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Abstract

Large-Eddy Simulations (LES) of an evaporating two-phase flow in an experimental burner are performed using two different
solvers, CDP from CTR-Stanford and AVBP from CERFACS, on the same grid and for the same operating conditions. Results
are evaluated by comparison with experimental data. The CDP code uses a Lagrangian particle tracking method (EL) while the
code AVBP can be coupled either with a mesoscopic Eulerian approach (EE) or with a Lagrangian method (EL). After a validation
of the purely gaseous flow in the burner, liquid-phase dynamics, droplet dispersion and fuel evaporation are qualitatively and
quantitatively evaluated for three two-phase flow simulations. They are respectively referred as: CDP-EL, AVBP-EE and AVBP-
EL. The results of the three simulations show reasonable agreement with experiments for the two-phase flow case. To cite this
article: J.M. Senoner et al., C. R. Mecanique 337 (2009).
© 2009 Published by Elsevier Masson SAS on behalf of Académie des sciences.

Résumé

Simulations eulériennes et lagrangiennes aux grandes échelles d’un écoulement diphasique évaporant. Les simulations
aux grandes échelles (SGE) de l’écoulement diphasique évaporant dans un brûleur expérimental sont réalisées avec deux codes
numériques différents, CDP du CTR-Stanford et AVBP du CERFACS, sur le même maillage et pour les mêmes points de fonc-
tionnement. Les résultats obtenus sont validés par comparaison avec des données expérimentales. Le code CDP peut être couplé
à une méthode de suivi Lagrangien de la phase liquide (EL). Le code AVBP peut soit être couplé à une méthode mésoscopique
Eulérienne (EE), soit à une méthode de suivi Lagrangien (EL). Après validation de l’écoulement purement gazeux dans le brûleur,
la dynamique de la phase liquide, la dispersion et l’évaporation du carburant sont évaluées qualitativement et quantitativement
pour trois simulations diphasiques dénotées respectivement : CDP-EL, AVBP-EE et AVBP-EL. Les résultats obtenus par les trois
simulations sont en accord raisonable avec l’expérience pour l’écoulement diphasique. Pour citer cet article : J.M. Senoner et al.,
C. R. Mecanique 337 (2009).
© 2009 Published by Elsevier Masson SAS on behalf of Académie des sciences.
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1. Introduction

Large-Eddy Simulation (LES) is becoming a standard tool for combustion system analysis since it has extensively
demonstrated its ability to predict mean and unsteady reactive gaseous flows in complex geometries [1,2]. Therefore,
LES seems a natural candidate for the investigation of the complex physical phenomena involved in reacting two-
phase flows, for which two numerical strategies can be applied:

– In Euler–Lagrange (EL) simulations, the gas is modelled by a classical Eulerian approach whereas particles are
tracked in a Lagrangian framework [3,4];

– Euler–Euler (EE) simulations use the Eulerian description for the gaseous and the dispersed phases [5,6].

The Euler–Lagrange approach is commonly used as individual droplet physical mechanisms can be easily imple-
mented: polydispersion of a spray, crossing trajectories, bouncing on walls, group and wake combustion of droplets.
However, the large number of tracked particles in real applications and their localisation in the vicinity of the injector
lead to load balancing issues since the droplets are only present on few processors. Thus, the Euler–Euler approach is
sometimes preferred as the parallelisation of the liquid phase solver is identical to the gas solver. However, modelling
aspects are generally more difficult to treat in the Euler–Euler framework.

A joint effort between CERFACS, CTR, ONERA and TURBOMECA led to the experimental and numerical in-
vestigation of the flow features in a swirl-stabilised lab burner, called MERCATO, fuelled with liquid Jet-A kerosene
and operated at conditions where two-phase effects are significant.

In the present work the influence of time advancement and dispersed phase treatment are evaluated for a nonreacting
evaporating flow as a first step to the simulation of reacting systems. Three LES’s of the experiment are compared
using both approaches: two simulations are based on the explicit fully compressible solver AVBP (respectively referred
as AVBP-EL and AVBP-EE) in which both approaches are implemented, a third uses the implicit incompressible
solver CDP from CTR-Stanford combined with a Lagrangian particle tracking technique (CDP-EL). Simulations are
performed on the same grid for two regimes: (I) purely gaseous flow, (II) gaseous flow with evaporating droplets.
Available experimental data for regimes I and II include mean and root-mean square (RMS) velocity fields for the gas
and for the droplets.

The paper is organised as follows: Section 2 describes the MERCATO configuration and its operating conditions.
Section 3 is devoted to the numerical methods. Finally, results are discussed for the two cases presented above in
Section 4, followed by a conclusion.

2. Configuration

The experimental rig MERCATO (Fig. 1) is a swirled combustor fed with air and Jet-A liquid fuel. The plenum and
combustion chamber have square sections of respectively 100 mm and 130 mm. They respectively measure 200 mm
and 285 mm. The regimes considered are presented in Table 1. Case I is a purely gaseous flow. For Case II, the air is
heated up to 463 K to enhance evaporation and reduce the formation of liquid fuel films on visualisation windows.

For Case I, LDA measurements were performed on the gas seeded with fine oil droplets (<2 µm). The mean and
root-mean-square (RMS) gas velocity fields were obtained in five axial planes (z = 6 mm, z = 26 mm, z = 56 mm,
z = 86 mm, z = 116 mm), z being the axial distance from the chamber inlet plane. For Case II, PDA measurements
were performed to obtain the mean and RMS velocity fields of the droplets in three axial planes (z = 6 mm, z =
26 mm, z = 56 mm).

3. Numerics

3.1. Gas phase

3.1.1. CDP gas solver
The LES code CDP implicitly solves the filtered incompressible Navier–Stokes equations. Time integration in

CDP is based on the fractional-step method [7] and space integration relies on a second-order centred scheme which
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Fig. 1. The MERCATO configuration (ONERA Toulouse).

Table 1
Summary of operating points for the gaseous flow (Case I) and the two-phase flow (Case II).

Case Pressure
(atm)

Temperature (K) Flow rate (g/s) Equivalence
ratioLiquid Air Air Fuel

I: gaseous flow 1 – 300 15 – –
II: gaseous flow + droplets 1 300 463 15 1 1.0

conserves the kinetic energy while being free of numerical dissipation [8]. The dynamic Smagorinsky model [9] is
used for closure of the subgrid stress tensor.

3.1.2. AVBP gas solver
The LES code AVBP explicitly solves the filtered compressible Navier–Stokes equations with a centred finite-

element scheme which achieves third-order accuracy in both time and space [10]. The WALE model is used for
closure of the subgrid stress tensor [11]. Boundary conditions treatment relies on the NSCBC formalism [12].

3.2. Equations for the dispersed liquid-phase

For both approaches, it is assumed that (1) the density of the droplets is much larger than that of the carrier fluid,
(2) the droplets are dispersed and collisions between them are negligible, (3) the droplets are much smaller than the
LES filter width, (4) droplet deformation effects are small, (5) motion due to shear is negligible and (6) gravitational
effects are not significant compared to drag.

The governing equations of motion for the dispersed liquid-phase of both Euler–Lagrange and Euler–Euler for-
malisms are presented in the two next subsections. The evaporation models and the treatment of source terms are
described in common subsections.

3.2.1. Euler–Lagrange approach
The Lagrangian equations governing the droplet motion are written:

dxp,i

dt
= up,i (1)

and:
dup,i

dt
= 1

τ
(ũg@p,i − up,i) (2)
p
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where xp,i , ρp and ρg respectively denote the position of the droplet centroid, the liquid and gas-phase densities. up,i

is the droplet velocity and ũg@p,i the resolved gas-phase velocity interpolated at the droplet location. The droplet
relaxation timescale τp writes:

τp = 4

3

ρp

ρg

dp

CD(Rep)|ũg@p,i − up,i | (3)

where CD(Rep) is the local drag coefficient depending on the droplet Reynolds number Rep [13].
The direct effect of subgrid-scale fluctuations on particle motion is neglected for both Lagrangian approaches.

This seems acceptable for swirling separated flows with subgrid scale energy contents much smaller than those of the
resolved scales [14].

When dealing with evaporating droplets, equations for the droplet mass and temperature must be solved:

dmp

dt
= −mp

τm

(4)

and

dTp

dt
= −1

mpCp,l

(
Φc

g + mp

τm

Lv(Tζ )

)
(5)

where Lv is the latent heat of vaporisation, mp the mass of the droplet, Tp its temperature, Tζ the temperature at
the droplet surface and Cp,l the specific heat of the liquid. Assuming a spherical shape, the diameter of the droplet
is obtained from its mass: dp = (6mp/πρl)

1/3. Here, τm is the droplet lifetime scale, and Φc
g the conductive heat

flux on the gaseous side at the droplet surface. The terms on the right-hand side of Eqs. (4) and (5) are described in
Section 3.2.3.

In both CDP-EL and AVBP-EL, the interpolation of gaseous properties to the droplet is based on a least-squares
operator. For time advancement, CDP-EL uses a third order Runge–Kutta time stepping method while AVBP-EL relies
on a first order method. The respective accuracies are consistent with the timesteps of the gaseous solvers, respectively
the convective CFL for CDP (implicit scheme) and the acoustic CFL for AVBP (explicit scheme).

3.2.2. Euler–Euler approach
The Eulerian approach assumes that the dispersed phase can be described by a finite number of continuous prop-

erties which correspond to a conditional ensemble average of the droplet properties for a given gas-phase realisation.
They are called the mesoscopic liquid properties. The monodisperse equation system used in this study is a simplifica-
tion of the model by Février et al. [5]. It does not take into account the random uncorrelated motion [15]. The resulting
model leads to equations for the droplet number density, the liquid volume fraction, the mesoscopic velocity and the
mesoscopic enthalpy. By analogy to the gas-phase Favre filtering, a LES filter is applied to the mesoscopic equations

ᾰl f̆l = ᾱl f̂l where ᾱl is the spatially filtered liquid volume fraction. The final set of equations for the dispersed phase
is summarised below. The drag-force is written Fd,i , with τp defined by Eq. (3). The evaporation rate is denoted Γ .
The liquid phase convective and conductive heat mass transfers Φc

g and Φev
g are gathered in Π . Details on the source

terms are provided in Section 3.2.4.

∂n̄l

∂t
+ ∂n̄l ûl,j

∂xj

= 0 (6)

∂ρlᾱl

∂t
+ ∂ρlᾱl ûl,j

∂xj

= −Γ (7)

∂ρlᾱl ûl,i

∂t
+ ∂ρlᾱl ûl,i ûl,j

∂xj

= ρlᾱlFd,i − ûl,iΓ + ∂τ̄ t
l,ij

∂xj

(8)

∂ρlᾱl ĥl

∂t
+ ∂ρlᾱl ûl,j ĥl

∂xj

= −Π (9)

By analogy to compressible single-phase flows, the particle subgrid stress tensor τ̄ t
l,ij is modelled using a Smagorinsky

formulation for the trace-free part together with a Yoshizawa formulation for the trace part [16].
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In the Euler–Euler approach, the same scheme as for the gaseous phase is used to solve the set of equations defined
above. No interpolation procedure is involved for interphase exchange terms since for both phases quantities are
available at the nodes of the mesh.

3.2.3. Evaporation models
The evaporation models of the three approaches assume infinite thermal conductivity of the liquid: the evaporation

rate is driven by the thermal and species diffusion from the droplet surface into the gas phase. The surface droplet tem-
perature is then equal to the constant droplet temperature Tζ = Tp . In the EE approach, the surface droplet temperature
corresponds to the resolved mesoscopic temperature Tζ ≡ T̂l .

In the AVBP-EL and AVBP-EE solvers, the Nusselt (Nu) and Sherwood (Sh) numbers are modified following the
Ranz–Marshall correlations [17] to take into account the effect of non-zero slip velocity between droplet and carrier
phase. In the CDP-EL solver, this effect is modelled by the multiplicative correction for heat and mass transfer [18].

The liquid/gas interface is assumed to be in thermodynamic equilibrium, the Clausius–Clapeyron equilibrium
vapour pressure relationship is used to compute the fuel mass fraction at the droplet surface.

This leads to the following expressions for the droplet lifetime τm and the convective heating time scales:

mp

τm

= πdp[ρg DF ]s ln(1 + B)Sh (10)

Φc
g = πdp Nuλs(Tζ − T̃g@p)

ln(1 + B)

B
(11)

Φev
g = mp

τm

hs,F (Tζ ) (12)

The latent heat of vaporisation is defined as the difference between the droplet enthalpy and the enthalpy of the fuel
vapour, at the same temperature: Lv(Tζ ) = hs,F (Tζ ) − mpCp,lTζ . B stands for the Spalding number [19]. DF and λ

are the fuel vapour diffusivity and conductivity, respectively. The superscript s stands for values considered constant
throughout the gas layer around the droplets. To take into account the variation of composition and temperature of the
gas between the droplet surface and the far-field, the gas properties are evaluated using the 1/3rd–2/3rd rule [20].

3.2.4. Source terms
In the Euler–Euler approach, the source terms at a given node n correspond to a statistical mean over the realisa-

tions, written {·}l :

Γn = n̄l

{
−mp

τm

}
l

(13)

Πn = n̄l

{
Φc

g + Φev
g

}
l

(14)

In the Euler–Lagrange approach, the source terms of a particle p with coordinates xp,i are distributed among the
nodes n of the cell Ke where this particle is located. The conservative weights wp@n are calculated as follows:

wp@n =
∏

j �=n |xp,i − xj,i |∑
k∈Ke

∏
l �=k |xp,i − xl,i | for n ∈ Ke (15)

with xn,i the coordinates of the nodes, and |.| the norm operator. Summing over all particles M located in one of the
cells sharing the node n, one obtains:

Γn =
M∑

p=1

wp@n

(
−mp

τm

)
(16)

Πn =
M∑

p=1

wp@n

(
Φc

g + Φev
g

)
(17)
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Table 2
Summary of surrogate fuel properties used.

Solver surrogate reference Composition (in volume) Molar weight (g/mol) Boiling temperature (K@1 atm)

CDP-EL 80% of n-decane 165 606.5
20% tri-methyl-benzene

AVBP-EE and AVBP-EL [21] 74% of n-decane 137.2 445.1
15% propyl-benzene
11% propyl-cyclo-hexane

3.3. Choice of a surrogate for kerosene

Jet-A is a mixture of a large number of hydrocarbons and additives. In the LES’s, kerosene is modelled by a single
meta species built as an average of the thermodynamic properties of the multi-component surrogates. Two different
surrogates are used for the CDP-EL simulation and the AVBP-EL/AVBP-EE simulations. For both surrogates, the
liquid density is 781 kg/m3, the heat of vaporisation is around 3 × 105 J/kg, the liquid heat capacity is around
2 × 103 J/kg/K. Table 2 summarises the differences in molar weight and boiling temperature for both surrogates.

3.4. Liquid boundary conditions

In the CDP-EL simulations, particles are elastically bouncing at walls while no treatment is applied in the AVBP-
EL simulations. In the AVBP-EE simulation the liquid phase fulfils a slip condition at walls. One of the main factors
controlling the dispersion of the droplets is the description of the injection pattern. In this study there is no computation
of the atomisation process at the injector outlet and the three approaches have to rely on measurements and empirical
correlations to specify the injection condition on the atomiser outlet plane. The liquid injection boundary conditions
are based on a methodology which specifies tangential and axial outflow velocity components following the empir-
ical correlations of Rizk and Lefebvre [22]. Inlet profiles are reconstructed without parameter adjustment from the
following quantities: the liquid flow rate, the spray angle and the orifice diameter. These inlet profiles are used in the
CDP-EL simulation. In AVBP-EE the discharge orifice of the atomiser (diameter 0.5 mm) must be sufficiently meshed
to control the flow rate through the boundary. A compromise between discretising the boundary patch and keeping
a reasonable time step (limited by the smallest cell in the domain) is found in enlarging the boundary condition area
which is translated a few millimetres downstream from the real injection position. Boundary profiles are built from
the inlet empirical profiles (also used in CDP-EL) and applying the air entrainment model of Cossali [23].

In the AVBP-EL approach, particles are injected from a discrete point corresponding to the real injector position
while the same empirical correlations as in the AVBP-EE/CDP-EL approaches are used to determine particle veloc-
ities. Particles are injected with a random angle ranging between zero and the experimentally specified spray angle
(40◦). The axial velocity is constant while the tangential velocity component is a linear function of the injection angle.
No RMS value is specified at injection. For both AVBP-EL and CDP-EL, the initial droplet diameter is sampled from
a Lognormal distribution fitted with the spatially averaged experimental probability density function (pdf) of droplet
diameters at the first measurement plane (z = 6 mm). For the AVBP-EE simulation the first moment of the distribution
is used for injection.

4. Results

4.1. Gas flow without droplets (Case I)

Figs. 2 and 3 show mean and RMS gas velocity profiles in the axial and transverse direction for five axial positions.
The results of two AVBP and CDP gaseous simulations are compared with the experimental data (symbols). The
averaging time in both LES codes is of the order of 400 ms, corresponding to approximately 10 flow-through times.

Both solvers capture the flow correctly and results are in very good agreement with experiments. Some discrepan-
cies with experiments may be observed for the mean axial and tangential velocities, Figs. 2 and 3, left, at the two last
stations. However, measurement uncertainties are expected to be large in this low speed region as the experimental
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Fig. 2. Gaseous axial velocity (Case I). Left: mean, right: RMS. 1 LDA, — CDP, – – AVBP.

Fig. 3. Gaseous tangential velocity (Case I). Left: mean, right: RMS. 1 LDA, — CDP, – – AVBP.

profiles are not symmetric. Slight differences between the two codes appear especially for RMS of tangential velocity,
see Fig. 3, right. Here, the higher order of spatial accuracy of AVBP seems to provide a better representation of the
unsteady flowfield. On the other hand, the lower numerical dissipation of CDP can be noticed in the last measurement
plane for all velocity profiles as they lie above those of AVBP.

4.2. Gas flow with evaporating droplets (Case II)

For Case II, droplets are injected starting from a well-established gas-phase solution. Figs. 4 and 5a show an instan-
taneous view of droplet distribution in the combustion chamber. The three simulations capture the main structures of
droplet preferential concentration: the central recirculation zone has a low droplet density, dense pockets of droplets
can be seen in the shear layer of the swirled-air jet and droplets are trapped in the recirculation zone in corners of
the chamber. Such droplet concentrations lead to fuel vapour inhomogeneities through the evaporation source terms,
as shown in Figs. 5b and 6. In the CDP-EL simulation, the liquid seems to evaporate more strongly close to the in-
jector exit, as indicated by the evaporation rate isocontours (3 levels of respectively 7, 14 and 21 kg/m3/s). Such
high evaporation rates are not observed in the AVBP-EL simulation which injects the same polydisperse spray. Thus,
differences seem rather to be caused by the different surrogate or the evaporation model than by the evaporation of
small droplets.

The droplet velocity profiles at four axial planes are compared in Figs. 7, 8. The first plane (z = 0 mm) is not an
experimental measurement plane but is added for comparison of the profiles very close to the injector (z = −3 mm).
Only averaged velocities (over all droplet size classes) are shown as the EE approach only resolves a monodisperse
spray. The averaging time in the three simulations is of the order of 80 ms, corresponding to approximately 2 flow-
through times. The CDP-EL statistics are not properly converged in areas where the droplets density is low, such as
the chamber centreline. It is surprising to note that the AVBP-EL simulations display far better statistical convergence,
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Fig. 4. Instantaneous droplet distribution in the MERCATO chamber (Case II). Comparison between AVBP-EE and CDP-EL.

Fig. 5. AVBP-EL: Instantaneous droplet distribution in the MERCATO chamber and instantaneous kerosene vapour mass fraction with isocontours
of evaporation rate (Case II).

Fig. 6. Instantaneous kerosene vapour mass fraction (grayscale) and evaporation rate (isocontours).

maybe a consequence of the much smaller timestep of AVBP compared to CDP. The EE method clearly takes advan-
tage of its continuous mesoscopic approach (transported quantities are averaged over the particle realisations) and
results show the most converged profiles.

Note that the air flow rate was increased when performing the droplet LDA measurements at z = 56 mm to delay
spray impingement on measurement windows. Thus, the comparisons between LES and experiments at this location
are affected with larger uncertainties.

The agreement between the three simulations and the experimental profiles is good at z = 6 mm for the droplet
axial and tangential velocities, showing that the injection procedures described in Section 3.4 are reasonable for such
flows, where drag effects on particles are very pronounced. The agreement is still satisfying at z = 26 and 56 mm
for axial velocity. Differences may be observed for all three simulations close to the axis where the recirculation
zone is located. There, spatial segregation effects according to droplet size are expected to be significant. However,
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Fig. 7. Droplet axial velocity (Case II). Left: mean, right: RMS. 1 PDA, — CDP-EL, – – AVBP-EL, –· AVBP-EE.

Fig. 8. Droplet tangential velocity (Case II). Left: mean, right: RMS. 1 PDA, — CDP-EL, – – AVBP-EL, –· AVBP-EE.

the polydisperse Lagrangian simulations do not provide more accurate results in this zone than the monodisperse
Eulerian simulation. The three simulations fail to reproduce the shape and the levels of axial RMS velocity at the
first location. For the next stations, the three simulations reproduce the right fluctuation levels, but the shapes of the
profiles are not well captured, even though the experimental data is quite noisy.

Concerning the mean tangential component shown in Fig. 8, the three simulations predict the right opening of the
spray at z = 6 mm, but the discrepancies increase as the spray goes downstream. The maximum value and location
are not well predicted at z = 26 mm and z = 56 mm. The polydisperse AVBP-EL and monodisperse AVBP-EE results
are very close at z = 6 mm and the increasing differences between them z = 26 mm and z = 56 mm may originate
from polydisperse effects. However, results do not significantly improve for AVBP-EL. Looking at the RMS values
of the droplets tangential component shown in Fig. 8, the shape and values are well reproduced by the AVBP-EE
simulation while the AVBP-EL simulation fails to predict the decrease close to the centreline at z = 26 mm. The
CDP-EL statistics of this component are not sufficiently converged to compare them with experiments.

4.3. Comparison of computational cost

Table 3 gives a comparison of the computational times for the AVBP-EE and AVBP-EL simulations on different
numbers of processors. All parameters are identical for the gaseous phase and initialisation time is negligible in
comparison with computational time. The AVBP-EL calculation is performed with 285 000 droplets, no dynamical
load balancing is performed.

The AVBP-EL solver is nearly twice as fast as the AVBP-EE solver, demonstrating that the Lagrangian particle
tracking method is well suited for low particle numbers. However, AVBP-EE closely follows the ideal speed-up curve
whereas AVBP-EL suffers from the absence of dynamical load balancing. Moreover, it must be remembered that the
computational cost of AVBP-EE is independent of particle number.
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Table 3
Comparison of reduced efficiencies on an IBM Blue Gene/L supercomputer. The reduced
efficiency is the CPU time per mesh node and per iteration (µs/iteration/node).

Processor numbers 256 1024

AVBP-EE 4.342 1.154
AVBP-EL 2.842 0.874

5. Conclusions

The precision of two LES solvers (AVBP/CDP) combined with two different approaches for the modelling of
the dispersed phase (Eulerian/Lagrangian) has been compared in the case of a swirled liquid kerosene/air combustor
experimentally investigated at ONERA Toulouse. The agreement with experiments for the gaseous phase is very good
for both LES solvers. For the dispersed phase, mean axial velocity profiles are correctly reproduced while the opening
of the spray is mispredicted further downstream. Moreover, only correct fluctuation levels are obtained for RMS
velocity profiles. Finally, a clear gain of accuracy could not be evidenced for the polydisperse Lagrangian simulations
compared to the monodisperse Eulerian simulation. This may be a consequence of the simplified injection model and
requires further investigation.
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