1

1
−1

1
−1

1





(6.8)

where the first moment m(0) is a scalar, the mass, and the moments m(1) to m(3), velocity
moments of order one to three, are vectors with Ndim components. In the example of a
symmetry condition at x = 0, we put in the ghost cells, the array Asymm of Eq. (6.8), taking
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Fortran 12 Boundary extraction routine
subroutine extract_field5d(Field,Field_extract,ndim,N,pos)

!-subroutine to extract from Field(Nmom,Nsec,Nx,Ny,Nz) excluding one space

!-dimension into the array :

!-Field_extract(Nmom,Nsec,N1,N2).

!-Argument ndim is the dimension left

real(kind=rp), dimension(:,:,:,:,:), intent(in) :: Field

real(kind=rp), dimension(:,:,:,:), intent(inout):: Field_extract

integer(kind=ip),dimension(10_ip), intent(in) :: DebFin

integer(kind=ip), dimension(4_ip), intent(in):: N

integer(kind=ip), intent(in) :: ndim, pos

!-local variables

logical, allocatable, dimension(:,:,:,:,:) :: mask

real(kind=rp), allocatable, dimension(:) :: extracted

integer(kind=ip) :: i, j, k, m, sec, Nmom, Nsec, Nx, Ny, Nz, N1, N2

!-affectations

Nmom = size(Field,1_ip); Nsec = size(Field,2_ip);Nx = size(Field,3_ip)

Ny = size(Field,4_ip) ; Nz = size(Field,5_ip); N1 = N(1_ip); N2 = N(2_ip)

!-allocation mask has the size of Field

allocate(mask(1:Nmom,1:Nsec,1:Nx,1:Ny,1:Nz))

! extracted is the vector resulting : dim(Nmom*Nsec*N1*N2)

allocate(extracted(Nmom*Nsec*N1*N2))

!-Defining mask: logical=True if value extracted, False otherwise

if (ndim == 1_ip) then

mask = reshape( source =(/ ((((( i==pos, m = 1,Nmom), &

sec = 1,Nsec), &

i = 1,Nx), &

j = 1,Ny), &

k = 1,Nz) /), &

shape =(/ Nmom, Nsec, Nx, Ny, Nz /))

elseif (ndim ==2_ip) then

mask = reshape( source =(/ ((((( j==pos, m = 1,Nmom), &

sec = 1,Nsec), &

i = 1,Nx), &

j = 1,Ny), &

k = 1,Nz) /), &

shape =(/ Nmom, Nsec, Nx, Ny, Nz /))

elseif (ndim ==3_ip) then

mask = reshape( source =(/ ((((( k==pos, m = 1,Nmom), &

sec = 1,Nsec), &

i = 1,Nx), &

j = 1,Ny), &

k = 1,Nz) /), &

shape =(/ Nmom, Nsec, Nx, Ny, Nz /))

endif

!-Extracting

extracted = pack(Field,mask)

Field_extract = reshape( extracted, (/ Nmom, Nsec, N1, N2 /) )

!-deallocate

deallocate(mask,extracted)

end subroutine extract_field5d
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the opposite of all the x-components. The factor array takes the value -1 for the components
of the vectorial fields in the direction normal to the symmetry vector or plane. The problem
is to know the number of the components with knowing only their index in the array A for
any number of moments or of directions. For the mass, we have only factor(1)=1. Let us
restrict to the velocity moments and write their array index, the number of the moment
and the number of the component for the current element:

Moments Array index Moment number Component number




m(1)
x

m(1)
y

m(2)
x

m(2)
y

m(3)
x

m(3)
y









2
3
4
5
6
7









2
2
3
3
4
4









1
2
1
2
1
2





(6.9)

We want to obtain for a current index p > 1, the number of the component ncomp, of the
current moment nmom, for an arbitrary Nmom number of moments and Ndim number of
dimensions of the domain. One can verify on the previous example the following relation:

p = (nmom − 2)Ndim + ncomp + 1, (6.10)

giving

ncomp = p− 1− (nmom − 2)Ndim. (6.11)

We thus need, to know the number of the component, the number of the moment nmom for
the current index p:

nmom = ceiling
(
p− 1
Ndim

)
+ 1, (6.12)

where ceiling(x), with x real, takes the smaller integer greater than x. Finally we have:

ncomp = p− 1− (ceiling
(
p− 1
Ndim

)
− 1)Ndim. (6.13)

This relation gives the number of the component of velocity moments as a function of the
array index and thus allows us to construct the array factor. We decide again to use the
pack Fortran intrinsic function: we create a logical mask where false elements will take the
value -1 and the true elements +1. The logical condition necessary for the mask is then:

(p == -1) or (n_comp /= normal_sym_dir)

where normal_sym_dir is the index if the direction normal to the symmetry vector or
plane. Its Fortran implementation is given in Fort. 13. where we create the logical mask
mask_factor_vel with an implicit loop with the appropriate logical test and a reshape
function to have the good array shape. Then we apply this mask to a conformable array
identically equal to one, and we replace the false elements of the mask by -1. We created
here a procedure to construct the array factor allowing to construct the ghost cells from
the velocity moments of the spray, velmom variables at the frontier. This procedure works
for any number of moments and space directions. It is only restricted to vector of moments
with the structure of A in Eq. (6.8), with one scalar moment before the vectorial moments.
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Fortran 13 Extraction for symmetry boundary
!complex case : -1 for vel in direction of BC for vel and sizes_vel

!creating an array factor_vel(Nmom,Nsec,N1,N2) with 1 for 0th order

!velocity moment and axi component (ie componet in the axis or plane of

!symmetry) of the higher order velocity moment; and -1 for component

!perpendicular to the axis (plane) of symmetry of moment of order >=1.

!

!-Velocity moments-------------------------------------|

Nmom = grid%Nmom_vel

Nsec = grid%Nsec

!-remind N = bound_shape

N1 = N(1_ip)

N2 = N(2_ip)

allocate(factor_vel(Nmom,Ns,N1,N2))

allocate(mask_factor_vel(Nom,Ns,N1,N2))

mask_factor_vel = reshape ( source = (/ (((( p==1_ip .or. &

p-1_ip-((ceiling(real(p-1_ip,kind=rp) &

/real(Ndim,kind=rp))-1_ip)*Ndim)/=nbound(1_ip), &

p = 1_ip,Nmom), &

sec = 1_ip,Nsec), &

i = 1_ip,N1), &

j = 1_ip,N2) /), &

shape =(/ Nmom,Ns,N1,N2 /) &

)

factor_vel = unpack( (/ (1_ip,i=1_ip,Nmom*Ns*N1*N2) /), &

mask=mask_factor_vel,field=-1_ip)

deallocate(mask_factor_vel)
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If we want to deal with another form of moment vector, we just need to change the logical
condition, defining the relation Eq. (6.13) between the index of the vector and the number
of components of vectorial fields. This procedure is defined for spray variables and have
been extended, with the same ideas, to treat variables of the reconstruction process, Slope

and Recons.

6.4.2 Coupling transport scheme with boundary conditions

These ghost cells generation is needed within the transport scheme. Indeed between each
step of the transport scheme, we need to generate the ghost cells needed for the next step.
In this way, we need to create ghost cells for the spray variables to compute the slopes, the
slope of the cell i needing the values of the neighbor cells, as well as the flux computation
needs ghost cells for mean, slope and reconstruction variables and finally the field update
needs ghost cells for the flux variables. We then complete the transport algorithm with
these ghost cells computation, see Algo. 18. The procedure Step_bound, Algo. 19,

Algorithm 18 Transport Algorithm

procedure Transport_timestep(Spray)
...
{Spray ghost cells for reconstruction procedure}
call Recons_bound(Bound_spray,Spray)
{Reconstruction step}
call Reconstruction(Recons, Slope, Mean, Spray)
...
{Mean, Slope and Recons ghost cells for flux computation procedure}
call Flux_bound(Bound_mean,Bound_slope,Bound_recons,Mean, Slope, Recons)
{Fluxes computation}
call Flux_evaluation( Flux,Recons,Slope,Mean,Spray)
...
{Flux ghost cells for flux update field procedure}
call Update_bound(Bound_flux, Bound_mean, Bound_slope, Bound_recons,
Bound_spray)
{Fields evolution}
call Update_field(Spray, Flux)
...
end procedure Transport_timestep

creates the variable Bound_Var, containing the ghost cells of all the computational domain
frontiers. Ghost cells of each frontier, extracted from the field Var, as previously explained,
are stored in the array Bound_Var%c, Bound_Var being of type comp_field4d, i.e., each
of the component of the array c is of type field_4d, see Sec. 6.2. The inlet and outlet
condition of the frontier i for the generic space w-direction, representing x- y- or z-direction,
are then stored the following way:

{
Bound_V ar%c(2i− 1) = (Ghostcell)wi=−∆wi

Bound_V ar%c(2i) = (Ghostcell)wi=wmaxi+∆wi

(6.14)
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This procedure generates the ghost cells for all the domain frontiers, whatever the number
of spatial directions is. We have therefore Algo. 19. The vector type_bound(2Ndim)

Algorithm 19 Bound_var creation

procedure Step_bound(Bound_Var,Var,type_bound)
...
for i=1 to Ndim do

{Generate inlet condition}
call fill_bound_var(Bound_Var(2i-1), Var, 2i-1)
{Generate outlet condition}
call fill_bound_var(Bound_Var(2i), Var, 2i)

end for
...
end procedure Step_bound

defines the type of the boundary condition for each frontier (periodic, symmetry, etc). We
pass, as the last input argument of fill_bound_var, the number of the current frontier. We
then have, in the example of a 3-D domain [0, Xmax]× [0, Ymax]× [0, Zmax]:






Bound_V ar%c(1) = (Ghostcell)x=−∆x.
Bound_V ar%c(2) = (Ghostcell)x=Xmax+∆x.
Bound_V ar%c(3) = (Ghostcell)y=−∆y.
Bound_V ar%c(4) = (Ghostcell)y=Ymax+∆y.
Bound_V ar%c(5) = (Ghostcell)z=−∆z.
Bound_V ar%c(6) = (Ghostcell)z=Zmax+∆z.

(6.15)

To illustrate this algorithm we give in Fort. 14 the Fortran subroutine Recons_bound gen-
erating ghost cells needed for the reconstruction step. Finally one can note that in the
transport algorithm, the procedure Update_bound generating ghost cells for the flux vari-
ables has not the same type of arguments as the other procedures _bound. This comes
from the fact that the ghost cells for the flux can not be extracted and are computed from
the different ghost cells previously created, Spray_bound, Mean_bound, Slope_bound and
Recons_bound.

6.5 Code coupling for gas-liquid interactions

A natural evolution for the multi-fluid solver is to be coupled with a gas solver to realize
two phase flow simulations. Therefore we need to define a way for both solvers to exchange
the needed information. In order to allow an easy implementation of the coupling in a gas
solver and to preserve independence between the gas and the liquid parts, we decide to
construct a multi-fluid library to use in the gas solver. The choices made for the coupling
in a one-way framework are illustrated here, as used for the simulations of Part. IV. There
is no limitation to extend to two-way framework, but time evolution algorithms of the
gas and the Eulerian liquid phase have to be slightly modified, as explained in Chpt. 8,
where the two-way extension, in the framework of the coupling with the CORIA’s solver
ASPHODELE, developed by J. Reveillon and co-workers, is discussed.
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Fortran 14 Fortran implementation for ghost cells generation
subroutine Recons_Bound(Bound_spray,Spray)

!

type(comp_field4d), intent(inout) :: Bound_spray

type(field_5d), intent(in) :: Spray

!

!-local variables

!n(Ndim,bound_number,current_pos,opposite_pos)

integer(kind=ip), dimension(4_ip) :: n

integer(kind=ip), dimension(4_ip) :: bound_disc !

integer(kind=ip) :: i, j

!

!-Number of points for the boundaries in bound_disc :

!-x (r in 2D axi) bound_disc(:) = (/ Ny, Nz /)

!-y (z in 2D axi) bound_disc(:) = (/ Nx, Nz /)

!-z bound_disc(:) = (/ Nx, Ny /)

!-Obtained in the loop excluding current direction i from grid%disc(Nx,Ny,Nz)

!-

!-To use routine fill_bound_spray we need n (last arg) :

!- n(:) = (/Ndim,bound_number,current_pos,opposite_pos/)

!

!- INLET/OUTLET BOUNDARIES

do i=1_ip,Grid%Ndim

!-General operation================================================

!-excluding current direction from grid%disc with pack f90 function

bound_disc(1_ip:2_ip) = pack(grid%deb(:,my_rank),mask=(/(j/=i,j=1_ip,3_ip)/))

bound_disc(3_ip:4_ip) = pack(grid%fin(:,my_rank),mask=(/(j/=i,j=1_ip,3_ip)/))

!

!-INLET CONDITION==================================================

n = (/ i, 2_ip*i-1_ip, grid%deb(i,my_rank), grid%fin(i,my_rank) /)

call fill_bound_spray(Bound_spray%c(2_ip*i-1_ip),Spray,bound_disc,n)

!

!-OUTLET CONDITION=================================================

n = (/ i, 2_ip*i, grid%fin(i,my_rank), grid%deb(i,my_rank) /)

call fill_bound_spray(Bound_spray%c(2_ip*i),Spray,bound_disc,n)

!

enddo

!

end subroutine Recons_bound
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6.5.1 Solver communications

Three types of variables are to be transmitted from the gas solver to the eulerian liquid
solver in the studied framework.

We need first to communicate to the liquid solver all the physical constants of the simulation,
as the complete description of the mixture at infinite, done in the gas phase solver. This
communication is done once at the beginning of the computation.

Then we need to convey the needed gas variables, as density, velocity, diffusivity, heat
capacity, etc. The required data depend on the type of models used in the liquid compu-
tation. These exchanges have to be done throughout the whole computation. They are
needed for the phase space evolution of the spray, for example the gas velocity is used for
the drag force. When using Radau, we need to provide, for the procedure fed computing
the right-hand side of the system of ODE, see Sec. 6.3.3, the expression of the right-hand
side as a function of time. The gas variables may then be transfered for several timestep :
n+ 1, n, n− 1, n− 2..., to interpolate the gas properties at an arbitrary time t, as needed
in the Radau5 program.

Finally, the third type of exchanges concerns space grid and timestep. As far as space grid is
concerned, we couple two different types of methods using different types of mesh. Indeed,
the gas scheme is based on finite difference methods at the cell edges, while the eulerian
multi-fluid method uses a finite volume scheme at the cell centers. Furthermore, we might
need different mesh refinements for gas, using high order schemes, and the multi-fluid using
second order numerical scheme, see Sec. 3.2. We would then need to spatially interpolate
the gas fields at the points of the multi-fluid grid. As we are considering non evolving grids,
the interpolation coefficients can be pre-calculated. Nevertheless, if we want to use the
same number of points for the gas and the liquid, we construct the gas and liquid grids so
that the gas grid edges correspond to the liquid cell centers, and that we do not need any
grid interpolation. Concerning the timestep, we also have different constraints for the gas
and the liquid, where we have a unity-CFL. We then want to manage two different time
steps in the coupling, and to solve several gas timestep for one liquid timestep.

6.5.2 Implementation: Eulerian multi-fluid library

The genericity set up in the Eulerian multi-fluid solver allows to define a procedure comput-
ing a multi-fluid model timestep evolution of a given spray variable, given the gas variables
and physical constants:

procedure eulerian_timestep(Spray,Gas_array,thd)

where Gas_array is an array of gas_type variables, containing the solved gas properties:

type gas_type

real(kind=rp), dimension(:,:,:),allocatable :: Rho

real(kind=rp), dimension(:,:,:),allocatable :: Mu

real(kind=rp), dimension(:,:,:),allocatable :: Lambda

real(kind=rp), dimension(:,:,:),allocatable :: D

real(kind=rp), dimension(:,:,:),allocatable :: Cpf

real(kind=rp), dimension(:,:,:),allocatable :: Cpg
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real(kind=rp), dimension(:,:,:),allocatable :: Tpt

real(kind=rp), dimension(:,:,:),allocatable :: Pres

real(kind=rp), dimension(:,:,:,:), allocatable :: U, Y

real(kind=rp), dimension(:,:,:,:), allocatable :: Ycf

end type gas_type

We use an array of this type in order to possibly pass the gas properties for several timestep
for interpolation purpose, as explained in Sec. 6.5.1. The argument thd is a derived data
type with the thermodynamical constants of the problem. The idea is to provide a kind a
eulerian multi-fluid library, that can be used by other codes.

In order to access efficiently to the eulerian_timestep procedure, we create a module,
euler_timevol, associated with all the multi-fluid library procedures needed by the
eulerian_timestep procedure. The idea is to develop two tools using this module. First a
multi-fluid solver without gas resolution, allowing to perform fine characterizations of the
method using simple analytical gas flows or data from experiments, as done in Part. II. Sec-
ond a two-phase flow solver, obtained extending a gaseous solver with the multi-fluid library,
allowing to perform computations in more complex cases, as done in Part. IV. These two
tools are using the same multi-fluid procedures, provided by the module eulerian_timevol.
These tools evolve then automatically when the multi-fluid library evolves.

Regarding the use of the multi-fluid library in a gaseous solver, we can not directly call
the procedure eulerian_timestep, since it needs, as input arguments, data stored in data
types provided by multi-fluid library. We thus define a module realizing the interface
between the gaseous solver and the multi-fluid library. This module is associated to the
library module euler_timevol, using a private attribute to avoid interactions between
the gaseous solver and the library. We implement in this interface module, em2c_euler,
generic procedures adapted to the gaseous solver and using the multi-fluid library. These
generic procedures are called within the gaseous solver. We write such procedures to realize
read/write features for the spray variables, initialization, data transfer for grid and physical
constants from the gaseous flow, and call to an interface for multi-fluid timestep evolution,
em2c_euler_timestep. The first use of this interface procedure, managing the eulerian
timestep resolution, is to store the gas data in appropriate data types, and to manage the
storage of this data over several timestep for time interpolation purpose. In this way, the
variable Gas_array, can be written, for a p order of interpolation, and for iteration n:

Gas_array = (Gas(i))i∈[n−p+1,n+1] (6.16)

where Gas(i) contains all the gas data needed for iteration i. For example a third order
interpolation would lead for iteration n to:

Gas_array = (Gas(n− 2), Gas(n− 1), Gas(n), Gas(n+ 1)) (6.17)

To achieve this storage in Gas_array, we use Algo. 20. The store_gas procedure stores
in the multi-fluid library provided variable gas_array and realizes space interpolation if
the grids differ. The em2c_euler_timestep procedure deals with the timestep differences
between gas and liquid as well. This procedure is directly called within a gaseous solver
timestep, and the treatment of the potentially different timestep is illustrated in Algo. 21.

To realize this coupling, we just need to use, in the gas solver timestep resolution, the module
em2c_euler and to call the procedure em2c_euler_timestep, and some other procedures
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Algorithm 20 Gas storage for interpolation needs

procedure em2c_euler_timestep(gasite, spray, ite)
...
if (ite<interp_order) then

{Store in gas_array(i) i=2 to interp_order+1}
call store_gas(gas_array(ite+1), gasite)

else
{Shift array : gas_array(i)=gas_array(i+1) and store current ite in gas_array(end)}
for i=1 to interp_order do

gas_array(i) = gas_array(i+1)
end for
call store_gas(gas_array(interp_order+1), gasite)

end if
...
end procedure em2c_euler_timestep

Algorithm 21 Eulerian timestep driving

procedure em2c_euler_timestep(gasite, spray, ite, dtg_ite, Tg_ite, thd)
...
call compute_dt_euler(dt_euler, gasite)
...
if (dt_euler<dg_ite or Tg_ite+dt_ite>Telr+dt_euler) then

...
if (dtg > dt_elr) then

while (Tg_ite+dtg_ite> Telr) do
call eulerian_timestep(Spray, gas_array, thd)
Telr = Telr+dt_elr

end while
else

call eulerian_timestep(Spray, gas_array, thd)
end if
...

end if
...
end procedure em2c_euler_timestep
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as read or write procedures. The eulerian module em2c_euler also needs to be used in the
initialization of the gaseous solver to call the generic procedure for spray initialization. Very
few changes are thus needed to couple a gas solver to the multi-fluid library. Moreover,
both parts can evolve independently, the module em2c_euler making the coupling evolve
if necessary.
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Academical research solvers provide a first evaluation of numerical models, prior to their
use in industrial scale computations. Therefore, reasonably realistic configurations have to
be computed. Besides, given the latest advances in High Performance Computing (HPC)
techniques for industrial scale configurations, the out-breaking resolution methods may be
associated with an important intrinsic cost. Furthermore, academical solvers must enable
to assess the computational efficiency of a given method. Given the importance taken
by massively parallel computations, academical solvers must be able to predict the method
efficiency in a such context. Academical solvers need thus to be optimized using the different
HPC techniques existing at present.
In this work, as we assess the relevance of the multi-fluid method for industrial applications,
the developed solver, MUSES3D, has to be optimized through HPC techniques for two
reasons.

• First, computational efficiency is needed to assess the more realistic configurations
studied in Part. IV.

• Second, the efficiency of the multi-fluid method in a parallel framework is an essential
part of its relevance evaluation.

Indeed, an interesting application of the multi-fluid method for an industrial device compu-
tation, would be a massively parallel LES, as done actually with AVBP solver, for instance
in (Boileau 2007), for the case of an industrial two-phase burner.

This chapter determines how to optimize the multi-fluid method implementation. It aims
at evaluating the efficiency one can reach in this context. This study is essential to establish
the feasibility of 3-D multi-fluid computations, that is required in Chpt. 11.

The techniques that can be used for single processor optimization are first studied. Given
the actual processor characteristics, the sequential cost comes mainly from memory access.
Providing a generic optimization in this context is not an easy task. However some generic
elements are provided. Even if this optimization cannot suffice, it is an interesting issue
in the multi-fluid framework. Indeed, as shown in Chpt. 6, the arrays used for a generic
multi-fluid implementation have a high rank, and therefore can lead to a high cost associ-
ated to memory access.
Domain decomposition is realized in the multi-fluid framework, to obtain an efficient par-
allel method. As the multi-fluid model resolves the size distribution, a 3-D computational
domain leads to 4-D computations. The different decomposition strategies available in this
context are thus evaluated. A specific attention is devoted to the communication imple-
mentation, in order to obtain the higher efficiency, in the framework of a given computing
architecture.
This study provides the efficiency and speed-up of a multi-fluid parallel computation.
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7.1 Single processor optimization

The eulerian multi-fluid solver for spray, will be used, for example for the 2-D computa-
tions, in its sequential version. We therefore want to achieve good performance in a single
processor run. Furthermore, single processor efficiency is also of importance for parallel
computations. Single processor optimization is not an easy task in our framework for two
reasons. First, it is not easy to realize a portable optimization, as processor characteristics
may strongly influence it. For example, (Girou and Grasseau 1998), was devoted to T3E
Cray processor. Second, many optimization techniques, as loop unrolling or subroutine
inlining, destroy the code genericity. Indeed, loop unrolling can difficultly be implemented
because nearly all the loop indexes are not known a priori. Moreover, subroutine inlining,
where we replace the call of the subroutine by its contents, clearly prevent to maintain the
code genericity. One has to note that we do not want to produce a frozen optimized version
of the code, but to obtain the best level of efficiency with our evolving generic code. As
any optimization, we focus on the most computationally intensive portions. In our case,
we spend the main part of the computational time in the loops used in physical transport
therefore we focus here on memory use and loop optimization. One has to note that the
Radau5 program of the phase space transport is also responsible for a large part of the
CPU time consumption. Nevertheless, we already find the most efficient implementation of
the ODE system, see Sec. 3.2.3, and the Radau5 itself is known as being the most efficient
implementation of the Radau IIA scheme.

7.1.1 Cache access

We refer for this part to (Girou and Grasseau 1998) and (Sinkovits 2001), from which
we tried to extract general features for single processor optimization, as far as memory is
concerned. Cache memory is a small part of the memory that the CPU can access very
rapidly. We have generally two cache levels, L1 and L2, with a hierarchy, higher level of
hierarchy are faster and smaller. Above the cache levels, we find the registers, where are
stored the data directly used by the processor, and where only hundred of bytes can be
stored. Below the cache level is the main memory, see the memory hierarchy on Fig. 7.1.
At present, the CPU are so fast that the memory transfers are the main limitation on
processing speed. It is therefore important to focus on memory access for single processor
optimization. First of all, we use in the code few high rank arrays rather than several low
rank arrays, see Sec. 6.2, that is an interesting point for cache re-use. Moreover, to improve
memory access within the transport scheme loops, we perform loop interchange, i.e, we set
data contiguity in the loops. In Fortran, an array Array(i,j,k) is stored contiguously in
i, j, k, so in order to have contiguity the loop:
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CPU

��

Registers

��

Cache memory: L1 & L2 level

��

Main RAM memory

Figure 7.1 – Memory hierarchy, from the registers to the main memory.

Fortran 15 Non memory contiguous loop with Fortran storage
do i=1,Nx

do j=1,Ny

do k=1,Nz

Array(i,j,k) = ...

enddo

enddo

enddo

must be interchanged:

Fortran 16 Memory contiguous loop with Fortran storage
do k=1,Nz

do j=1,Ny

do i=1,Nx

Array(i,j,k) = ...

enddo

enddo

enddo

This operation can be done by the compiler but we do it manually because it would have
serious performance implications if missed by the compiler. This approach minimizes data
stride and allows cache reuse. In our case, we first define the form of our arrays. As
explained in Sec. 7.2.1, we choose to cut the domain in physical space for parallel compu-
tations. We then set, in order to privilege data contiguity in the parallel computation com-
munications, the following shape for a multi-fluid array : MF_array(Nmom, NS, Nx, Ny, Nz).
A Fortran loop on this array is then:
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Fortran 17 Memory contiguous array cover
do k=1,Nz

do j=1,Ny

do i=1,Nx

do s=1,Nx

do m=1,Nx

MF_array(m,s,i,j,k) = ...

enddo

enddo

enddo

enddo

enddo

Nevertheless, loop interchange does not resolve all the memory access problem of a numeri-
cal scheme loop. Indeed, we need, for example to compute a flux, to access to the neighbors
and the loop can have the following structure:

Fortran 18 Problem of spatial locality data
do k=1,Nz

do j=1,Ny

do i=1,Nx

do s=1,Nx

do m=1,Nx

flux(m,s,i,j,k) = A(m,s,i,j,k) + A(m,s,i-1,j-1,k-1)...

enddo

enddo

enddo

enddo

enddo

In this case we have data stride and the number of elements Nelements between A(m,s,i,j,k)

and A(m,s,i-1,j-1,k-1) can be written:

Nelements = Nx ×Ny︸ ︷︷ ︸
k−1

+ Nx︸︷︷︸
j−1

+ 1︸︷︷︸
i−1

(7.1)

To improve efficiency of such loops, one can perform cache blocking, dividing the loop into
smaller blocks holding in the cache memory, and adding external loops to control the block
size. This procedure can be quite heavy to implement, the loop becoming:
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Fortran 19 Cache blocking
do kb=1,Nz,n

do jb=1,Ny,n

do ib=1,Nx,n

do k=kb,min(n,kb+Nz+1)

do j=jb,min(n,jb+Ny+1)

do i=ib,min(n,ib+Nx+1)

do s=1,Nx

do m=1,Nx

flux(m,s,i,j,k) = A(m,s,i,j,k) + A(m,s,i-1,j-1,k-1)...

...

where n is the number of elements in the block for each direction. We decide, to avoid
memory access problems, to create new arrays containing shifted value so that for example
A_shifted(m,s,i,j,k)=A(m,s,i-1,j-1,k-1), that simply eliminates data stride. We im-
plement this feature in the code through neighbor array creations for the physical transport
scheme.

7.1.2 Neighbor arrays for data space locality

The use of the neighbors mostly appears in the physical transport procedures. In this
framework, we use shifted arrays to obtain the neighbors, where we integrate the boundary
conditions, described in Sec. 6.4. To integrate boundary conditions in the neighbors, we
fulfill the shifted array with the corresponding ghost cells. For example if we shift the
two-dimensional array A, of one element column-wise, we fulfill the vector A(:,1) with the
vector of ghost cells b:





a1,1 . . . a1,n
...

...
...

an,1 . . . an,n




shift in y,∆=+1−−−−−−−−−−−−→

ghost cells(bi)(1≤i≤n)





b1 . . . a1,n−1
...

...
...

bn . . . an,n−1



 (7.2)

The point we underline here is the use of the intrinsic Fortran function eoshift allowing
an optimized array shift. The array shifting is achieved only once and it improves several
loops within the physical transport algorithm. Furthermore, this technique also has a
great interest for genericity, the neighbors containing automatically boundary condition
informations, allowing a treatment of boundary conditions fully decoupled from the rest of
the transport scheme. Finally we can generate any type of number of neighbors required,
and therefore many type of transport numerical schemes.

In order to present the algorithm constructed to realize such integration, we focus here on
the case of the flux computation procedure. In this case, we need to construct neighbors for
the slopes and the reconstructions, as we see in the general expression of the flux in the 2-D
Cartesian dimensionally split case, Eq. (3.55). The neighbor creation used two procedures
called in the Flux_evaluation procedure:
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Algorithm 22 Flux evaluation procedure: neighbor creation

procedure Flux_evaluation(Flux,Recons,Slope,Mean,Spray)
...
{Define the neighbors required for Slope and Recons}
call neighb_def_slope(sfhit_val_slope,shift_dim_slope,type_scheme)
call neighb_def_recons(sfhit_val_recons,shift_dim_recons,type_scheme)
{Construct neighbor arrays}
call neighb_comp(Slope_shift,sfhit_val_slope,shift_dim_slope,Slope)
call neighb_comp(Recons_shift,sfhit_val_recons,shift_dim_recons,Recons)
...
{Flux computation}
call Flux_comp(Flux,Slope,Slope_shift,Recons,Recons_shift)
...
end procedure Flux_evaluation

The neighb_def procedures, define the type of neighbor to compute, and therefore de-
pend on the numerical method chosen, indicated by the argument type_scheme. The
idea is to define the neighbors needed by the method in terms of shifted directions with
their corresponding shift step. This is done defining two arrays: shift_dim and shift_val,
used to store, respectively, the directions of the shift and its step. shift_dim is a vec-
tor with shape shift_dim(Ndim_transp) and shift_val is a two-dimension array with the
shape shift_val(N_neighb,N_dimtransp), where N_neighb is the number of neighbors, and
N_dimtransp is equal to one in the case of dimensional splitting, and equal to the number
of dimensions in the domain otherwise. We now illustrate, in a 2-D example, the contents
of these arrays. To do so, we construct shift_dim and shift_val in order to obtain the five
neighbors needed for a 2-D Bouchut flux, see Eq. (3.35):

{Dimension to be shifted}
shift_dim(1:2) = (1,2)
{Shift values for the first direction}
shift_val(1:5,1) = (-1,-1,-1,1,1)
{Shift values for the second direction}
shift_val(1:5,2) = (0,-1,1,-1,1)

These arrays allow us to construct the neighbors (ai−1,j, ai−1,j−1, ai−1,j+1, ai+1,j−1, ai+1,j+1).
Therefore, to obtain the neighbor number i, in a 2-D case, we shift the corresponding
array of shift_val(i,1) in the first direction, and shift_val(i,2) in the second direction. This
operation is done in the second procedure neighb_comp.

In the neighb_comp procedure, we realize the array shift given the arrays shift_dim and
shift_val. To do so we use the intrinsic Fortran procedure eoshift, allowing to shift an
array and to fulfill the resulting shifted array replacing end off boundary elements with a
given boundary. The syntax is the following:

eoshift(array,shift,boundary,dim)

where shift if the shift step, dim the dimension shifted and boundary the padding elements.
In order to illustrate the use of this function, we give here the subroutine neighb_comp,
in the example of six-dimension arrays as Slope and Recons. In this subroutine, we loop
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over the number of neighbors (i), and, for one neighbor, we loop over the dimensions of the
domain (j), more precisely over Ndim_transp to take into account dimensional splitting.
We shift the initial Field in all the directions to obtain the current neighbor Field_shift.
In order to pad with the boundary, we use the ghost cells stored in the array Bound%c(2*i)

and Bound%c(2i-1) for the frontier i, as defined in Sec. 6.4.2, Eq. (6.14) and Eq. (6.15).
For the j direction, we then pad, for the neighbor i, with Bound%c(2*j-1) if the shift value
is shift_val(i,j)=-1 or with Bound%c(2*j) if the shift value is shift_val(i,j)=1.

Fortran 20 Intrinsic Fortran functions based neighbor computation -I-
subroutine neighb_comp_field6d(Field_shift,Field,Bound,shift_val,shift_dim)

!

type(comp_field6d), intent(inout) :: Field_shift

type(field_6d), intent(in) :: Field

type(comp_field5d), intent(in) :: Bound

integer(kind=ip), dimension(:,:),intent(in):: shift_val

integer(kind=ip), dimension(:),intent(in) :: shift_dim

!

!-local variables

integer(kind=ip), dimension(:), allocatable:: shift_pos

integer(kind=ip) :: Nms, Nmv, Nmsv, Nmt, Ndimt

integer(kind=ip) :: numb_neighb, i, j, k

!

Ndimt = grid%Ndim_transp

Nms = grid%Nmom_sizes

Nmv = grid%Nmom_vel

Nmsv = grid%Nmom_sizes_vel

Nmt = grid%Nmom_temptherm

numb_neighb = size(shift_val,1_ip)

!

!-Computing shift_pos :

! the number of the array column to shift

! in order to shift in the direction shift_dim

! Array structure Field_shift%array(Nmom,Nd2,Nsec,Nx,Ny,Nz)

!=> if shift_dim==1 shift_pos==4

!=> if shift_dim==2 shift_pos==5

!=> if shift_dim==3 shift_pos==6

!=> shift_pos(i) = shift_dim(i)+3

!

This approach allows to improve cache access in loops, diminishing data stride. Neverthe-
less, the array shifting procedure have a cost.

We presented here the strategy used to obtain a better efficiency on one processor, pre-
serving the genericity. A more precise profiling of the code should now be done in order to
highlight the computational consuming operations. Statement level optimization, e.g, re-
placing extensive operations by less expensive ones, as replacing power function by separate
calls to logarithm and exponential functions, could also be conducted if needed. Neverthe-
less, the main code optimization is done parallelizing the code.
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Fortran 21 Intrinsic Fortran functions based neighbor computation -II-
allocate(shift_pos(numb_neighb))

shift_pos(:) = shift_dim(:)+3_ip

!

do i=1_ip,numb_neighb

Field_shift%c(i) = Field

do j=1_ip, Ndimt

!-Test i+1 or 1-1 to compute the number of the bound

!-Take care of dimensional splitting : j=1 but we want

!-the bound corresponding to the effective direction :

!=> effect_dim = 1 i-1 : Bound(1); i+1 : Bound(2)

!=> effect_dim = 2 i-1 : Bound(3); i+1 : Bound(4)

!=> effect_dim = 3 i-1 : Bound(5); i+1 : Bound(6)

!-use effect_dim(j)

if (shift_val(i,j)==-1_ip) then !i-1

k = 2_ip*grid%effect_dim(j)-1_ip

elseif (shift_val(i,j)==1_ip) then !i+1

k = 2_ip*grid%effect_dim(j)

elseif (shift_val(i,j)/=0_ip) then

stop ’error shift_val : value possible (-1,1,0) only’

endif

if (shift_val(i,j)/=0_ip) then

!-SIZE MOMENTS=====================================================

if (Nms>0_ip) &

Field_shift%c(i)%sizes = eoshift(Field_shift%c(i)%sizes, &

shift_val(i,j),Bound%c(k)%sizes, &

shift_pos(j))

!-VELOCITY MOMENTS=================================================

if (Nmv>0_ip) &

Field_shift%c(i)%vel = eoshift(Field_shift%c(i)%vel, &

shift_val(i,j),Bound%c(k)%vel,&

shift_pos(j))

!-SIZE-VELOCITY CROSSED MOMENTS====================================

if (Nmsv>0_ip)&

Field_shift%c(i)%sizes_vel = eoshift(Field_shift%c(i)%sizes_vel,&

shift_val(i,j), &

Bound%c(k)%sizes_vel, &

shift_pos(j))

!-THERMODYNAMIC TEMPERATURE MOMENTS================================

if (Nmt>0_ip) &

Field_shift%c(i)%temptherm = eoshift(Field_shift%c(i)%temptherm,&

shift_val(i,j), &

Bound%c(k)%temptherm, &

shift_pos(j))

endif

enddo

enddo

deallocate(shift_pos)

end subroutine neighb_comp_field6d
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7.2 Parallel computation in multi-fluid framework

As for standard eulerian computational fluid dynamics, domain decomposition appears,
for multi-fluid computation, as a very interesting way to achieve parallel computation.
Indeed it offers the ability to use an arbitrary high number of points, the number of process
used allowing to have a sub-domain on each process with a reasonable number of points,
leading to reasonable computational time and memory requirement. The difficulty of such
parallelization lies in the data communications between the involved processes.

7.2.1 Domain decomposition strategies for a 4-D problem

The main peculiarity of the multi-fluid, when dealing with domain decomposition, is the
size discretization leading to an extra dimension of the problem. This dimension typically
contains five to twenty sections for “classical” multi-fluid model and one has to note that
recently developed moment techniques for the size phase space, see Chpt. 2, provide a high
order in size numerical method leading to a diminution of the number of sections needed.
Furthermore, the operator splitting used for the numerical scheme, see Sec. 3.2.2, makes two
blocks appear with different properties, as far as domain decomposition is concerned. On the
one hand the physical space transport is local in size and would naturally lead to a domain
decomposition in size, each process realizing the transport for one size section. In this case
no communication would be necessary. On the other hand, the phase space transport is
local in physical space and would then lead to a decomposition in space, a process treating
a space sub-domain with all the size sections on it. Here again, no communication needs
to take place. The way to decompose the domain is thus not straightforward and we have
study the different strategies conceivable to find the best compromise for the two blocks.
We can sum up this block structure:

• Physical space transport : local in size
⇒ no communication for size domain decomposition;

• Phase space transport : local in space
⇒ no communication for spatial domain decomposition.

We thus envisage three types of domain decomposition:

• a physical space privileging decomposition;

• a phase space privileging decomposition;

• an hybrid decomposition adapted to both parts.

For the first strategy, as we already said no communication will take place for the physical
space transport. On the other hand, during the phase space transport, a process will need
the information from other process to know neighbor sections at the grid point considered.
Nevertheless, this strategy is limited by the number of section used. Indeed it is about
five to twenty, and therefore this strategy will have to be coupled with a partially spatial
decomposition, in order to use an important number of parallel processes.
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If we privilege phase space transport, the communications will then take place in the phys-
ical transport where data from other processes will be needed when treating the edges of
the considered sub-domain.

Finally, we can think of an hybrid method, with size decomposition in the physical trans-
port, and space decomposition in the size phase space transport. In this case, all the
communications are done between the physical and phase space resolution. The array
reorganization needed in this strategy will lead to a high amount of communications.

7.2.2 3-D test case and strategies evaluation

In order to evaluate these different strategies and choose one of them, we design a 3-D test
case, i.e., 4-D with the size direction, and realize domain decomposition with the different
strategies in order to estimate their efficiency. We thus design a very simple test case with
the following steps:

Algorithm 23 Domain decomposition test case

while (t<t_end) do
{Simulate physical transport communications}
call phystransp_mpi_comm(B,C)
{Simulate Physical transport algorithm}
call phystransp(A,B,C)
{Simulate phase transport communications}
call phasetransp_mpi_comm(B,C)
{Simulate phase transport algorithm}
call phasetransp(A,B,C)

end while

where A,B,C are five-dimension arrays, A(Nx, Ny, Nz, NS, Nmom), are they are supposed to
contain several moments of the NDF. In the phystransp and the phasetransp procedures, we
very simply simulate the behavior of the physical and phase space transports, manipulating
arrays, locally in size for physical transport and locally in space for phase space transport.
Basically the idea of both procedures can be summarized as follows:
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Algorithm 24 Test case procedure for physical space transport

procedure phystransp(A,B,C)
...
for m=M1 to M2 do

for s=S1 to S2 do
for k=K1 to K2 do

for j=J1 to J2 do
for i=I1 to I2 do

A(i,j,k,s,m) = B(i-1,j,k,s,m)+B(i,j-1,k,s,m)+B(i,j,k-1,s,m) +
C(i+1,j,k,s,m)+C(i,j+1,k,s,m)+C(i,j,k+1,s,m)

end for
end for

end for
end for

end for
...
end procedure phystransp

and:

Algorithm 25 Test case procedure for phase space transport

procedure phasetransp(A,B,C)
...
for m=M1 to M2 do

for s=S1 to S2 do
for k=K1 to K2 do

for j=J1 to J2 do
for i=I1 to I2 do

A(i,j,k,s,m) = B(i,j,k,s-1,m)+B(i,j,k,s,m)+B(i,j,k,s+1,m) + C(i,j,k,s-
1,m)+C(i,j,k,s,m)+C(i,j,k,s+1,m)

end for
end for

end for
end for

end for
...
end procedure phasetransp

where the beginning and ending of the loops depend on the domain decomposition strategy.
On the other hand, the procedures phystransp_mpi_comm and phasetransp_mpi_comm,
realize the mpi_communication for the defined strategy. The idea here is not to reproduce
the cost of the physical and phase space transports but to analyze the influence of the
domain decomposition strategy on the communication costs.

The first strategy, avoiding communication for the physical space transport resolution,
normally consists in cutting up the domain in size. Nevertheless, as we have at most 20
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sections, this choice is too restrictive. We thus decide to cut up in size and then in z
direction, see Fig. 7.2. This strategy finally lead to communication in both physical and

Figure 7.2 – Representation of the S-Z domain decomposition in size and z direction. The
alternatively black and white blocks illustrate the sub-domain of the different
processes.

phase space transport. Furthermore it does not give enough flexibility for the choice of the
number of process that must be proportional to the number of size sections. We refer to
this decomposition by S − Z afterward.

In order to realize the phase-space privileging decomposition, we cut the domain following
the z space direction, see Fig. 7.3. In this case the exchanges are simple and of one single

Figure 7.3 – Representation of the Z domain decomposition in z-direction. The alterna-
tively black and white blocks illustrate the sub-domain of the different pro-
cesses.

type. Nevertheless there is a high volume of data for each exchange. This decomposition is
called Z afterward. When cutting the domain in space, we can also cut into two directions.
We represent in Fig. 7.4 a decomposition cutting up along the z and y directions. This
decomposition needs two types of communications, but with less data volume than the one
only along z. We will refer to this decomposition as Z − Y decomposition.

Finally we can define a decomposition combining the ones previously describes. We combine
a cut along size and z directions for the physical transport and a cut only along z for the
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Figure 7.4 – Representation of the Z-Y domain decomposition in z- and y-directions. The
alternatively black and white blocks illustrate the sub-domain of the different
processes.

phase space transport, see Fig. 7.5. This decomposition is called S −Z/Z in the following.
Nevertheless, even if this strategy has the advantage to be straightforwardly extended from

Figure 7.5 – Representation of the SZ-Z decomposition alternating size-space decompo-
sition and space decomposition. The alternatively black and white blocks
illustrate the sub-domain of the different processes.

of the scalar case, regrouping all the communications between the physical and phase space
scalar procedures, we do not expect it to be very efficient, the communications needed to
pass from one decomposition to another being huge.

In order to assess these strategies, we compute our 3-D test case implemented with each
strategy to compare the computational time. The computations were done in the cluster
of the EM2C laboratory, composed of 204 AMD Opteron cores, with 124 cores at 2.4 GHz
and 80 cores at 2.2 GHz and an InfiniBand connexion. For the test case, we used 60 2.2Ghz
cores with InfiniBand network. Three different grids were used. For time measurements,
two types of measure are used to have a reliable value. External time measures, using
OS provided tools as clock() or time() for Linux-type systems, are firstly done. They
are compared to internal measures, obtained from instructions inside the code, using for
example cpu_time procedure in Fortran90/95. It ensures to measure both the computing
and the communication times that is often not included in the result provided by internal
code measures. No significant differences are to be found between these two measures in
our case, therefore we give the internal measure. The details are summarized in Table 7.1.
These results allow to draw three conclusions. First, as far as physical space decomposition
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Computational Domain number of process S − Z Z Z − Y S − Z/Z
10× 2503 60 154 148 93 934
10× 1253 60 22 21 12 287
10× 125.2502 60 80 74 47 573

(7.3)

Table 7.1 – Cpu time (s) for the different domain decomposition strategies, computed with
60 processors with the 3-D test case. The decomposition along two space
directions, Z − Y always give better results.

Z Z − Y
Number of communications 3 4
Number of points N ×N N ×N/2
per communication
Total number points 3×N2 2×N2

(7.4)

Table 7.2 – Evaluation of the number of communications and their number of elements,
for a cubic domain with N3 points, decomposed in four subdomains with the
strategies Z, see Fig. 7.3, and Z − Y , see Fig. 7.4.

is concerned, the strategy Z − Y is more efficient than the strategy Z. To explain this
result, the number of communications and the number of points to be transfered in these
two cases are provided in Table 7.2. To compute these values, we take the example of
a domain decomposed into four subdomains with the two strategies, as in Fig. 7.3 and
Fig. 7.4. Furthermore, the domain is assumed to be cubic, with N points on each side.
Although the strategy Z−Y has more communications than the Z one, it is faster because
there are less points to transfer. Furthermore the cost of the commnunications is reduced
in the InfiniBand network used for the tests. This is another element in favour of the Z−Y
strategy. The second conclusion concerns the inefficiency of the decomposition in size, S−Z
in Table 7.1. This is due to the fact that this decomposition can not be done only in size
given the weak number of points in this direction and thus must be coupled with a physical
space decomposition. It thus leads to communications in both part of the splitting. Finally,
the idea of using two types of decomposition can not be envision. Indeed, as we said before,
the high number of communications needed to switch from one decomposition to another
has a prohibitive cost, as can easily be seen in Table 7.1 for the decomposition S−Z/Z. We
therefore retain a decomposition of the physical space, using the maximum space directions
compatible with the number of processes. Indeed, as far as it is possible, we should use a
decomposition in the three directions Z−Y −X, in order to minimize the number of points
to transfer. It maximizes the communication number but it is not critical, especially with
an InfiniBand network.
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7.3 Process communications

We take advantage of the code’s structure, and particularly of the decoupled neighbor
treatment, to introduce a modular domain decomposition in MUSES3D. The process com-
munications are based on a Cartesian MPI Topology and are designed for an InfiniBand
network, as the one available on the EM2C cluster.

7.3.1 Modular communication introduction

The neighbor handling of MUSES3D, described in Sec. 7.1.2, is also of great interest re-
garding domain decomposition implementation. Indeed, it enables to keep clear of any
communications within the transport scheme, and thus it decouples the communications
from the numerical schemes, offering then a high genericity. The communications are
wholly contained within the boundary conditions procedures, described for the scalar case
in Sec. 6.4. The domain decomposition is introduced in the ghost cells creation procedures.
The idea is now to choose if the considered frontier is a bound of the computational domain,
leading to the classical ghost cells creation, or a bound between two processes, leading to a
communication. The Step_Bound procedure, described in Sec. 6.4.2, becomes:

Algorithm 26 Boundary treatment step_bound procedure

procedure Step_bound(Bound_Var,Var,type_bound)
...
for i=1 to Ndim do

{Generate inlet condition}
if (type_bound(2i-1)==0) then

{Communications}
call send_recv(Bound_Var(2i-1),Var,type_bound(2i-1),2i-1)

else
{Classical ghost cell creation}
call fill_bound_var(Bound_Var(2i-1),Var,type_bound(2i-1),2i-1)

end if
{Generate outlet condition}
if (type_bound(2i)==0) then

call send_recv(Bound_Var(2i),Var,type_bound(2i),2i)
else

call fill_bound_var(Bound_Var(2i),Var,type_bound(2i),2i)
end if

end for
...
end procedure Step_bound

where we set type_bound(i)=0 when the frontier is between two sub-domains and
type_bound>0 for the different types of boundary conditions for the computational do-
main frontiers. The integer n_bound indicates the number of the frontier from one to
2Ndim, see Eq. (6.15). Nevertheless, communications may also arise at a frontier of the
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domain for periodic boundary conditions: the ghost cells of a periodic boundary condition
at x = 0 are to be taken from the field at x = Xmax, possibly on another process. Actually
communications are needed for periodic conditions in any case except if the domain decom-
position is such that the direction of the boundary is not cut off. In this case the process
does not have any neighbor in that direction. As we will detail on the next paragraph, the
use of MPI topology allows us to know the rank of the preceding and following processes,
we can thus check if communications are needed or not for the boundary condition, if the
current process rank is respectively different or equal to the one of the neighbor for the
considered boundary. The procedure Step_bound, can therefore be written:

Algorithm 27 Step_bound procedure including domain decomposition

procedure Step_bound(Bound_Var,Var,type_bound)
...
for i=1 to Ndim do

{Generate inlet condition}
if (type_bound(2i-1)==0 or (type_bound(2i-1)==1 and myrank/=mpi_neighb(2i-
1) ) then

{Communications}
call send_recv(Bound_Var(2i-1),Var,type_bound(2i-1),nb_bound)

else
{Classical ghost cell creation}
call fill_bound_var(Bound_Var(2i-1),Var,type_bound(2i-1),nb_bound)

end if
{Generate outlet condition}
if (type_bound(2i)==0 or (type_bound(2i)==1 and myrank/=mpi_neighb(2i) )
then

call send_recv(Bound_Var(2i),Var,type_bound(2i),nb_bound)
else

call fill_bound_var(Bound_Var(2i),Var,type_bound(2i))
end if

end for
...
end procedure Step_bound

where type_bound(i)=1 corresponds to a periodic boundary condition.

This is the only modifications needed by the domain within the physical transport algo-
rithm, described in Sec. 6.3.2. The domain decomposition strategies kept, see Sec. 7.2.1,
have no impact on the phase space transport, since all the size sections at a considered grid
point are on the same process. We also modified the allocation and initialization proce-
dures, to deal with the current sub-domain, and we used integer variables for the first and
last loop index values.

The structure of MUSES3D thus allowed us to introduce easily the domain decomposition
with few interactions with the transport algorithm. The main procedures of the domain
decomposition, send_recv and its dependences are isolated in the class mpi_class. The
entire structure of the communications, can then be modified without modifying the main
code.
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7.3.2 MPI implementation

We give here some elements concerning the MPI tools we used for the communications
implementation, detailing the topology used, the structure of the communication procedures
and the type of MPI communications used. For more details about the MPI standard, see
(Chergui, Dupays, Girou, Requena, and Wautelet 2006), (Chergui, Dupays, Girou, and
Lavallée 2006) and references therein.

Cartesian topology

Given that we use Cartesian regular grid, we naturally use the MPI Cartesian topology.
MPI topologies organize the different processes to fit the computational grid; they are very
well suited for domain decomposition applications. In Cartesian topology, each process is
defined by its coordinates within the process grid, see Fig. 7.6. The process grid can be
periodic. We use mainly four MPI topology subroutines:

Figure 7.6 – Example of a 3-D cartesian topology. Each process i can be addressed by its
coordinates (nx, ny, nz) within the grid.

• mpi_dims_create

• mpi_cart_create

• mpi_cart_shift

• mpi_cart_coords

The procedure mpi_dims_create defines the number of processes in each space dimen-
sion given the total number of processes. This function, returns a vector with the number
of processes in each direction, used afterward as an input of mpi_cart_create creating
the Cartesian process grid. Another very interesting feature of the MPI Cartesian topol-
ogy is the possibility to have the rank of the neighbor processes in each direction with
mpi_cart_shift. This feature is used for all the communications to define the addressed
processes. Finally, mpi_cart_coords returns the coordinates of the current process in the
grid, also used to define the communications and to construct the computational grid of
the current process. See, for example, (Chergui, Dupays, Girou, Requena, and Wautelet
2006) for more informations about Cartesian topology.
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Communication structure

The main communication procedure, send_recv, introduced in Sec. 7.3.1, is actually a
generic interface for three procedures:

• send_recv_field4d,

• send_recv_field5d,

• send_recv_field6d,

treating data transfer for all the main types of the code. We give here the main steps of
one of this procedure, sed_recv_field5d, to illustrate the structure of the communications,
in our particular multi-fluid linked array ordering. We recall that five-dimension arrays
have the following shape: Array(Nmom, NS, Nx, Ny, Nz), see Sec. 6.2 for details. Since the
domain decomposition is based on the physical space, see Sec. 7.2.1, we loop over the two
first directions of the array to transfer the data for a given physical sub-domain. Moreover,
we define three different procedures realizing the transfer for 1-D to 3-D configurations.

Algorithm 28 Parallel data communication procedure

procedure send_recv_field5d(mp,Field,Field_extract,nb_bound)
...
if (Ndim == 1) then

for j=1 to NS do
for i=1 to Nmom do

call send_recv1d(mp,Field(i,j,:,1,1),Field_extract(i,j,1,1),n_bound)
end for

end for
else if (Ndim == 2) then

for j=1 to NS do
for i=1 to Nmom do

call send_recv2d(mp,Field(i,j,:,:,1),Field_extract(i,j,:,1),n_bound)
end for

end for
else if (Ndim == 3) then

for j=1 to NS do
for i=1 to Nmom do

call send_recv3d(mp,Field(i,j,:,:,:),Field_extract(i,j,:,:),n_bound)
end for

end for
end if
...
end procedure send_recv_field5d

where we pass in the procedures send_recvnd all the physical space points for a given
multi-fluid spray moment and size section, Field(i,j,:,:,:) in 3-D. The input argument mp
is a derived type containing all the informations needed in the MPI Cartesian topology:
rank, coordinates, and grid of the current process, ranks of the neighbor process, etc. The
argument n_bound specifies the current space direction and position of the considered
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frontier, see Sec. 7.1.2. This flag determines how the data are transfered. Indeed, in a 3-D
case, given Eq. (6.15), the communications are organized as follow:

Algorithm 29 Communications for domain boundaries

if (n_bound==1) then
send to East and receive from West

else if (n_bound==2) then
send to West and receive from East

else if (n_bound==3) then
send to Norht and receive from South

else if (n_bound==4) then
send to South and receive from North

else if (n_bound==5) then
send to Front and receive from Back

else if (n_bound==6) then
send to Back and receive from Front

end if

where we define, if we set (i, j, k) the index of processes in the Cartesian process grid
(x, y, z), Fig. 7.7:

• East ⇒ i+ 1, West ⇒ i− 1

• North ⇒ j + 1, South ⇒ j − 1

• Front ⇒ k + 1, Back ⇒ k − 1

Figure 7.7 – 3-D spatial organization used to describe communications.

Communication types

To achieve this data transfer, we use point to point communications between current pro-
cess and its neighbors. We choose synchronous blocking MPI communications. In the
synchronous mode, the message sending ends only if receipt is completed, the sending is
thus coupled to the receipt. This mode avoids message temporary copying, that can occur
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in standard mode when the sending ends before receipt occurs, and its associated cost. We
use blocking communications, i.e the code waits the transfer to be completed before going
on, for we can not optimize the communications by covering them with computations, the
results of the communications being needed for the continuation of the computations. The
MPI subroutines for this type of communications are mpi_ssend and mpi_recv. Moreover,
we realize the transfer using a MPI derived data type. We have chosen the shape of the
arrays so that the communications exchange memory contiguous data, see Sec. 7.2.1. We
therefore use the subroutine mpi_type_contiguous to construct the derived data types
needed. It has the following syntax:

integer, intent(in) :: nb_elements, data_type

integer, intent(out) :: derived_data_type, error_code

call mpi_type_contiguous(nb_elements,data_type,derived_data_type,error_code)

In a 3-D case, we thus define a vector plane, with shape plane(3), to store the derived
data types for the three types of plane to be sent, at the frontiers of the three directions:

Fortran 22 MPI initialization
bx=mp%beg(1_ip)

ex=mp%end(1_ip)

by=mp%beg(2_ip)

ey=mp%end(2_ip)

bz=mp%beg(3_ip)

ez=mp%end(3_ip)

!

call mpi_type_contiguous((ey-by+1_ip)*(ez-bz+1_ip),itypereal,plane(1_ip),ierr)

call mpi_type_commit(plane(1_ip),ierr)

!

call mpi_type_contiguous((ex-bx+1_ip)*(ez-bz+1_ip),itypereal,plane(2_ip),ierr)

call mpi_type_commit(plane(2_ip),ierr)

!

call mpi_type_contiguous((ex-bx+1_ip)*(ey-by+1_ip),itypereal,plane(3_ip),ierr)

call mpi_type_commit(plane(3_ip),ierr)

where mp%beg(i) and mp%end(i) are the first and last indexes of the current process sub-
domain grid for the direction i. The procedure mpi_type_commit activates the new derived
data type. The data type itypereal is not a basic MPI data type (mpi_real,mpi_integer,
etc) but is created with the MPI subroutine mpi_type_create_f90_real, in order inherit
the fortran numerical types defined in the code with kind features. This numerical data
type inheritance comes from the MPI-2 standard, see (Chergui, Dupays, Girou, and Laval-
lée 2006). Therefore, if we focus on the first direction frontiers n_bound=1 at x = Xmin and
n_bound=2 at x = Xmax of the current sub-domain, the communications are implemented
as written in the following: The process neighbor E and W are simply the first and second
neighbors of the considered process: mp%neigh(1) and mp%neigh(2). An interesting way
to simplify the communication implementation would be to use the sub-array constructor
provided by the MPI-2 standard subroutine mpi_type_create_subarray, see (Chergui,
Dupays, Girou, and Lavallée 2006). Indeed we could directly perform the communications
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Fortran 23 Procedure for 3-D send/receive

subroutine send_recv3d(mp,Field,Field_extract,n_bound)

integer(kind=ip),intent(in) :: n_bound

type(mpi_type),intent(inout) :: mp

real(kind=rp),dimension(:,:,:),intent(in) :: Field

real(kind=rp),dimension(:,:),intent(inout) :: Field_extract

...

N = shape(p)

...

!---First direction ---

!--Send to East neighbor and receive from West

if (n_bound == 1_ip) then

...

!-send Field(Xmax,:,:)

call mpi_ssend(Field(N(1),1,1), 1_ip, plane(1_ip), mp%neigh(E), &

tag1, mp%comm, ierr)

!-receive in Field_extract(:,:)

call mpi_recv(Field_extract, 1_ip, plane(1_ip), mp%neigh(W), &

tag1, mp%comm, status, ierr)

endif

!

!--Send to East neighbor and receive from West

if (bound == 2_ip) then

...

!-send Field(1,:,:)

call mpi_ssend(Field(1,1,1), 1_ip, plane(1_ip), mp%neigh(W), &

tag1, mp%comm, ierr)

!-receive in Field_extract(:,:)

call mpi_recv(Field_extract, 1_ip, plane(1_ip), mp%neigh(E), &

tag1, mp%comm, status, ierr)

endif

!

...

end subroutine send_recv3d
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on the complete Field, without defining loops on the two first directions, as done in proce-
dure send_recv_field5d. Nevertheless it would lead to less communications, one instead of
Nmom × NS, but with more data to transfer Nmom × NS × N1 × N2 instead of N1 × N2,
where (N1, N2) are (Nx, Ny) or (Nx, Nz) or (Ny, Nz) depending on the considered frontier.
Since we want to optimize the communications for an InfiniBand network, this solution
could decrease the performances, since InfiniBand networks are more efficient with a high
number of light communications.

This communication structure seems then to be adapted to the InfiniBand network we aim
at using. A precise study of the scalability and of the efficiency of this MPI implementation
is done in the following.

7.4 Multi-fluid parallel efficiency

The domain decomposition for the multi-fluid method has been implemented in the solver
MUSES3D, following the strategies chosen in Sec. 7.2. After validating the parallel version
of the solver, the speed up obtained is studied. The precise context used for the parallel
solver efficiency evaluation is first defined, as well as the Amdahl and Gustafson laws used
to present the speed up results.

7.4.1 Parallel computation validation

In order to validate the domain decomposition done for the multi-fluid, we use a 3-D an-
alytical gas phase, given by a vortical flow extended from the 2-D Taylor-Green vortices
defined in Chpt. 4. The interest of this gas field is that one does not need to couple the
multi-fluid solver with a solver for the gas phase, as it is analytical.
A 1003 point grid is used. In order to validate the parallel version of the solver, it is com-
pared to the sequential version previously created and assessed on various configurations,
Chpt. 9, Chpt. 10, rather than with the parallel solver with a single process. The parallel
computation is done on 24 processes, with a number of processes different in each direc-
tion in order to have the most generic case. The following process repartition with spatial
direction is set: Npx = 4, Npy = 3 and Npz = 2, where Npi is the number of processes in
the ith direction. The sequential and parallel versions are compiled with the same compiler
and the same optimization options. The parallel and sequential computations are done on
the same AMD Opteron cores.
These test cases lead to the same results, the difference between the sequential and the
parallel cases being under the computer precision. The domain decomposition and the as-
sociated parallel developments do not have any influence on the results of the solver. This
parallel solver will thus be used in a first 3-D multi-fluid spray computation in Chpt. 11.

7.4.2 Tools for parallel efficiency and speed up evaluation

Above all, the strategy used for the evaluation of a parallel application speed up has to be
precisely defined.
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First of all, the way used to measure the computational time consumed has to be defined.
In the results presented in the following:

• two types of measure are used to have a reliable value, external and internal time
measures, as defined in Sec. 7.2.2.

• Significant times are measured, i.e. at least ten minutes.

• The measures are always obtained with a first execution, never using a loop on a test
case, that could alter the results through cache effects.

Afterward, the measure conditions have to be defined:

• time measures: both external and internal, as previously defined;

• cluster used: pairs of AMD Opteron dual core 64-Bit processors with 2.4Ghz clock
rate, 8Go shared memory. The processors communicate through an InfiniBand net-
work.

• Cache size: 1024 KB.

• OS: Red Hat Enterprise Linux (RHEL) 64-Bit distribution, based on a 2.6.9-34 Linux
kernel.

• Compiler: PathScale 64-Bit fortran compiler, pathf95.

• Input/Output: no input/output operation is done in the test cases, to obtain only
computational time.

To present the speed up of a parallel application, two point of views can be taken:

• Amdahl’s law considers that an application as a sequential part, that can not benefit
from parallel computing and a part that can be treated in parallel. For example the
time spent in sequential case T (1) can be written T (1) = T as + T ap , where T as is the
purely sequential part and T ap the part that can be parallelized. The speed up for the
Amdahl’s law, Sa(P ), is defined as the ratio of the time T (P ) of the application on
P processes by the sequential time T (1):

Sa(P ) =
T (1)
T (P )

=
T (1)

T as +
T ap
P

=
1

T as
T (1)

+
1
P

T ap
T (1)

(7.5)

Therefore, one can see that the speed up is limited to 1/(T as /T (1)) when the number
of processes go to infinity. Amdahl’s law therefore shows the limits of parallelization.

• Nevertheless, another point of view can be adopted, based on more practical argu-
ments. Indeed, one can consider that the idea behind the use of P parallel processes
is to achieve more work than with one process in the same time, rather than achiev-
ing the same work faster. Therefore, in a time T0 a task W0 can be done with one
process, and a task WP with P processes: T (1,W0) = T (P,WP ) = T0. To define
the speed up, the time taken for the task WP on a single process is assumed to be:
T (1,WP ) = T gs (P,WP ) + P × T gp (P,WP ), where T gs is the sequential part and T gp the
time obtained with a parallel computation with P processes. In the Gustafson’s law,
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the sequential part is assumed to be constant. The speed up is thus given by:

Sg(P ) =
T (1,WP )
T (P,WP )

=
T gs (P,WP )
T (1,WP )

+ P × T gp (P,WP )
T (1,WP )

(7.6)

Using this definition, the speed up always increase with the number of processes.

These two visions will be adopted to characterize the efficiency of the parallel multi-fluid
solver.

7.4.3 Efficiency and speed up of parallel MUSES3D solver

The test cases used to assess the parallel efficiency of MUSES3D solver must be representa-
tive of the cases one intends to compute. We thus choose a domain with a 1283 point grid
and with ten multi-fluid sections. This is representative of the mesh used for the droplet
laden Homogeneous Isotropic Turbulence computations done in Chpt. 11. An analytical
gas field is still use, in order to focus on the cost of the Eulerian multi-fluid liquid phase
solver.

First of all, before assessing the speed up of the code, we analyze the influence of the
domain decomposition on the computational time. To do so, we perform test cases with
64 processes, with the repartition given in Table 7.3. This study confirms the idea given in

Test case Npx Npy Npz Computational time
internal measure (s)

Repart1 4 4 4 9782
Repart2 0 8 8 9883
Repart3 8 8 0 9958
Repart4 0 0 64 13502
Repart5 64 0 0 13913

Table 7.3 – Repartition of the parallel process in each direction for the different test cased
realizes. The variable Npi represents the number of process in the i-direction.

Sec. 7.2.2: although the decomposition taking an equivalent number of processes in each
direction has more communications, it has less points to transfer and it is thus more efficient.
Furthermore, the InfiniBand network of the used architecture favors this decomposition
strategy. The strategy Repart1 is thus the more efficient. Besides, a memory access cost is
highlighted in these test cases. Indeed, as seen in the pair of test cases Repart2/Repart3 and
Repart4/Repart5, the domain must be first cut in z-direction, then in y-direction and finally
in x-direction. This is due to the form chosen for the Fortran arrays: Array(Nx,Ny,Nz).
Therefore, in the case Repart5 for instance, the communications send and receive sub-arrays:
Array(1:Nxpr,:,:), where Nxpr is the number of points per process in the x-direction.
This sub-array contains non local memory data in Fortran, see Sec. 7.1.1. On the other
hand, the sub-arrays involved in the case Repart4, Array(:,:,1:Nzpr) are local in memory.
It explains the lower cost of case Repart2 and Repart4, compared to Repart3 and Repart5,
respectively.
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As far as speed-up results are concerned, three different domain discretizations are consid-
ered, from 643 to 2563 grid points. The number of processes used varies from 8 to 124.
One can first plot the Amdahl’s law, Sec. 7.4.2, for the speed-up obtained in these configura-
tions, Fig. 7.8. In this case, the parallel efficiency is thought in terms of the time decreased
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Figure 7.8 – Speed-up evolution with the number of parallel processes used, for three spa-
tial domain discretization: 643 (dotted line), 1283 (dashdot line) and 2563

(dashed line). A one slope line is also plotted (solid line). The curve ob-
tained for each discretization corresponds to Amdahl vision. A saturation
occurs, except for the 2563 where the number of processes leading to satura-
tion is not reached.

associated to the number of processes used for a given task. In this context, a saturation
occurs where the consumed time cease to decrease while the number of processes still in-
creases. Consumed time can even increase with the number of processes. Figure 7.8 shows
in this framework that the maximal parallel efficiency is obtained with 64 and 124 processes
for the 643 and 1283 grids, respectively. For the 2563 domain, the number of processes lead-
ing to saturation is not reached. This saturation occurs when the physical domain on a
given process is small enough so that time needed by the communications is greater than
the individual process computational time. Nevertheless, the parallel efficiency can also be
seen from a more practical point of view. Indeed the parallel computation allows to realize,
in the same time, a more important task. This represents the Gustafson definition, given
in Sec. 7.4.2, illustrated in Fig. 7.9. The Gustafson speed-up is thus constructed with the
best speed-up of the different configurations. A unity efficiency is obtained for both 643

and 2563 grids. The maximum efficiency of the 1283 grid is 0.8.
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Figure 7.9 – Speed-up evolution using Gustafson definition (dashdot line). The three
points are obtained using the best speed up of the three physical domains:
643, 1283 and 2563. The 643 and 256 domains have a maximum efficiency
of one, whereas the 1283 has a maximum efficiency of 0.8. This Gustafson
speed-up definition considers that parallelization allows to execute more work
in the same time, rather than the same work within a shorter time. A one
slope line is also plotted (solid line).

This first analysis of the parallel multi-fluid efficiency is thus very encouraging. Indeed,
a number of processes equal to the number of points in a direction can be used without
reaching saturation, leading to an efficiency between 0.8 and 1, Fig. 7.8. A one slope line
is nearly reached in the Gustafson definition, Fig. 7.9, using up to 124 parallel processes.
This efficiency allows us to envision 3-D multi-fluid spray computations. A first case of
spray dispersion in a 3-D Homogeneous Isotropic Turbulence is assessed in Chpt. 11.





Part IV

Computational multi-fluid dynamics





Introduction

An important advance of this work consists in the achievement of multi-fluid computations
in more realistic flows. This progression is needed to assess the applicability of the multi-
fluid to industrial scale computations. This study is made possible by the efficient numerical
schemes designed, given in Chpt. 3. Furthermore, the encouraging results obtained in the
detailed characterization of the multi-fluid method in 2-D vortical flows, Part. II, provide
the required basis to envision more realistic flows.
The behavior of the multi-fluid model in more realistic configurations is assessed in this
part. This behavior evaluation illustrates:

• the feasibility of such configurations;

• the precision obtained for the dynamics and evaporation of the polydispersed spray;

• the cost associated with the multi-fluid method.

The numerical tools used in this part are described. Given fuel injection computations are
the industrial applications of interest behind this study, spray injection in 2-D gaseous jets
are tackled in this part. Furthermore, 3-D computations, that represent the achievement
of the study, are assessed through the computation of spray dispersion in an Homogeneous
Isotropic Turbulence.
The solver resulting of the coupling between MUSES3D solver with the gaseous solver AS-
PHODELE developed at CORIA, is described in Chpt. 8. It represents a new academical
tool devoted to spray model evaluation. It provides both a Eulerian/Lagrangian and a Eule-
rian/Eulerian descriptions of dispersed two-phase flows. Multi-fluid description of the spray
injected in a 2-D axi-symmetrical jet in assessed in Chpt. 9. This evaluation is done through
comparisons with a Lagrangian description of the spray. Given the relative complexity of
the configuration, the procedure defined and used in Chpt. 4 for Eulerian/Lagrangian com-
parisons cannot be used. More qualitative comparisons are conducted in this context, albeit
allowing to evaluate the time-resolved description of spray size-conditioned dynamics. This
configuration is also used to discuss the cost associated to the multi-fluid method. The
evaluation of the precision obtained with the multi-fluid method is completed in Chpt. 10,
tackling the key issue, for combustion applications, of fuel vapor mass fraction description.
First Eulerian/Lagragian comparisons for the fuel vapor are provided. They are based on
a new framework for spray method evaluation in combustion context, defined in Chpt. 1.
Finally, a 3-D HIT case is achieved in Chpt. 11. It shows the feasibility of 3-D multi-fluid,
providing its first achievement. This computation gives the basis for further physical stud-
ies of spray dynamics in HIT configuration. Furthermore it provides a first step toward
multi-fluid implementation in industrial or semi-industrial computational codes.
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In order to assess multi-fluid relevance for industrial devices simulations, spray evolution
in more realistic flows is tackled in Chpt. 9, Chpt. 10 and Chpt. 11.
The present chapter introduces the numerical tools used in this framework. Indeed, a new
academical solver has been created coupling ASPHODELE solver, developed at CORIA by
Julien Reveillon and collaborators, with the multi-fluid solver MUSES3D developed in this
study, Part. III. ASPHODELE solver couples a Eulerian description of the gas phase with
a Lagrangian description of the spray. The numerical resolution of the gas and liquid phase,
and their coupling, as implemented in ASPHODELE, are detailed in the first part of this
chapter. The second part is devoted to the coupling achieved between the two solvers. The
scientific computing issues concerning the coupling of MUSES3D solver with a gas phase
solver were already detailed in Chpt. 6. Attention is devoted in this chapter to Euler/Euler
coupling algorithm in the case where fuel evaporates in the gas through FADO procedure,
as described in Sec. 1.4.3, and used for Chpt. 10 computations.
Finally, we summarize all the possibilities of this new solver coupling a Eulerian gas descrip-
tion with both Eulerian and Lagrangian descriptions of the spray. It allows for example,
in the framework of one-way coupling, to compute simultaneously both spray descriptions
with the same gas phase, within the same code run. This solver opens new possibilities of
method evaluation in terms of dynamical comparisons and computational cost evaluations.

8.1 Eulerian-Lagrangian gas-liquid solver
ASPHODELE

We provide in this section the description of the numerical methods used in the CORIA’s
solver ASPHODELE, developed by Julien Reveillon and collaborators. This two-phase flow
code will provide the gas phase description for both the multi-fluid computations and the
Lagrangian description used to assess the multi-fluid behavior. A statistical initialization
for the Lagrangian solver, using rejection method given in Chpt. 2, has been implemented
in the present study.

8.1.1 Eulerian-Lagrangian phase resolution

The solver ASPHODELE, holds a DNS gas solver for Low Mach or incompressible flows,
coupled with a Lagrangian solver, computing DPS or DSMC methods for infinite Knudsen
limit, and DPS of colliding configurations.
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Eulerian carrier phase numerical scheme

Low Mach number The jets computations presented in Chpt. 9 and Chpt. 10, are
conducted, as far as gas carrier phase is concerned, with a DNS solver for low Mach number
flows. This solver is based on prediction correction method for the velocity evolution, as
was introduced in (Chorin 1968; Temam 1968). For incompressible flows, Eq. (1.106), the
evolution of the velocity is done in the following way:

• the momentum conservation equation is solved neglecting pressure effects:

(ρgUg)⋆ − (ρgUg)t = ∆t (−∂x · (ρgUg ⊗Ug) + ∂x · (τ )) ; (8.1)

• a Poisson equation for the pressure is solved, to compute ∂x(P̃ ) ensuring the realiza-
tion of the constraint of the velocity for incompressible flow:

∂x · Ug(t+∆t) = 0. (8.2)

• Finally, the velocity is corrected solving the momentum equation accounting for the
pressure effects:

(ρgUg)(t+∆t) − (ρgUg)⋆ = ∆t

(

− 1
γ∞M2

∂x(P̃ )

)

. (8.3)

This kind of technique is described in (Hirsch 1990). Second order method are provided in
(Guermond and Shen 2001), and for variable density flow in (Bell and Marcus 1992). The
extension for low Mach number flows has been introduced in (Nicoud 2000). In the case
of low Mach number flows, the constraint to satisfy for the velocity field is no longer the
divergence free constraint but is:

∂x · (ρg Ug) = −∂t ρg . (8.4)

The procedure implemented in ASPHODELE is the following:

• Velocity prediction:

(ρgUg)⋆ − (ρgUg)t = ∆t (−∂x · (ρgUg ⊗Ug) + ∂x · (τ )) . (8.5)

• Poisson equation with low Mach constraint:

∂x · (ρgUg)(t+∆t) − ∂x · (ρgUg)⋆ = −∆t ∂2
x2 · (P̃ ). (8.6)

From the low Mach constraint, we have:

∂x · (ρg Ug)(t+∆t) = − (∂t ρg )(t+∆t) , (8.7)

and from the prediction step:

∂x · (ρgUg)⋆ = ∂x · (ρgUg)t + ∆t ∂x · (−∂x · (ρgUg ⊗Ug) + ∂x · (τ )) . (8.8)

Therefore ∂2
x2 · (P̃ ) can be computed.
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• Velocity correction:

(ρgUg)(t+∆t) − (ρgUg)⋆ = −∆t
1

γ∞M2
∂x · (P̃ ). (8.9)

As far as numerical methods are concerned, the time resolution is provided by a third order
explicit Runge Kutta scheme with minimal storage, (Wray 1990). Spatial evolution is done
with a finite difference scheme, the derivatives are computed with a Pade 6th order scheme,
(Lele 1992). The boundary conditions are handled through the NSCBC method, (Poinsot
and Lele 1992). The physical space solver is available for 2-D , Chpt. 10, 2-D axisymmetric,
Chpt. 9, and 3-D configurations, Chpt. 11.

Spectral solver The Homogeneous Isotropic Turbulence (HIT) computations done in
Chpt. 4 and Chpt. 11, are done with ASPHODELE’s spectral solver. It solves an in-
compressible gas flow with a constant density, Eq. (1.106). The boundary conditions are
periodic. The solver uses a deterministic forcing scheme conserving kinetic energy; its de-
scription as well as associated references are given in Sec. 4.1.1. This solver is used in this
work to generate a steady velocity field. This velocity field is a good candidate in order to
study multi-fluid computed spray dynamics, in 2-D and 3-D configurations, Chpt. 4 and
Chpt. 11, respectively.

Lagrangian dispersed phase numerical scheme

The Lagrangian numerical particles ODE, Eq. (2.2), are solved within ASPHODELE with
an explicit third order Runge Kutta solver. Therefore, the coupling between the gas and
the liquid takes place at each Runge Kutta sub-step, in the following way:

• Lagrangian ODE resolution,

• Coupling term computations,

• Eulerian gas resolution.

The structure of one Runge Kutta sub-step is illustrated on Fig. 8.1, where we use the
following definitions:

Dropn = {(xk, φk,uk, Tk)n ; k = 1..Np]},

SnDrop = {
(
Smi,j,k, S

mom
i,j,k , S

enth
i,j,k

)n
; i = 1..Nx, j = 1..Ny, k = 1..Nz},

Gasn = {(ρi,j,k,U i,j,k, hi,j,k)n ; i = 1..Nx, j = 1..Ny, k = 1..Nz},

(8.10)

i.e., Dropn represents the numerical particles of the simulation at time tn, SnDrop the Eulerian
source terms of the gaseous equations computed from the droplets and discretized over the
gaseous grid at time tn. Finally, Gasn represents the discretized gaseous fields at time tn.
The superscript ⋆ used in Fig. 8.1, indicates that the quantities are taken at time t⋆, an
intermediate time of the Runge Kutta algorithm. We can see in the algorithm described
in Fig. 8.1, that the gas is assumed constant within a Kunge Kutta sub-step. The main
difficulties come from the coupling terms evaluation, that is tackled in the next paragraph.
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Dropn, SnDrop

RK sub-step

��

Gasn
Gasn(xnk) //

RK sub-step

��

Drop⋆, S⋆Drop
(Sm, Smom, Senth)⋆Dropoo
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Figure 8.1 – Runge Kutta sub-iteration for the coupled Eulerian-Lagrangian solver.

8.1.2 Coupling Difficulties

Two main difficulties arise when coupling Eulerian and Lagrangian descriptions in two-phase
flows. First, the gaseous quantities have to be computed at the position of the droplets
in order to obtain the influence of the gas on the droplets: drag force, heat transfer, etc.
Moreover, in the framework of dispersed liquid phase, the influence of the liquid on the gas
is modeled by source terms obtained from the Lagrangian tracking of the droplets and thus
needing to be projected on the Eulerian gaseous grid. These two drawbacks are linked to
different issue. The first one leads to a significant cost increase, while the second one is
related to an approximation issue. We present in this section, the way chosen to tackle these
issues, as implemented in ASPHODELE, and thus used for the Lagrangian computations
performed in Chpt. 9 to Chpt. 11.

Droplet location interpolation

The precision of the spray Lagrangian tracking, highly depends on the precision on the
gas quantities seen by droplets. A third-order interpolation algorithm is then used in AS-
PHODELE, in order to compute the gaseous quantities at droplet location. This algorithm
was first developed for Particle Image Velocimetry (PIV), (Lecordier, Demare, Vervisch,
Reveillon, and Trinite 2001). This needed interpolation can be problematic in terms of
computational cost in realistic configurations where millions of particles are tracked within
a complex flow. Indeed, the interpolation has to be done at each Runge Kutta substep.

Lagrangian projection

Furthermore, a main difficulty of Eulerian/Lagrangian approaches is to project the La-
grangian quantities of droplets onto the Eulerian gaseous grid nodes. A PSI-CELL method,
(Crowe, Sharma, and Stock 1977), is used in ASPHODELE to achieve this task. The La-
grangian contributions are instantaneously allocated to neighboring gas nodes, weighted by
the distance to the nodes, see Fig. 8.2. This model may induces artificial diffusion, and
the reasons of its use are discussed by (Péra 2005), and (Reveillon and Vervisch 2000), as
well as possible improvements. A lot of work are devoted to this subject, see for instance
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(Subramanian 2000).
A control volume Cα is associated to each gas node and the Lagrangian contribution is
obtained by weighted sum over the droplets affecting the considered node. For the mass
source term, we obtain, see Sec. 2.1.3 for the details on droplet contribution:

Smj =
ρl Rdrop-gas

3/2

VCα 4
√
π

∑

k

α
(j)
k S

1/2
k RSk , (8.11)

where α
(j)
k is the distribution coefficient of the source term of droplet k on node j. This

term, that can be seen as the portion of control volume of node j intersecting the control
volume of droplet k, is given by, (Reveillon and Demoulin 2007):

α
(j)
k =

1
VCα

Ndim∏

i=1

[
∆(j)
i − |x(j)

i − xki|
]
, (8.12)

where ∆(j)
i is the space step at the node j and in the ith direction, and x

(j)
i and xki the

coordinates along the ith direction of node j and droplet k respectively.

Wd
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Figure 8.2 – Two-dimensional sketch of the repartition of droplet source terms on the
closest Eulerian nodes.

8.2 Eulerian-Eulerian gas-liquid solver : ASPHODELE-
MUSES3D coupling

The original academical solver used in this work, was obtained coupling ASPHODELE
solver with the Eulerian multi-fluid solver MUSES3D developed in this work, and described
Part. III. The first objective is to obtain a DNS gaseous solver to couple with MUSES3D, to
assess multi-fluid model in more complex configurations, as HIT or jet configurations. The
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second objective is to come up with a new numerical tool coupling Eulerian and Lagrangian
descriptions of the spray with the same Eulerian DNS gas solver. We present here the
coupling between the two Eulerian phases, before showing the general structure of the
coupled code. This code allows precise comparisons between both description of the spray
in a one-way coupling framework and, thanks to the FADO procedure, it allows to compare
their evaporation in the gas phase, a key issue for combustion applications, and to perform
Coldflame computations. This tool can naturally be extended to two-way configuration,
albeit not allowing the same spray-description-focused comparisons, the gas phase being
modified by the spray, but allowing to tackle combustion applications.

8.2.1 Euler-Euler solver one-way coupling

As far as time evolution is concerned, the coupling between both Eulerian methods differs
from the one used for the Eulerian/Lagrangian coupling. Indeed, due to the kinetic scheme
used for the multi-fluid, Chpt. 3, a simple “Euler-like” time step is enough to obtain the
second order in time and space. Furthermore using a Runge Kutta scheme will not improve
the global order of the method, due to the limitation of the space transport scheme order,
see Chpt. 3. Finally, it would reduce the timestep and thus not keep a unity CFL for the
physical transport. The constant gas assumption, valid for a Runge Kutta sub-step, can
not be used for the whole time step. Therefore time interpolation of the gaseous fields
are done to compute the Eulerian time evolution. It thus gives the structure presented in
Fig. 8.3, where we used the definitions of Eq. (8.10), and further define:

MF n =
{(
m

(p)
i,j,k,u

(p)
i,j,k, h

(p)
i,j,k

)n
; p = 1..NS, i = 1..Nx, j = 1..Ny, k = 1..Nz

}
, (8.13)

i.e., MF n represents the multi-fluid Eulerian fields discretized over space and size and at
time tn The coupling presented in Fig. 8.3, is devoted to one-way coupling framework. We

MF n

Euler step

��

Gasn

RK sub-step
�� ((PPPPPPPPPPPPPP

Gas⋆

RK sub-step
��

Gas interpolation //

Gasn+1

66nnnnnnnnnnnnn

MF n+1

Figure 8.3 – Time step for Eulerian (Gas)-Eulerian (multi-fluid spray) coupling. Gas
phase evolves with Runge Kutta algorithm while multi-fluid phase with a
single Euler step.

discuss in the next paragraph the extension for the FADO procedure and for full two-way
coupling.
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8.2.2 Combining Euler-Euler and Euler-Lagrange approaches

We present here the global structure of the numerical solver, first in a one-way framework. In
this context, the same gas phase can be used for both Eulerian and Lagrangian descriptions,
allowing precise evaluation focusing on the spray methods, and to conduct computational
efficiency studies, realizing Eulerian and Lagrangian spray computations in the same code
run. The coupling structure is slightly modified in the framework of the FADO procedure.
The gas phase is still not modified, but, through the use of scalars, we can assess the
description of fuel vapor formation in each spray method. These scalars can also react in
Coldflame computations, as described in Sec. 1.4.3, and used in Chpt. 10.

One way framework

The standard one way framework is obtained plugging Eulerian and Lagrangian spray
description on to the Eulerian gas description, and is described by Fig. 8.4, using the defi-
nitions introduced in Fig. 8.1 and Fig. 8.3. This structure is used in Chpt. 9 and Chpt. 11,

MF n

Euler step

��

Dropn

RK sub-step

��

Gasn

~~}}
}}

}}
}}

}}
}}

}}
}}

}}
}}

}}

RK
sub-step

��

Gasn(xnk) //

Drop⋆

RK sub-step

��

Gas interpolationoo Gas⋆

RK
sub-step

��

Gas⋆(x⋆k) //

Dropn+1

Gasn+1

``@@@@@@@@@@@@@@@@@@@@@@

MF n+1

Figure 8.4 – Time step for Euler/Euler-Euler/Lagrange solver in one-way framework.
Gas phase is computed only once for both spray description.

to evaluate the ability of the multi-fluid model to reproduce the size-conditioned dynamics
of a spray in 2-D axi-symmetrical and 3-D configurations. The issue of computational cost
is raised in Chpt. 9.
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Gaseous fuel vapor prediction tools design

When using FADO procedure, we solve the evolution of the fuel mass fraction, obtained
by the spray descriptions. The coupling between ASPHODELE and MUSES3D, allows
to compute the fuel mass fraction obtained from the Lagrangian, Y DropF ′ and from the
Eulerian multi-fluid method, Y MFF ′ . We recall here the equation of the fuel mass fraction
YF ′ evolution, Sec. 1.4.3:

∂t (ρg YF ′) + ∂x · (ρg (Ug +U cor
g

)YF ′) = ∂x · (ρgD⋆YF ′∂x · (YF ′)) + ω̇YF ′ + Sm. (8.14)

The scalar is advected and diffused by the flow, fed by the spray evaporation and consumed
in the case of the Coldflame computation. In the case of the Lagrangian spray description,
the time evolution of Y DropF ′ is resolved through a Runge Kutta algorithm, and is thus easily
introduced within the coupling algorithm, Fig. 8.1, as shown in Fig. 8.5. In the case of the

Dropn, SnDrop

RK sub-step

��

Gasn, (Y DropF ′ )n
Gasn(xnk) //

RK sub-step

��

Drop⋆, S⋆Drop
(Sm)⋆Dropoo

Gas⋆, (Y DropF ′ )⋆

Figure 8.5 – Runge Kutta sub-iteration for the coupled Eulerian-Lagrangian solver, with
fuel mass fraction computation, using the FADO procedure.

Eulerian multi-fluid spray description, the insertion of the fuel mass fraction in the coupling
algorithm is not so natural. Indeed, we want to use the same Runge Kutta algorithm for the
evolution of the scalar, nevertheless, the spray being only resolved within a Euler time step,
we can only compute the mass source term, Sm, at time tn+1, and not at the intermediate
times of the Runge Kutta algorithm. We therefore decide to resolve the evolution of the
fuel mass fraction using an operator splitting: solving first the evolution due to transport,
diffusion and reaction:

∂t (ρg YF ′) + ∂x · (ρg (Ug +U cor
g )YF ′) = ∂x · (ρgD⋆YF ′∂x · (YF ′)) + ω̇YF ′ , (8.15)

through a Runge Kutta algorithm. The evolution due to spray evaporation is solved in a
second time:

∂t (ρg YF ′) = Sm, (8.16)

through a one-step Euler method. We choose a Lie splitting algorithm, leading to:

• solve Eq. (8.15) during ∆t, to obtain (Ỹ MFF ′ )n+1,

• solve Eq. (8.16) during ∆t, to obtain (Y MFF ′ )n+1.

The resulting coupling algorithm is presented in Fig. 8.6. The complete algorithm, for both
types of coupling, in the context of the FADO procedure, is summarized in Fig. 8.7.
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(Ỹ MFF ′ )n+1

Euler ∆t
Eq. (8.16)

��

MF n+1, (SmMF )n+1 //

(Y MFF ′ )n+1

Figure 8.6 – Time step for the coupled Eulerian-Eulerian solver, with fuel mass fraction
computation, using the FADO procedure.

Full two-way coupling

One has to note that, albeit algorithms presented in this study are devoted to one-way
coupling, there is no limitation to extend to two-way framework. A first way would be to
use a Runge Kutta scheme for the multi-fluid evolution and to couple for each Runge Kutta
sub-step, as done for the Lagrangian coupling, Fig. 8.1. Nevertheless it induces an additional
cost for the multi-fluid method, without any precision improvement. Furthermore, the gas
has to be assumed constant in a sub-step. Another way to realize a such coupling would
be to generalize the operator splitting used for the multi-fluid, Sec. 3.2, to the gas phase
resolution. A global splitting algorithm could then be proposed, separating for the gas
phase resolution the fuel source terms evaluation from the rest of the system:

• solve transport, diffusion and reaction for the gas and transport for the spray during
∆t/2,

• solve phase space transport for the spray, and evolve gas phase due to fuel source
terms during ∆t

• solve transport, diffusion and reaction for the gas and transport for the spray during
∆t/2.

The recently provided operator splitting techniques for low Mach number flames with com-
plex chemistry, (Descombes, Dumont, Louvet, Massot, Laurent, and Beaulaurier 2009),
could be used for this case of splitting between low Mach flow and spray resolution.
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Figure 8.7 – Time step for Euler/Euler-Euler/Lagrange solver with the FADO procedure.
The gas phase is computed only once for both spray description.

Conclusion

A new academical solver devoted to spray resolution evaluation is provided, coupling AS-
PHODELE and MUSES3D solvers. It combines Eulerian/Eulerian and Eulerian/Lagrangian
approaches, as well as a framework allowing to isolate spray resolution effects. This frame-
work allows to tackle spray combustion applications. This solver is used in Chpt. 9 to
compare Eulerian multi-fluid and Lagrangian spray descriptions. Precision considerations,
for the size-conditioned dynamics prediction, as well as computational cost issues are tack-
led. The precision evaluation is complemented in Chpt. 10, where the essential issue of fuel
vapor mass fraction prediction is assessed. Finally, the feasibility of 3-D computations with
the provided solver, is assessed in Chpt. 11.
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Given the industrial concerns driving this study, jet configurations have to be tackled. Fur-
thermore, a 2-D axisymmetric configuration includes some three dimensional effects and
is thus a first step toward industrial spray injection configurations. In this chapter, the
multi-fluid method is evaluated in a such configuration. The computations conducted use
the coupling between ASPHODELE and MUSES3D solvers, Chpt. 8. This chapter aims
at showing the ability of the multi-fluid method to describe the global dynamics of a poly-
disperse spray injected by the gaseous jet. Two main issues are evaluated for this purpose.
First, the ability of the multi-fluid method to describe the polydispersion of the spray, in
non-evaporating and evaporating cases, is illustrated. This essential point will be com-
plemented in Chpt. 10, where the key issue of the fuel vapor mass fraction description is
tackled. Second, the global behavior of the method in the case where the monokinetic
assumption is locally broken is studied. In order to realize this evaluation, a Lagrangian
method is chosen as a reference. Comparisons between the Eulerian and Lagrangian spray
size-conditioned dynamics are conducted. Finally, the computational cost associated to the
Eulerian multi-fluid method is studied, in order to argue on the feasibility of this method.
This study was conducted within the TIMECOP-AE European project led by SAFRAN
Turbomeca, (de Chaisemartin, Laurent, Massot, and Reveillon 2008a).
The Eulerian/Lagrangian comparisons conducted in this chapter bring in two main nov-
elties. First the comparisons are time-resolved. Indeed, instantaneous fields, and not
averaged, are compared. Second, the comparisons are provided for the size-conditioned
dynamics, a key issue for combustion applications, Chpt. 10

9.1 Axisymmetric free jet with polydisperse spray in-
jection

The studied configuration is designed to enable the evaluation of the Eulerian multi-fluid
method on an unsteady jet. Turbulence is injected to destabilize the gasesous jet. Fur-
thermore a polydisperse spray is injected to study the multi-fluid size distribution descrip-
tion. The Lagrangian reference is not taken as a converged Direct Simulation Monte-Carlo
method in this study, in order to be closer to industrial concern. Given the DNS config-
uration used, we perform a Discrete Particle Simulation. Indeed there is no need to use
Stochastic Parcel method, since all the droplets contained in the computational domain
can be tracked. In order to focus on the Eulerian method evaluation, a one-way coupling
is considered, and simple droplet models, are used.
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9.1.1 Gaseous jet

A jet was chosen in order to be closer to the aimed industrial applications, i.e., fuel spray
injection in combustion chambers. The axisymmetric metric allows to account for some
3-D effects.

The gas jet is computed with the low Mach dilatable solver available in ASPHODELE,
Chpt. 8, solves the system Eq. (1.105), with the numerical methods presented in Chpt. 8.
The jet is destabilized with turbulence injection through a Klein’s method with 5% of
fluctuations. We define the Reynolds number based on the geometry:

Re0 =
U0 x0

ν∞
, (9.1)

where U0 is the injection velocity, and x0 is the jet width. We have Re0 = 1000 in the
presented simulations, that corresponds to a jet width x0 = 1.5cm, an injection velocity
U0 = 1m/s for a typical kinematic viscosity ν∞ = 1.6× 10−5m2/s. The complete domain of
the simulation has the dimension 12x0 × 6x0, but due to the symmetry, we only compute
half of the radial direction: 12x0×3x0, with 400×100 grid points. The results are presented
at dimensionless time t = 15, i.e. the jet has already gone across the computational domain
once. The gas vorticity is presented in Fig. 9.1.

z

r

2 4 6 8 10 12

1

2

3

4

5

6

Figure 9.1 – Gaseous vorticity at dimensionless time t=15, obtained with a low mach
number dilatable solver on a 400× 100 grid.

9.1.2 Eulerian polydisperse spray injection

The spray injected in the gaseous jet is polydisperse to study the multi-fluid size distribution
resolution. We choose a log-normal distribution to represent its polydispersion, Fig. 9.2.
Evaporating and non-evaporating configurations are raised, to study the polydispersion
resolution of the multi-fluid with and without coupling terms between the sections. The
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Figure 9.2 – Spray injection in free jet configuration: polydisperse log-normal distribution
discretized with 5, dashed lines, to 10, dotted lines, sections.

spray is injected at the gas injection velocity. As far as droplet models are concerned,
Chpt. 1, we still choose to work in a framework of simple models as well as one-way
coupling, in order to focus on the resolution methods. Thus, we take a D2-law associated
with a constant Spalding number BM = 0.1, Sec. 1.2.2. Besides, we only consider a Stokes
drag force as external forces. Finally, droplet interactions are not accounted for.

Among the different multi-fluid versions, we use a “classical” monokinetic multi-fluid method
with a first order evaporation scheme, Sec. 2.3, since it is the multi-fluid method with the
highest maturity and relative simplicity, and therefore the more likely to be implemented in
semi-industrial or industrial codes. The specific kinetic scheme ensuring the needed robust-
ness for the multi-fluid is used in its axisymmetric form developed in this study, Sec. 3.2.
For the coupling with the gas phase, the same grid is chosen for the multi-fluid, so that no
spatial interpolation is needed. As far as size phase space is concerned, we use five sections
for the non-evaporating case and ten for the evaporating one, Fig. 9.2.

9.1.3 Reference method and Eulerian multi-fluid evaluation

A DPS Lagrangian method, Chpt. 2, is chosen to evaluate the efficiency of the multi-fluid.
In this framework, a numerical particle represents one physical droplet. The number of
particles is determined by the stoichiometry. At the considered time, we have 10000 up to
40000 droplets in the computational domain.

We are interested in the global behavior of the Eulerian spray description and we will thus
conduct in this part qualitative comparisons between both approaches. We will compare the
droplet positions from the Lagrangian DPS computation to the Eulerian number density
computed with the multi-fluid method. The DPS can be seen in this case as one realization
of the DSMC method, i.e., one realization of an ensemble average driven by the Williams
equation, Chpt. 2. This point of view is adopted to justify comparisons with the multi-fluid
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model derived from a statistical spray description driven by the Williams equation, Chpt. 1
and Chpt. 2. Thanks to the multi-fluid polydispersion resolution, we will perform the
comparisons for different ranges of sizes and thus for different inertia, in the evaporating
and non-evaporating cases. Finally, we discuss the computational efficiency issue. We
compare the cost of a DPS to the cost of a multi-fluid computation. Moreover, we present
the cost of more refined DMSC computations, in order to have a Lagrangian description
at the same level as the multi-fluid one. Indeed, the Eulerian statistical fields can not be
recovered from the DPS computation, as the ensemble averages can not be obtained directly,
whereas the DSMC gives access to them. One can note that in the infinite Knudsen limit,
i.e., no droplet interaction, the DSMC computation is equivalent to an ensemble of DPS,
each numerical particle representing one droplet and having a weight equal to one.

9.2 Lagrangian vs. multi-fluid for evaporating and
non-evaporating spray

9.2.1 Non-evaporating spray injection

For this test case we used five sections for the Eulerian multi-fluid simulation. We have
40000 Lagrangian particles in the computational domain. We first present the results for
the whole spray, regardless of the droplet sizes. These results are plotted on Fig. 9.3, where
the Lagrangian particle positions are plotted over the gas vorticity field and compared to
the Eulerian total number density. The global droplets dynamics are very well reproduced
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Figure 9.3 – Non evaporating polydisperse spray, Stokes 0.003 to 4.45 correspond-
ing to diameters d = 4µm to d = 150µm, at dimensionless time t=15, :
(top) Lagrangian particle positions with 40000 particles over the gas vortic-
ity, (bottom) Eulerian total number density with a 400× 100× 5 grid.

by the Eulerian multi-fluid method. We move then to size-conditioned dynamics. We
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found a very good agreement for the droplets with low inertia, for Stokes from 0.003 to 0.18
corresponding to diameters from 4µm to 30µm, as shown in Fig. 9.4. This shows the ability
of the multi-fluid method to simulate the dynamics of a spray where few crossings occur, the
droplet dynamics being close to the gas one, therefore in its validity domain, Sec. 2.3. For
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Figure 9.4 – Non evaporating polydisperse spray, low inertia droplets, Stokes
0.003 to 0.18 corresponding to diameters d = 4µm to d = 30µm, at dimen-
sionless time t=15 : (top) Lagrangian particle positions with 40000 particles
over gas vorticity, (bottom) Eulerian number density with a 400 × 100 × 5
grid.

higher Stokes number, the droplets are ejected from the vortices and crossing trajectories
are likely to occur, breaking the monokinetic multi-fluid assumption. Nevertheless, the
dynamics is still very well reproduced for higher Stokes number. The results are plotted
in Fig. 9.5 for Stokes number from 0.71 to 4.45 corresponding to diameters from 60µm to
150µm. One can notice that the number density is concentrated in a few cells in this case
and the numerical method does not encounter any problem to capture it, illustrating again
its robustness.

9.2.2 Evaporating spray injection

This weakly turbulent free jet is also assessed with an evaporating spray. The results are
presented the way chosen for the non-evaporating case. In order to describe correctly the
evaporation process, we took ten sections for the Eulerian multi-fluid simulation. In this
case, 10000 Lagrangian particles are present in the domain at the considered time. As in
the non-evaporating case, we found a very good agreement between the Eulerian multi-fluid
and the Lagrangian descriptions, see Fig. 9.6. The size-conditioned dynamics are still very
well predicted by the multi-fluid method as well for low Stokes number shown in Fig. 9.7,
as for high Stokes number shown in Fig. 9.8. These comparisons show the ability to treat
the size distribution evolution through the multi-fluid coupled sections.
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Figure 9.5 – Non evaporating polydisperse spray, high inertia droplets, Stokes
0.71 to 4.45 corresponding to diameters d = 60µm to d = 150µm, at dimen-
sionless time t=15 : (top) Lagrangian particle positions with 40000 particles
over gas vorticity, (bottom) Eulerian number density with a 400 × 100 × 5
grid.

This polydisperse evaporating axisymmetric free jet shows the ability of the multi-fluid
method to treat more complex case, closer to industrial configuration. These first compar-
isons with Lagrangian computations show the ability of the Eulerian method to capture the
size-conditioned dynamics in this case and are very encouraging. Further results concerning
polydisperse spray Eulerian/Lagrangian comparisons, for example regarding gaseous fuel
mass fraction, are presented in Chpt. 10, as well as Coldflame, computations.

9.2.3 Eulerian vs. Lagrangian: computational efficiency

In order to give a relevant evaluation of the multi-fluid cost in this jet configuration, we
compare it to the cost of a Lagrangian DPS. Moreover, in order to complement this study,
we also analyze the cost of more refined DSMC Lagrangian computation, since they can
achieve, with enough numerical particles, the same level of description as the Eulerian
multi-fluid method. We thus define different levels of resolution for both methods. As far
as the Lagrangian method is concerned, we defined three different types of computations.
We consider first a Discrete Particle Simulation with 40000 droplets at the end of the
computation. As mentioned earlier, we consider this computation as one realization, driven
by the stoichiometry, of the statistical DSMC Lagrangian method. Even if this level of
modeling does not correspond to the one provided by the multi-fluid method, DPS provides,
in DNS configuration, a cost closer to the one of an industrial Stochastic Parcel method.
It is thus important to compare DPS and Eulerian multi-fluid costs. Second we study the
cost of statistical DSMC Lagrangian computations with 1 Million and 4 Million numerical
particles. We defined the statistical computation with 4 Million particles as the refined
Lagrangian computation. This refinement allows a limited noise on an Eulerian projection,
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Figure 9.6 – Evaporating polydisperse spray, Stokes 0.003 to 4.45 corresponding to
diameters d = 4µm to d = 150µm, at dimensionless time t=15, : (top)
Lagrangian particle positions with 40000 particles, (bottom) Eulerian total
number density with a 400× 100× 10 grid.

as seen in the Isotropic Homogeneous Turbulence case in Fig. 4.21, where we projected the
Lagrangian results on the Eulerian grid. We compared this refined Lagrangian computation
to an Eulerian multi-fluid one computed on a refined 800 × 200 grid with 20 sections.
The DPS and the intermediate statistical Lagrangian computations are compared with the
multi-fluid on a 400× 100 grid with 10 sections. The results are summarized in Table 9.1.

As far as statistical Lagrangian description is concerned, the Eulerian multi-fluid method
presents the same cost in the intermediate case and is twice more costly in the refined case.
Nevertheless one has to notice that the 400×100×10 grid already produced refined results,
as one can see on Fig. 9.8 where very thin spray number density structures are captured.
Furthermore, as shown in Sec. 4.3, from a statistical point of view, the 4 Million particles
Lagrangian computation still produced, even if limited, some noise. This can be seen on
Fig. 4.21 for the isotropic homogeneous turbulence case, and this statement stands for the
jet case. Therefore more numerical particles would be needed to obtain better statistics
and the multi-fluid is thus very competitive compared to the Lagrangian DSMC method.
As far as Discrete Particle Simulation is concerned, the Eulerian multi-fluid presents higher
cost, as seen in Table 9.1. Nevertheless one has to notice the high parallelization capabil-
ity of Eulerian methods. The multi-fluid model will allow us to parallelize efficiently the
computation, as described in Chpt. 7 and used in a 3-D case in Chpt. 11. It increases very
significantly the efficiency of the Eulerian computations, and makes it very competitive
even compared to a sequential Lagrangian Discrete Particle Simulations.

In the present work, the two methods are only compared for the same one-way configuration
and for a given velocity field. Therefore, the computational cost purely devoted to the two-
way coupling of the phases is not evaluated. It is clear that such a topic would be necessary,
and we can envision that such a coupling will be very advantageous for the Eulerian method
since the exchange of mass, momentum and heat for the Lagrangian approach have to
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Figure 9.7 – Evaporating polydisperse spray, low inertia droplets, Stokes 0.003
to 0.18 corresponding to diameters d = 4µm to d = 30µm, at dimension-
less time t=15 : (top) Lagrangian particle positions with 40000 particles,
(bottom) Eulerian number density with a 400× 100× 10 grid.

be distributed to the various Eulerian nodes of the gaseous phase, due to heterogeneous
descriptions. Besides, such a problem also results in a kind of numerical “diffusion” related
to the Lagrangian approach, Chpt. 8. Even if speculative, such a statement allows to
predict that in such a context, for two-way coupling, the Eulerian description will be cheaper
in terms of computational cost without leading to any level of oscillation once the mesh
is coarsened. Such a statement is consistent with the conclusions from (Druzhinin and
Elghobashi 1999).
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Figure 9.8 – Evaporating polydisperse spray, high inertia droplets, Stokes 0.71
to 4.45 corresponding to diameters d = 60µm to d = 150µm, at dimension-
less time t=15 : (top) Lagrangian particle positions with 40000 particles,
(bottom) Eulerian number density with a 400× 100× 10 grid.

Lagrangian DPS Level Intermediate Refined Sim.
40 000 1 Million 4 Million

precision parcels parcels parcels
Lagrangian
CPU cost 4 20 80
(×1000s)
Eulerian 400x100x10 400x100x10 800x200x20
precision
Eulerian
CPU cost 20 20 160
(×1000s)

Ratio Eulerian 5 1 2
over Lagrangian

Table 9.1 – Computational cost comparisons between the Lagrangian and Eulerian multi-fluid

methods. 2D axisymmetric free jet with polydisperse evaporating spray injection.
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The applications aimed at with the multi-fluid method are combustion applications, as
aeronautical or automotive combustion chambers where liquid fuel is burnt. In this work,
the attention is focused on spray resolution methods, and thus the spray resolution has
been isolated from the gas phase one, for example taking one-way description. Nevertheless,
we would like to provide a first step toward combustion applications with the multi-fluid
method. A key point for two-phase combustion, when considering homogeneous regime,
is to compute precisely the fuel vapor mass fraction. This chapter evaluates the relevance
of the multi-fluid method for combustion applications. A Cartesian free jet configuration
is used, where the Eulerian description is first validated using the procedure introduced
in Chpt. 9. The multi-fluid description of the fuel vapor mass fraction is then evaluated,
still focusing on the spray resolution method. A procedure to simulate the fuel vapor mass
fraction without modifying the gas phase is thus used, storing the evaporated fuel in a scalar
advected and diffused by the flow. This procedure is described as the FADO procedure in
Chpt. 1. It allows to conduct precise comparisons with a Lagrangian description of the fuel
vapor mass fraction, concentrating on spray resolution issues. Finally, although this method
does not allow to conduct standard combustion computation, a Coldflame, neglecting the
flame effect on the gas phase, can yet be simulated, leading to a first multi-dimensional
two-phase combustion with a multi-fluid spray description.
This multi-fluid evaluation devoted to combustion applications has been conducted during
the 2008 CTR Summer Program at Stanford, (de Chaisemartin, Freret, Kah, Laurent, Fox,
Reveillon, and Massot 2009).
This study brings in original Eulerian/Lagrangian comparisons for combustion applications
and provides a new spray method evaluation framework devoted to combustion concerns.

10.1 Cartesian free jet: Eulerian description valida-
tion

We decide to conduct these study in the context of a 2-D plane jet with spray injection.
It provides a configuration easy to set up and well thus suited for first validations of fuel
mass fraction computations. It is a less rich configuration than the 2-D axisymmetric jet,
nevertheless it still contains interesting physics within an easier context. Before studying
the fuel vapor coming from the injected spray evaporation, we first validate the multi-fluid
method in this jet, performing Lagrangian comparisons, as introduced in Chpt. 9.

10.1.1 Cartesian free gaseous jet with spray injection

The low Mach dilatable solver implemented in CORIA’s ASPHODELE, Chpt. 8, is here
used to compute the plane jet. Turbulence is injected through a Klein method with 10% of
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Figure 10.1 – Free jet configuration: gaseous vorticity at time t=20, obtained on a 400×
200 grid.

fluctuations. The Reynolds number based on the geometry, as defined for the axisymmetric
jet Chpt. 9, is 1000. The computational domain has the size 12x0×6x0, where x0 = 1.5m−2

is the injection width. The computational grid has 400 × 200 points. The vorticity field
is plotted in Fig. 10.1 at dimensionless time t = t U0/x0 = 20, where, as in the axi-
symmetrical case, U0 = 1m/s is the jet injection velocity. As far as the liquid spray is
concerned, N-heptane is injected in the jet core, with a log-normal distribution, Fig. 9.2.
We use the modeling framework described for the axisymmetric jet, Chpt. 9, that is a D2-
law for evaporation, with a constant Spalding number BM = 0.1, and a Stokes drag force,
neglecting other forces, droplet interactions and computing a one-way coupling.

10.1.2 Eulerian plane jet computation validation

Before studying the fuel vapor issue, the Eulerian description of the spray dynamics is
validated, using Lagrangian qualitative comparisons, as done in the case of the axisymmetric
jet, Chpt. 9. With regard to the multi-fluid method, the “classical” monokinetic multi-fluid
method is used, with five to ten sections for the size phase space discretization, for non-
evaporating and evaporating cases, respectively. To facilitate coupling with the gas phase,
the same grid is used for the gas and for the multi-fluid method, with 400 × 200 points.
The splitting-based specific numerical method used in this 2-D Cartesian case is described
in details in Chpt. 3. As far as the Lagrangian reference is concerned, a DPS is chosen, see
Chpt. 9 for motivation, with 10000 to 70000 droplets at the considered time.

The global behavior of the spray in the non-evaporating and evaporating cases is well
predicted by the multi-fluid method, as shown in Fig. 10.2 and Fig. 10.3. To assess
the behavior of the multi-fluid, one has to check its ability to describe size-conditioned
dynamics. Low inertia droplet dynamics are plotted in Fig. 10.4 for both the Eulerian
and Lagrangian descriptions in the non-evaporating case. The Stokes range goes from
St = 0.011 to St = 0.12, corresponding to diameters from D = 9µm to D = 30µm. Very
good qualitative agreement is still to be found for these dynamics descriptions. Further-
more, as done for the axisymmetric jet, one has to validate the dynamics of higher inertial
droplets. The dynamics of droplets with Stokes from St = 0.48 to St = 1.1, i.e., diameters
from D = 60µm to D = 90µm, is therefore studied. In the present case, the turbulence
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Figure 10.2 – Non-evaporating polydisperse spray, whole size distribution, Stokes
0.011 to 1.1 corresponding to diameters D = 9µm to d = 90µm, at time
t=20: (top) Lagrangian particle positions with 70000 particles, (bottom)
Eulerian multi-fluid monokinetic number density on a 400× 200× 5 grid.

level being slightly higher, droplet trajectory crossings are more likely to occur. A very
good precision is obtained for the Eulerian multi-fluid dynamics compared with Lagrangian
description, Fig. 10.5, in the evaporating case. Therefore, even if crossings may appear
locally in the flow, the multi-fluid method still predicts the global dynamics with a very
good agreement with Lagrangian description.
These conclusions were already obtained in Chpt. 9, nevertheless the comparisons are pro-
vided in this chapter to validate the configuration before assessing fuel vapor mass fraction
description. Furthermore, it allows to present a validation for inertial droplets in a gaseous
field with a higher level of turbulence than in the axisymmetric case, and thus with higher
occurrence of local droplet trajectory crossings. The monokinetic multi-fluid method is thus
shown to be accurate in a more challenging context.

10.2 Multi-fluid gaseous fuel mass fraction prediction

The ability of the spray resolution method to describe fuel vapor mass fraction is a key
element for combustion applications. The multi-fluid method, through its size phase space
discretization, is able to predicts precisely the evaporation process. It is therefore ex-
pected to describe precisely the fuel vapor formation in the gaseous phase. The precision
of the multi-fluid fuel mass fraction computations is assessed through comparisons with
the prediction done by a Lagrangian DPS method. The framework adopted to conduct
such comparisons is first recalled, as well as the computational methods used for the fuel
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Figure 10.3 – Evaporating polydisperse spray, whole size distribution, Stokes 0.011
to 1.1 corresponding to diameters D = 9µm to d = 90µm, at time t=20:
(top) Lagrangian particle positions with 30000 particles, (bottom) Eulerian
multi-fluid monokinetic number density on a 400× 200× 10 grid.

vapor mass fraction resolution. Time resolved prediction of the fuel vapor by the multi-fluid
methods are provided and evaluated.

10.2.1 Computing fuel vapor mass fraction in one-way coupling

The fuel mass fraction is computed through Eulerian and Lagrangian spray description.
In order to isolate the intrinsic difference between these two descriptions of the fuel mass
fraction, the gaseous phase should be the same for both computations. Therefore one does
not want to take into account the influence of the fuel vapor on the gas phase. The fuel
vapor is thus stored in a scalar transported and diffused by the gaseous flow, Eq. (1.108),
but not influencing the gas thermodynamics, see Chpt. 1. A different scalar is used for each
spray description. This framework, albeit quite artificial, is a first needed step to focus on
the resolution methods, before studying their global impact on the whole flow computation.
The numerical tools obtained coupling CORIA’s ASPHODELE solver to MUSES3D, allows
to describe, for the same gas phase computation, both descriptions of the fuel vapor mass
fraction, see Chpt. 8. As far as resolution methods are concerned, the computation of the
Lagrangian described fuel mass fraction is inserted within the global Runge Kutta method
already used in ASPHODELE for gas and droplet resolution. On the other hand, the
resolution of the Eulerian described fuel mass fraction is obtained by a splitting algorithm.
The evolution due to the flow is computed with the global Runge Kutta scheme while the
evolution due to Eulerian mass source term is given by a single Euler step. Details and
justifications of these choices are given in Chpt. 8.
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Figure 10.4 – Non-evaporating polydisperse spray, low inertia droplets, Stokes
0.011 to 0.12 corresponding to diameters D = 9µm to D = 30µm, at time
t=20: (top) Lagrangian particle positions with 40000 particles, (bottom)
Eulerian multi-fluid monokinetic number density on a 400× 200× 5 grid.

10.2.2 Eulerian Lagrangian vaporization comparison

The fuel vapor mass fraction obtained through multi-fluid spray description is shown in
Fig. 10.6. Three times are represented, showing the evolution of the fuel vapor within the
gas flow. The chosen method provide a physically consistent description, but no conclusion
concerning precision can be drawn without comparing with the Lagrangian results. The
gaseous fuel mass fractions obtained by both methods, along with the Eulerian number
density and Lagrangian droplet positions are plotted in Fig. 10.7. Eulerian and Lagrangian
fuel mass fractions alone are represented in Fig. 10.8 for a more precise comparison. This
comparison underlines the efficiency of the Eulerian multi-fluid model in describing polydis-
perse evaporating sprays. Indeed, size distribution as well as size-velocity correlations are
to be precisely described to obtain the correct fuel vapor distribution. Furthermore, as one
can see in Fig. 10.8, the Eulerian description provides a smoother field than the Lagrangian
one. It illustrates the difficulties arising when coupling the Lagrangian description of the
liquid to the Eulerian description of gas and underlines the advantage of the spray Eulerian
description for the liquid-gas coupling. These results are a first step towards combustion
computations.



10.3. A first combustion case : coldflame computation 243

x

y

2 4 6 8 10 12

1

2

3

4

5

6

7

x

y

2 4 6 8 10 12

1

2

3

4

5

6

7

Figure 10.5 – Evaporating polydisperse spray, high-inertia droplets, Stokes 0.48
to 1.1 corresponding to diameters D = 60 µm to d = 90 µm, at time t=20:
(top) Lagrangian particle positions with 7000 particles, (bottom) Eulerian
multi-fluid monokinetic number density with a 400× 200× 10 grid.

10.3 A first combustion case : coldflame computation

10.3.1 Coldflame framework

In order to assess a first combustion case, we study the gaseous combustion of the evaporated
fuel. As it is aimed to conserve an approach devoted to spray resolution method evaluation,
the combustion should not modify the gas phase thermodynamics. A peculiar framework
is thus defined for combustion, given in details in Chpt. 1, and referred to as Coldflame.
Therefore, as for the gaseous fuel mass fraction, the burnt gases and the oxidizer are defined
in scalars that are not taken into account in the gas thermodynamics. Their evolution is
given in Eq. (1.110).
The burnt gas mass fraction sets the temperature of the coldflame. The reaction is taken
as a global one-step non-reversible reaction. The reaction rate is given by an Arrhenius law
modified by GKAS technique, Eq. (1.115). The ignition is done at the chemical equilibrium.

10.3.2 Multi-fluid spray combustion

The fuel vapor fraction field obtained with the Eulerian multi-fluid description, Fig. 10.6,
can be burnt using the coldflame framework. In this configuration, the only information
available about the combustion process is the burnt gas mass fraction. This mass fraction
is plotted in Fig. 10.9 for three different times. It is also represented in Fig. 10.10 (bottom),
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Figure 10.6 – Gaseous fuel mass fraction obtained from multi-fluid computed spray evap-
oration, on a 400× 200× 10 grid. Three times are plotted: (top-left) t = 5,
(top-right) t = 10, (bottom) t = 20.
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Figure 10.7 – Lagrangian and Eulerian evaporating spray descriptions at time t = 20,
obtained with a Lagrangian method with 30,000 droplets at the considered
time and a Eulerian multi-fluid model with a 400×200×10 grid. (Top-left)
Lagrangian droplet positions, (bottom-left) Eulerian number density; (top-
right) fuel vapor mass fraction from Lagrangian description, (bottom-right)
fuel vapor mass fraction from Eulerian description.
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Figure 10.8 – Comparison of the gaseous fuel mass fraction at time t=20, obtained from
evaporation using (top) a Lagrangian method with 30,000 droplets at the
considered time and (bottom) a Eulerian multi-fluid model with a 400 ×
200× 10 grid.

along with the resulting fuel vapor mass fraction, Fig. 10.10 (top), at time t = 20. This
achievement provides a first step toward multi-fluid description of two-phase combustion
applications, in multi-dimensional configurations.

The results obtained for the fuel vapor mass fraction description and for the Coldflame
computation demonstrate three main points in the study of the multi-fluid model:

• the efficiency of the multi-fluid size distribution description as well as the size-velocity
correlations;

• the global efficiency of the multi-fluid monokinetic formulation in turbulent jet con-
figurations;

• the relevance of the multi-fluid model for combustion applications.
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Figure 10.9 – Burnt gas mass fraction obtained from multi-fluid coldflame computation on
a 400×200×10 grid. Three times are plotted: (top-left) t = 10, (top-right)
t = 15, (bottom) t = 20.
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Figure 10.10 – Coldflame computation, time t = 20, 400 × 200 grid: (top) gaseous fuel
mass fraction obtained from multi-fluid evaporation (ten sections), (bot-
tom) burnt gas mass fraction.
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A 3-D computation with the multi-fluid method completes the evaluation of its applicability
to industrial scale computations. The study of the dispersion of a polydispersed spray in
a 3-D Homogeneous Isotropic Turbulence conducted in this chapter, represents a first step
for 3-D multi-fluid evaluation.
The key point in this computation is to illustrate its feasibility and to provide a first analysis
validating the multi-fluid description of the spray. This computation represents a challenge
concerning scientific computing issues. Indeed, due to the size phase space discretization
performed in the multi-fluid, this computation is 4-D. This computation is the outcome of
the work done on the scientific computing issues in the multi-fluid framework, Part. III.
The genericity obtained for the MUSES3D solver, Chpt. 6, allows to conduct easily its
parallelization. Furthermore, the chosen domain decomposition strategy provides a great
parallel efficiency, Chpt. 7, and makes the computations of the present chapter possible. The
gas phase computation, as well as the Lagrangian one, used to provide a validation of the
multi-fluid, were done at CORIA, (Reveillon and Demoulin 2007; Meftah 2008). Eulerian
results are compared to the Lagrangian ones for the description of the spray dynamical
equilibrium arising in HIT flows, (Reveillon and Demoulin 2007).
These recently obtained results provide an interesting basis to study the physics of the
spray in HIT through a Eulerian size-conditioned description, that should be done in future
works. The first 3-D configuration assessed with the multi-fluid model is provided in this
chapter. It represents the first step toward the multi-fluid implementation in semi-industrial
or industrial computational codes.

11.1 3-Dimensional DNS configuration

The Homogeneous Isotropic Turbulence configuration appears to be interesting to assess
3-D multi-fluid for three reasons:

• a spray dynamical equilibrium with the turbulence is reached, that corresponds to
a stationary slip velocity standard deviation, (Reveillon and Demoulin 2007). This
equilibrium leads to a stationary repartition of the spray density in the flow, con-
ditioned by droplet size. This equilibrium is thus very interesting to compare the
Eulerian and Lagrangian descriptions of the spray. This result can be linked with the
work done in (Dufour and Villedieu 2005) showing the existence of an equilibrium
velocity conditioned by size.

• HIT configuration provides very interesting points to assess Eulerian spray descrip-
tion, as crossing trajectories that can occur for inertial droplets. Furthermore, the
study of the Eulerian velocity field of the spray conditioned by size is also a relevant
issue. Although these points are not studied here, the required basis are provided.
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Figure 11.1 – Gas vorticity norm, obtained on a 1293 grid with spectral resolution: (left)
slice planes at the edges of the domain (x = xmax, y = ymax, z = zmax),
(right) slice planes inside the domain (x = xmax/2, z = zmax/2).

• Thanks to the use of a spectral solver, associated to a relatively low computational
cost, the HIT configuration is also interesting for practical reasons.

11.1.1 Frozen Isotropic Homogeneous Turbulence

The properties of the statistically stationary turbulence in this configuration are described
in Chpt. 4, and can be found in (Reveillon and Demoulin 2007). The statistically stationary
state is reached with a deterministic forcing scheme keeping the mean kinetic energy at a
prescribed level. The computational domain is cubic with a 3 mm edge. The computation
is done on 1293 points, with a single processor. Fig. 11.1 shows the gas vorticity through
slice planes at the edge and inside the domain.

11.1.2 Dispersed liquid phase

A uniformly distributed spray is introduced in the turbulence several eddy turnover times
after it reaches it stationary state. The spray is deposited with a zero initial velocity. The
case studied in this chapter focuses on a non-evaporating spray. It will be essential to treat
vaporizing case in order to take advantage of the multi-fluid size distribution description.
One can note that there is no limitation to conduct a such case. The non-evaporating case
was a necessary first case and the evaporating one will be addressed in a near future. As
far as droplet models are concerned, a Stokes law is used for the drag force. No droplet
interactions are taken into account and a one-way coupling is used. The particle inertia
are described by their Stokes number based on the Kolmogorov length scale, (Wang and
Maxey 1993), St = τp/τk, τk being the characteristic time of the velocity fluctuations of the
smallest structure, η = 1.8× 10−5m.
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11.2 Parallel multi-fluid computation for 3-D spray

The optimization of the MUSES3D platform through domain decomposition, Chpt. 7, al-
lows to compute the dynamics of a spray in 3-D HIT for different droplet sizes with the
multi-fluid model. The feasibility of this computation is shown and the used parallel setup
discussed. The relevance of the multi-fluid method for parallel computations in a domain
decomposition framework is illustrated here. This realization provides the starting point
for further detailed physical analysis of Eulerian spray description.

11.2.1 Multi-fluid parallel setup

As far as the grid is concerned, the same Cartesian grid as the gas phase is chosen. One has
to note that the gas is resolved through a cell-vertex finite-difference scheme, whereas the
multi-fluid method uses a cell-center finite-volume method. Therefore the gas cell vertexes
are taken as the multi-fluid cell centers. This choice was made for practical reason, in order
to avoid spatial interpolation, nevertheless it is possible, see Chpt. 6, to use a more refined
grid for the multi-fluid. A precise study of the refinement giving the best compromise be-
tween precision and efficiency for the multi-fluid should be conducted in the future.
A space domain decomposition is chosen for the multi-fluid, as advised by the study con-
ducted in Chpt. 7. Therefore each process of the parallel computation has a domain
Np
x × Np

y × Np
z × NS, where Np

x × Np
y × Np

z is the number of grid points of the pro-
cess sub-domain and NS is the number of multi-fluid size sections.
The parallel computations are distributed memory computations using MPI communica-
tions, Chpt. 7. The best efficiency for MUSES3D solver in this configuration is obtained, as
established in Chpt. 7, for 100 MPI parallel processes. This setup has been obtained with
MADNESS EM2C cluster, described in Chpt. 7. The domain decomposition minimizing
the communication time is obtained for (Npx, Npy, Npz) = (5, 5, 4), where Npi is the number
of processes in the ith direction. This is due to the InfiniBand connections of the cluster
favoring a high number of few data containing communications.

11.2.2 Eulerian size-conditioned spray dynamics

The Eulerian multi-fluid description of the spray dynamics are presented in this section for
two Stokes number, based on the Kolmogorov length scale:

• St = 1.05, corresponding to droplet with diameter D = 48µm;

• St = 0.17, corresponding to droplet with diameter D = 20µm.

These two different inertia allow to study a spray ejected from the center core and segregated
in weak vorticity areas, (Reveillon and Demoulin 2007). They are thus well suited for
robustness evaluation of the multi-fluid method. Indeed high density regions, as well as
vacuum, are created, that represent a challenging issue for a Eulerian method. Higher
Stokes number are not tackled here since it was shown in (Reveillon and Demoulin 2007)
that, for Stokes number greater than unity, the droplets are inertial enough to cross high-
vorticity areas, leading to a less segregated spray. In this case droplet trajectory crossings
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Figure 11.2 – Eulerian spray number density obtained with the multi-fluid method on a
1283 Cartesian grid. Slice planes at the edges of the domain (x = xmax,
y = ymax, z = zmax) for two Stokes number: (left) St = 0.17, (right)
St = 1.05.

Figure 11.3 – Eulerian spray number density obtained with the multi-fluid method on a
1283 Cartesian grid. Slice planes inside the domain (x = xmax/2, z =
zmax/2) for two Stokes number: (left) St = 0.17, (right) St = 1.05.

have a strong impact on the spray repartition and the monokinetic assumption of the multi-
fluid might not allow to describe it. A precise study extending the notion of critical Stokes
number, introduced in Chpt. 3, to this 3-D HIT configuration, would be needed to analyze
precisely the impact of the monokinetic assumption on the spray modeling. Nevertheless,
our aim here is only to provide a first realization of 3-D multi-fluid spray computation
as well as a first validation. The number density of the spray is plotted in planes at the
edges and inside the domain, in Fig. 11.2 and Fig. 11.3, respectively, to provide a global
comprehension of the spray repartition. Both Stokes number St = 0.17 and St = 1.05 are
plotted in each figure. Figures 11.2 and 11.3 show, as expected, two different dynamics,
with a higher segregation for the Stokes St = 1.05, and thus with high concentration regions
and vacuum.
Interesting perspectives can be thought of from these results. Indeed, they provide the basis
for physical studies on Eulerian description of spray ejection in 3-D vortices. The analysis
of the Eulerian velocity field, will enable to assess the existence of an equilibrium velocity
variety, introduced in (Dufour 2005). The study of this attracting velocity field will provide
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Figure 11.4 – Lagrangian droplet positions obtained by a DPS with 2150000 droplets. Slice
planes at the edges of the domain (x = xmax, y = ymax, z = zmax) for two
Stokes number: (left) St = 0.17, (right) St = 1.05.

comprehension of droplet ejection dynamics. Furthermore, droplet trajectory crossings can
be studied, in order to provide a Stokes criteria to foresee their formation, as done in 2-D
case in Chpt. 3 and Chpt. 4. This study could also assess the interest of Eulerian method
describing out of equilibrium velocity distribution, (Fox 2008; de Chaisemartin, Freret,
Kah, Laurent, Fox, Reveillon, and Massot 2009; Freret, de Chaisemartin, Laurent, Vedula,
Fox, Thomine, Reveillon, and Massot 2009).

11.3 3-D multi-fluid Lagrangian validation

This first 3-D spray computation with multi-fluid has to be completed by a first validation.
Global qualitative comparisons with a Lagrangian description of the spray are provided in
order to assess the multi-fluid description in the range of Stokes number studied.

11.3.1 Lagrangian reference

A Lagrangian DPS computation with two Million droplets uniformly distributed in the
domain is used to perform comparisons. This computation has been done at CORIA
laboratory, (Meftah 2008; Reveillon and Demoulin 2007). The spray dynamical equilibrium
is shown through the droplet positions, for the two considered Stokes, in Fig. 11.4 and
Fig. 11.5. The representation is done in the same planes as for Eulerian density plots,
Fig. 11.2 and Fig. 11.3.

11.3.2 Eulerian Lagrangian comparisons

First qualitative comparisons are provided in this paragraph. To assess the multi-fluid
description of the size-conditioned dynamics, Eulerian density fields are compared to La-
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Figure 11.5 – Lagrangian droplet positions obtained by a DPS with 2150000 droplets. Slice
planes inside the domain (x = xmax/2, z = zmax/2) for two Stokes number:
(left) St = 0.17, (right) St = 1.05.

grangian droplet positions. This type of qualitative comparisons has already been intro-
duced and justified in Chpt. 9. This procedure is applied in the planes x = xmax/2, Fig. 11.6
to Fig. 11.8, and z = zmax/2, Fig. 11.9 to Fig. 11.11. In the chosen inertial range, the spray
is ejected from the vortex cores and accumulated in low vorticity areas. In order to link
the spray dispersion given by both methods, to the gas vorticity structure, the square norm
of the gas vorticity is given in Fig. 11.6 and Fig. 11.9, for the planes x = xmax/2 and
z = zmax/2, respectively.

The comparisons are provided for low Stokes droplets, St = 0.17, in Fig. 11.7 and Fig. 11.11,
and for higher Stokes droplets, St = 1.17, in Fig. 11.8 and Fig. 11.11.

Qualitative comparisons between both approach can be done focusing on the vacuum zones
description. These zones correspond to the gas vortex cores, that can be identified from
the vorticity representation provided in Fig. 11.6 and Fig. 11.9. The repartition of these
vacuum zones obtained by the classical Lagrangian method is very precisely reproduced by
the multi-fluid on the different planes chosen, see Fig. 11.7 and Fig. 11.10. Furthermore,
the evolution of droplet repartition with inertia is very well captured by the multi-fluid.
Indeed, the Eulerian density fields for higher Stokes number still present very good agreee-
ment with the Lagrangian droplet repartitions, see Fig. 11.8 and Fig. 11.11.

It is obvious that these comparisons are not enough to characterize precisely the behavior of
the Eulerian multi-fluid model in this configuration. Nevertheless, the aim of this chapter
is above all to illustrate the efficiency of the developments realized in this work, Chpt. 7,
to obtain an implementation of the multi-fluid method in a parallel framework. This point
is made by the ability to compute this 3-D HIT configuration, that represents a first step
toward more complex 3-D configurations, as 3-D jet that are of great interest for multi-fluid
applications. The comparisons conducted with a Lagrangian reference are very encouraging
as far as the precision of the multi-fluid method in such configurations is concerned.
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Figure 11.6 – Gas vorticity square norm in the y − z plane at x = xmax/2. The gaseous
turbulence has reached its stationary state.
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Figure 11.7 – Eulerian Lagrangian comparisons in the y − z plane at x = xmax/2 for
low inertia droplets, St = 0.17: (left) Eulerian multi-fluid number density,
(right) Lagrangian droplet positions.
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Figure 11.8 – Eulerian Lagrangian comparisons in the y − z plane at x = xmax/2 for
higher inertia droplets, St = 1.05: (left) Eulerian multi-fluid number den-
sity, (right) Lagrangian droplet positions.
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Figure 11.9 – Gas vorticity square norm in the x − y plane at z = zmax/2. The gaseous
turbulence has reached its stationary state.
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Figure 11.10 – Eulerian Lagrangian comparisons in the x−y plane at z = zmax/2 for low
inertia droplets, St = 0.17: (left) Eulerian multi-fluid number density,
(right) Lagrangian droplet positions.
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Figure 11.11 – Eulerian Lagrangian comparisons in the x − y plane at z = zmax/2 for
higher inertia droplets, St = 1.05: (left) Eulerian multi-fluid number den-
sity, (right) Lagrangian droplet positions.





Conclusion

The study conducted in this work combines mathematical, numerical and physical analysis
of the multi-fluid method. The analysis of this Eulerian polydispersed spray description
through these different angles allows to provide in this work:

• specific numerical schemes design and analysis. The mathematical study conducted
allows to design robust numerical schemes. These schemes deal with the main dif-
ficulties arising in spray simulation such as vacuum zones and high density regions.
Furthermore, the developed numerical methods can resolve the singularities arising
due to the monokinetic assumption, the so-called δ−shock. The provided numerical
schemes ensure second order accuracy in space and time.

• Numerical tools devoted to spray methods evaluation are developed. They provide an
original implementation of the multi-fluid method, combining a high genericity level
and an important computational efficiency in a parallel framework. These tools allow
to compute 2-D, 2-D axisymmetric and 3-D configurations.

• Provided models and methods are validated. The physics of the multi-fluid model
is assessed through comparisons with numerical and experimental results. These
comparisons are the starting point for a physical analysis of spray dispersion through
a Eulerian size-conditioned description.

This multidisciplinary approach leads to the first Eulerian, size-conditioned, spray dynam-
ics computations in configurations close to industrial concerns in terms of computational
complexity, using an efficient parallel solver. It shows the multi-fluid method relevance for
industrial scale simulations through two main points:

• the feasibility of multi-fluid computations in reasonably realistic configurations. This
point lies on the scheme robustness and on the computational efficiency of their im-
plementation;

• the precision obtained in this context, established through numerical and experimental
validations.

This major achievement comes with four important novelties:

• time-resolved comparisons between Euler/Lagrange and Euler/Euler descriptions are
provided in a DNS context, a key element to derive closure for LES simulations.
These comparisons are done at two levels. Precise quantitative comparisons between
the multi-fluid and a DSMC Lagrangian method are conducted in 2-D vortical flows.
In the framework of more realistic flows, as 2-D jets or 3-D configurations, more
global qualitative comparisons are chosen. A DPS Lagrangian approach, leading to a
refinement closer to the one found in industrial configurations, is used. An important
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novelty of this analysis comes from its time resolution. Indeed, dynamical Eule-
rian/Lagrangian comparisons are provided, where, for the first time, instantaneous
fields are compared.

• The same type of time-resolved, size-conditioned comparisons are provided with ex-
perimental data. The size-conditioned description of the dynamics is a novel element,
as much from the experimental as from the numerical point of view, where a polydis-
persed Eulerian description is used.

• An operational evaluation of Eulerian and Lagrangian approaches, focused on preci-
sion and computational cost is conducted. For a given resolution level, the Eulerian
multi-fluid method presents costs equivalent to the Lagrangian ones. Compared to a
coarser Lagrangian simulation, closer to industrial concerns, the multi-fluid method
is more expensive, but provides more information. Furthermore, this extra cost will
not appear in a parallel framework, given the high efficiency of the multi-fluid in this
context and the difficulties encountered in Lagrangian parallel simulations.

• Finally, an academic solver combining a high parallel efficiency and a high level of
genericity has been developed. It provides a parallel efficiency close to unity using
Gustafson’s speed up definition. The high genericity provided has been illustrated
in (de Chaisemartin, Freret, Kah, Laurent, Fox, Reveillon, and Massot 2009; Freret,
de Chaisemartin, Laurent, Vedula, Fox, Thomine, Reveillon, and Massot 2009), where
different types of multi-fluid methods have been assessed in relatively complex jet
configurations. This numerical tool provides a spray resolution devoted framework,
allowing detailed dynamics evaluation of evaporating sprays, possibly with combus-
tion. This solver demonstrates the feasibility of multi-fluid model in more complex
configurations, and illustrates its relevance for industrial scale computations.

One can note that mathematical and physical modeling issues, as well as scientific comput-
ing issues, conditioning the computational cost, are necessary in order to move toward an
industrial tool providing Eulerian, numerically robust, polydispersed spray descrip-
tion.

The multi-fluid numerical and experimental characterization were done in the framework
of a Young Investigator Award from the French Ministry of Research (New Interfaces of
Mathematics - M. Massot, 2003-2006), and of an ANR (National Research Agency - France)
Young Investigator Award (M. Massot, 2006-2009, N: ANR-05-JC05-42263). The opera-
tional evaluation of Eulerian and Lagrangian approaches was done thanks to the support
of European Commission through the project “Toward Innovative Methods for Combustion
Prediction in Aero-Engines” (TIMECOP-AE, project N: AST5-CT-2006-030828).

As far as the perspectives of this work are concerned, three types of extension can be
thought of. The first one represents a direct continuation of the work provided in this
study, developing the physical analysis of evaporating spray dispersion and combustion.
The second one is related to the outbreak of new types of multi-fluid methods. Finally the
third one concerns the evolution one can expect for the multi-fluid method, i.e., its use in
LES of industrial devices.

• The direct extension of the provided work concerns the physical analysis of evaporat-
ing and burning spray dynamics, using the Eulerian multi-fluid method. Indeed, this
work is devoted to the evaluation of the multi-fluid method, in a simplified frame-
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work. A more global framework should be used to analyze the physics of the spray.
Given the genericity kept throughout this work, more complex evaporation and heat
transfer models are at present available in the numerical tools provided. Therefore
the physics of evaporation and combustion of a fuel spray could be studied through
a Eulerian method. Two-way coupling should be used in this context. Furthermore,
the 3-D computations achieved in the case of the Homogeneous Isotropic Turbulence
can lead to physical studies of the interaction between the spray and the 3-D turbu-
lent eddies. The Eulerian description, giving access for instance to a spray velocity
field, can bring in a refined physical comprehension. The behavior of the multi-fluid
method in a 3-D jet configuration should also be assessed.

• The second point is related to the evolution of the multi-fluid method. Indeed new
high order methods of moments are studied at present by Damien Kah, thanks to
a PhD grant of IFP, at EM2C Laboratory. On the one side, high order method of
moments for the size phase space, leading to an improved evaporation description
are developed, (Massot, Laurent, Kah, and de Chaisemartin 2009). On the other
side, high order methods for the velocity phase space, allowing to describe droplet
trajectory crossings, recently outbroke (Fox 2008), and have been extended to the
multi-fluid framework, (de Chaisemartin, Freret, Kah, Laurent, Fox, Reveillon, and
Massot 2009; Freret, de Chaisemartin, Laurent, Vedula, Fox, Thomine, Reveillon,
and Massot 2009).

• Finally, the last perspective concerns the use of the multi-fluid method in the frame-
work of industrial device LES. Two main issues have to be addressed in this context
and are currently work in progress.

• The first point concerns the use of the multi-fluid method for LES. In this con-
text, size-conditioned closure have to be provided, using the first results pre-
sented in (Reveillon, Péra, Massot, and Knikker 2004). Furthermore, mathe-
matical studies of the resulting equations could provide the elements to extend
the developed numerical schemes to this framework. The main difference comes
from the pressure arising in the momentum equation, vacant in the DNS case
due to the monokinetic assumption.

• The second point is related to the complex geometry arising in this framework.
Unstructured extension of the provided mesh is thus to consider. In order to
implement a specific numerical scheme in a semi-industrial solver such as AVBP,
co-developed at CERFACS and IFP, the evolution of the cell-centered kinetic
scheme provided in this work, to a cell-vertex formulation should be considered.
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