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LES of two-phase reacting ows

By M. Sanjosy, T. Lederlin, L. Gicquely, B. Cuenoty, H. Pitsch,
N. Garca-Rosaz, R. Lecourtz AND T. Poinsot{

Large-eddy simulations (LES) of a two-phase ow in an experimental burner are per-
formed using two di erent solvers, CDP from Stanford and AVB P from CERFACS, on
the same grid and for the same operating conditions. The nunmical results of both
codes are evaluated by comparison of experimental data. Theestrig, called MERCATO,
is an aeronautical-type swirl-stabilized spray burner, fieled with liquid Jet-A kerosene.
The CDP code uses an implicit incompressible gas solver totfeer with a Lagrangian
liquid-phase tracking method and a amelet model for combugion. The AVBP uses an
explicit compressible gas solver, a mesoscopic Eulerian ppach for the dispersed droplet
phase and a thickened ame model for turbulence-combustioninteraction. Gas and liquid
phases dynamics, droplet dispersion and fuel evaporationral burning are qualitatively
and quantitatively evaluated. Results show a good agreemerof both methods for the
non-reacting but evaporating case. Preliminary results fo the ame are also shown and
exhibit more important di erences.

1. Introduction

Large-eddy simulation (LES) is becoming a standard tool forgaseous reacting ows
(Mahesh et al. 2004; Selleet al. 2004; Moureauet al. 2005; Rouxet al. 2005; Poinsot
& Veynante 2005). The application of LES to non-reacting two-phase ows (Apte et al.
2003; Riberet al. 2006, 2008) or to reacting two-phase ows (Hamet al. 2003; Menon &
Patel 2006; Patel & Menon 2008; Boileauet al. 2008&,b) is at an earlier stage because
of the multiple challenges associated with the descriptionof fuel spray atomization, of
interaction of droplets with ames or walls and the lack of experimental results which can
be used to validate CFD results. This report presents a jointe ort between CERFACS,
Stanford, ONERA and IMFT to perform LES of an experimental tw o-phase combustor
installed at ONERA, Toulouse. This con guration has been computed with two di erent
solvers (CDP of Stanford and AVBP of CERFACS) and results have been compared to
experimental ONERA results for three Cases: (I) purely gaseus non-reacting ow (lI)
gaseous non-reacting ow with evaporating droplets and (lll) reacting ow with droplets.
Available experimental data for Cases | and Il include velody elds for the gas and for
the droplets. For Case Il (reacting), the velocity eld of d roplets in the fresh gases has
been measured.

The numerical e ciency of solvers used for two-phase ows isan additional constraint
which was studied during this work. For single-phase ows, rarallel speed-ups of the or-
der of 5000 are not uncommon (www.cerfacs.fr/cfd/parallelhtml). Maintaining a similar
parallel e ciency for a two-phase ow solver raises additional questions. A rst one is the
choice of the time-advancement scheme: Using implicit timeadvancement for LES is an
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Figure 1. The MERCATO con guration (ONERA Toulouse).

obvious path to increase e ciency but developing e cient im plicit solvers on thousands
of processors is di cult. A second issue is the paradigm choan to describe the dispersed
phase: Both Euler-Lagrange (EL) and Euler-Euler (EE) (Mahesh et al. 2006; Riberet al.
2008; Boileauet al. 200&; Patel & Menon 2008) are found in LES of two-phase ows.
The EL method is more commonly used as it allows a straightfoward implementation of
physical aspects, such as poly-dispersion of a spray, crasg trajectories, wall bouncing
of droplets and droplet-wake combustion. However, the EE aproach is sometimes pre-
ferred for its identical parallelization of liquid and gas solvers. This continuous approach
provides naturally converged statistics over the dropletsnumber, contrary to the EL ap-
proach which may require longer simulation time for converg@nce. Here again, precision
and scaling possibilities on massively parallel machinesra crucial issues. During this
work, the in uence of time advancement and of dispersed phas treatment was studied
by using an implicit Euler-Lagrange solver (CDP) and an expicit Euler-Euler solver

(AVBP).

2. Con guration

The experimental rig MERCATO (Fig. 1) is a swirled combustor fed with air and Jet-
A liquid fuel. The regimes considered here are presented inable 1. The ow conditions
are di erent for the reacting and non-reacting Cases. For C&e |l (non-reacting), the air
is heated up to 463 K to enhance evaporation and reduce the famation of liquid fuel
Ims on visualization windows. Case | and Case Il are operatd at the same air inlet
temperature and with the exact geometry displayed in Fig. 1.For these Cases the ow
exits in the atmosphere, while for Case Ill an additional exhaust pipe is added after the
combustion chamber.

For Cases | and Il, the comparison is performed for the mean ath RMS velocity elds
of the gas and (for Case II) of the droplets. For Case lll, the doplet velocity eld and
the ame position will be used for comparison. In non-reactng Cases | and Il, velocities
and size measurements were performed using PDA-LDA. For Caslll, droplet velocities

are measured using PIV.
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Case Pressure  Air Liquid Air Fuel Equivalence
(atm) temperature (K) ow rate (g/s) ratio
|: gaseous ow 1 463 15
Il: gaseous ow + droplets 1 463 300 15 1 10
I1l: reacting two-phase ow 1 285 285 26 29 1.6

Table 1. Summary of regimes.

3. Description of solvers and models

Numerical methods used in both LES solvers for the gas phasealie been extensively
described before (Moureauet al. 2005; Selleet al. 2004; Schmitt et al. 2007; Mahesh
et al. 2004; Ham & laccarino 2004, Riberet al. 2008) and will only be summarized here.

CDP: Euler / Lagrange method

The LES solver CDP solves implicitly the incompressible Naver-Stokes equations. The
time integration of CDP is based on the fractional-step mettod (Kim & Moin 1985) and
the space integration relies on a second-order central sche which conserves the kinetic
energy (Maheshet al. 2004; Ham & laccarino 2004). The dynamic Smagorinsky model
(Germano et al. 1991) is used to model the subgrid stress tensor. Droplet dyamics are
simulated using a Lagrangian point-particle model. It is asumed that (1) the density of
the droplets is much greater than that of the carrier uid, (2 ) the droplets are dispersed
and collisions between them are negligible, (3) the droplet are much smaller than the
LES lter width, (4) droplet deformation e ects are small an d (5) motion due to shear
is negligible.

AVBP: Euler / Euler method

The AVBP code solves the compressible Navier-Stokes equatis with a third-order
scheme for spatial di erencing and a Runge-Kutta time advarcement (Colin & Rudgyard
2000; Moureauet al. 2005). The Wale model is used to model SGS tensors (Nicoud &
Ducros 1999). Boundary conditions are handled with the NSCE formulation (Poinsot
& Veynante 2005; Poinsot & Lele 1992). The treatment of the dspersed phase is based
on a monodisperse Eulerian mesoscopic approach, followirlge methodology of the non-
reacting con guration of Riber et al. (2008) and of the reacting cases of Boileaet al.
(2008,b). Conservation equations are solved for droplet number desity, liquid vol-
ume fraction, droplet mesoscopic velocity components and mbplet enthalpy. The present
EE method neither takes into account local poly-dispersionnor trajectory crossing of
droplets. If two packets of droplets, having di erent mesoscopic velocity, temperature
and mean droplet diameter, intersect, they collapse into oe packet having the averaged
properties of the preceding two. Multiple Euler-Euler formulations allow to correct these
limitations (Laurent et al. 2004; Desjardinset al. 2006), but the focus of the present work
was not to develop this aspect.
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Solver Composition Molar Weight Boiling
Surrogate reference (in volume) (g/mol) Temperature (K)
CDP-EL 80% of n-decane
(Peters 2006) 20% tri-methyl-benzene 165 606.5
AVBP-EE 74% of n-decane
0, -
(Luche 2003) 15% propyl-benzene 137.2 445.1

11% propyl-cyclo-hexane
Table 2. Summary of used surrogate fuel properties.

4. Kerosene description and evaporation models
4.1. Choice of a surrogate for kerosene

In the experiments, the injected fuel is a commercial aviaton kerosene Jet-A, which is
a mixture of a large number of hydrocarbons and additives. Inthe LES calculations,
kerosene is modeled by a singleneta species built as an average of the thermodynamic
properties of kerosene multi-component surrogates. Thedjuid density for both surrogates
is 781 kg/mq, the heat of vaporization is approximately 25 10° J/kg, the liquid heat
capacity is approximately 2 10° J/kg/K. The properties are very close for both surrogate
fuels' di erences are summarized in Table 2.

4.2. Evaporation model

In both solvers, a classical model is employed for evaporaih, which assumes in nite
thermal conductivity of the liquid: The evaporation rate is driven by the thermal and
species di usion from the droplet surface into the gas phase

In the AVBP-EE solver, the Nusselt Nu and Sherwood Sh numbers are modi ed
following the Ranz-Marshall correlations (Ranz & Marshall 1952) to take into account
the e ect of droplet inertia in the carrier phase. In the CDP-EL solver, this e ect is
modeled by the multiplicative correction for heat and mass ransfer proposed by Faeth
(1983), Faeth & Lazar (1971).

The liquid/gas interface is assumed to be in thermodynamic quilibrium, the Clausius-
Clapeyron equilibrium vapor pressure relationship is usedto compute the fuel mass
fraction at the droplet surface. To take into account the modi cation of compaosition and
temperature of the gas around the droplets, the gas properéis are evaluated using the
one-third two-thirds rule (Hubbard et al. 1975) for constant reference mass fractions and
temperature.

5. Boundary conditions

Both solvers use zero velocity at walls for the gas velocityln the EL simulation,
particles are elastically bouncing at walls while in the EE $mulation, the liquid phase
follows a slip condition at walls. One of the main factors cotrolling the dispersion of the
droplets is the description of the injection pattern. In thi s study there is no computation
of primary atomization at the injector outlet and both EE and EL approaches have to
rely on measurements and empirical correlations to adjust le injection condition on the
atomizer outlet plane.
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Figure 2. Axial velocity (Case I). Left: mean, right: RMS. 2 LDA, CDP-EL, - - AVBP-EE.
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The injection boundary conditions are based on a methodolog which takes into ac-
count radial, tangential and axial out ow velocity compone nts. Following the empirical
correlations of Rizk & Lefebvre (1985), inlet pro les are built from the following pa-
rameters: the liquid ow rate, the spray angle and the internal geometry of the Simplex
atomizer. These inlet pro les are used in the CDP-EL simulation. In the AVBP-EE
continuous approach, the discharge ori ce of the atomizer (iameter 0:5 mm) must be
su ciently meshed to control the ow rate through the bounda ry correctly. A compromise
between discretizing the boundary patch and keeping a reaswble time step is found in
enlarging the boundary condition area which is translated afew millimeters downstream
from the real injection position. Boundary pro les are buil t from the inlet empirical pro-
les (used in CDP-EL) and applying the air entrainment model of Cossali (2001). For
the EL approach in CDP, the initial droplet diameter is sampled from a Rosin-Rammler
distribution tted with the experimental probability dens ity function (pdf) of droplet
diameters at the rst measurement location (z = 6 mm). For the AVBP-EE simulation,
the rst moment of the distribution is used for the injection .

6. Gas ow without droplets (Case I)

Before considering the dispersion and evaporation and comistion of droplets, it is nec-
essary to evaluate the precision of the computations for thearrier phase: the MERCATO
rig was operated without kerosene injection and LDA was perdrmed on the gas phase
seeded with ne (< 2 m) oil droplets so that results can be directly compared to g&-
phase simulations of CDP and AVBP. The unstructured mesh usd for both codes con-
tains 3:5 Mcells and 650000 nodes.

Figure 2 shows mean and RMS gas velocity pro les in the transerse direction for ve
axial positions, ranging fromz = 6 to z =116 mm from the injection plane. AVBP and
CDP results are compared to the experimental data (symbols)Both solvers capture the
ow correctly, considering that there is no adjustable inlet boundary condition which can
be tuned for this ow. The averaging time in both LES codes is d the order of 400 ms
corresponding to approximately 10 ow-through times. The time step used for AVBP
is 0:22 microseconds (imposed by the acoustic CFL condition), wife the time step for
CDP is 11 microseconds (corresponding to a convective CFL maber of 3).

Some di erences between the two codes appearn especiallyrfRMS values (Figs. 2
and 3, right) at locations where both solvers under-predictthe RMS levels. CDP predicts
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Figure 3. Tangential velocity (Case I). Left: mean, right: RMS. 2 LDA, CDP-EL, - -

AVBP-EE.

more precise axial velocity RMS levels at the two last compaison stations showing the
in uence of the kinetic energy conservation by the numericd scheme. Some discrepancies
may be observed for the mean tangential velocity (Fig. 3, lef) at the two last stations.
The experimental pro le is actually not symmetric at the last station, pointing out that
the measurement error in this low-speed region is large.

For this case, both AVBP and CDP also show that a strong Precesing Vortex Core
(spining at 800 Hz) dominates the unsteady activity and the RMS velocity eld. This
frequency was also evaluated in the experimental spectra giressure and velocity. Since
this is a classical result for such ows (Roux et al. 2005; Selleet al. 2006), it is not
described in greater detail here.

7. Gas ow with evaporating droplets (Case II)

For Case Il, droplets are injected starting from a well-estdlished gas-phase solution.
Figure. 4 shows an instantaneous view of droplets' distribtion in the combustion cham-
ber. Both simulations capture the same structures of droplé preferential concentration:
The central recirculation has a low droplet density, dense pckets of droplets can be seen
in the shear layer of the swirled air jet and droplets are traped in the recirculation zone
in corners of the chamber. Such droplet concentrations leatb fuel vapor inhomogeneities
through the evaporation source terms, as shown in Fig. 5. Inhe CDP simulation, the
liquid seems to evaporate more strongly close to the injectoexit, as indicated by the
evaporation rate isocontours. This may be due to the evaportion of small droplets from
the poly-disperse spray.

The velocity pro les of droplets are compared in Figs. 6 through 9. For these gures,
only the averaged velocity (overall droplet size classeskishown. Since the EE approach
used here provides only a mean droplet size, no attempt was nog to look at size-
conditioned statistics. The averaging time in both LES codes is of the order of 80 ms
corresponding to approximately 2 ow-through times. The CDP-EL statistical results
shows non-converged quantities in areas where the dropletumber density is low, such
as the chamber centerline. The EE method takes advantage ofs continuous mesoscopic
approach (transported quantities are averaged over the paicle realizations), and results
show smoother pro les. To delay the spray impingement on thevisualization windows,
the experimentalists have increased the air- ow rate to peform the LDA measurement
at z = 56 mm. Thus the comparisons at this location must be taken wth care.
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(@) AVBP-EE: droplet number density (b) CDP-EL: droplets' position (dots),
(grayscale). gas temperature (grayscale).

Figure 4. Instantaneous droplets distribution in the MERCATO chambe r (Case II).
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Figure 5. Instantaneous kerosene vapor mass fraction (grayscale) aml evaporation rate
(isocontours). Left: AVBP-EE results, right: CDP-EL resul ts (Case II).
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Figure 6. Mean axial velocity (Case II). 2 LDA, CDP-EL, - - AVBP-EE.

The agreement between the two LES codes and the experimentadro les is good at
z = 6 mm for the droplet axial velocity, showing that the inject ion procedures described in
Sec. 5 are suitable for such ows, where two-phase e ects androplet drag are signi cant.
The agreement is still good atz = 26 and 56 mm for axial velocity. Looking at the axial
RMS values, both simulations fail to reproduce the shape andhe levels of RMS at the
rst location. For the next stations, both codes reproduce the correct uctuation levels,
but the shapes of the pro les are not well-captured, even thaigh the experimental data
are quite noisy.

Concerning the mean tangential component shown in Fig. 8, bth simulations predict
the correct opening of the spray. Results show good agreemisnat z = 6 mm but the
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discrepancies increase as the spray moves downstream. Therimum value and location
are not well-predicted. Looking at the RMS values of the dropet tangential velocity
component shown in Fig. 9, the shape and values are very weleproduced by the AVBP-
EE simulation. The CDP-EL statistics of this component are not converged.

More generally, both approaches correctly predict the righ spray dynamics and uctu-
ations and their prediction is comparable. The drawback of he particular EL approach
is that the simulation should be performed over a longer phygal time than the EE sim-
ulation to collect statistically converged data. This convergence time depends both on
the gas characteristic time scale and on the liquid mass loadg.

Figure 10 shows that the AVBP-EE fails in predicting the droplet diameter distribu-
tion, in terms of shapes and values. The CDP-EL results exhili a better agreement in
terms of value, but still the shape of the mean diameter pro le is not well-reproduced at
z =6 and z = 26 mm. Again it must be noted that the experimental pro les a re quite
noisy, and the CDP-EL are not su ciently converged to decide on its accuracy.



LES of two-phase reacting ows 259

0mm 6 mm 26 mm

Distance to axis (mm)

0 ‘ 3 ‘ 6 ‘0 ‘ 3 ‘ 6 ‘ 0 ‘ 3 ‘ 6 ‘ é[;-‘
Droplet RMS tangential velocity (m/s)
Figure 9. RMS tangential velocity (Case Il). 2 LDA, CDP-EL, - - AVBP-EE.

Distance to axis (mm)

/
1

r
1
1
1

L L L L | L L | L | L Il L L
0 25 50 790 25 50 70 25 50 750 75
Droplet mean diameter ( m)

Figure 10. Droplet mean diameter (Case Il). 2 LDA,  CDP-EL, - - AVBP-EE.

8. Reacting two-phase ow (Case Ill)

The chemical model used in CDP uses a amelet approach basedhoa progress vari-
able and a mixture fraction (Pierce & Moin 2004). Chemistry is tabulated from a full
chemical scheme. In AVBP the reaction rates of the combustio of the kerosene surro-
gate are calculated by an Arrhenius law. The chemical schemis a two-step mechanism,
with an adaptation of the pre-exponential factor (Boudier et al. 2008), built to t the
laminar ame speed values as a function of local equivalenceatio evaluated with the
detailed mechanism of Luche (2003). The interaction betwee turbulence and combustion
is modeled using the DTF (dynamic thickened ame) model (Colin et al. 2000).

For this work, reacting ow LES were initialized the same way in both codes: starting
from a non-reacting regime, the chamber and exhaust gases veereplaced by burnt gases
and the heat-release model was subsequently started. Evemaough this procedure does
not correspond to a possible event in the real world, it allove to rapid convergence with
a well-established ame.

The ame structure obtained at steady state is complex: the nes where the droplets
evaporate overlap the reaction zones and a signi cant amounof liquid fuel actually
crosses the ame front and evaporates within burnt gases leding to very strong gradients
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(a) AVBP-EE: droplets density (grayscale) and (b) CDP-EL: droplets position (dots) and gas
gas temperature (isocontours). temperature (grayscale).

Figure 11. Instantaneous droplet distribution in the MERCATO chamber (Case IlI).

(a) Enlightened droplets on a (b) Flame structure.
laser sheet.

Figure 12. High-speed camera visualizations (Case IlI).

of fuel equivalence ratio and to ame structures which canna be found in gaseous ames:
in the present combustor, di usion ames are formed betwen oygen injected in the
air stream and fuel evaporated in the burnt gases. This is edenced in Fig. 11, which
displays an instantaneous eld of droplet distribution and the temperature distribution
in the burner central plane. High kerosene concentrations g found in hot regions near
the tip of the ame. At these locations, the local equivalence ratio can reach values close
to 2. A partially premixed ame occurs in the central recircu lation zone as the droplet
number density is lower and hot gases are stabilized.

Since the ame structure appears to be quite di erent in AVBP and CDP cases (see
Fig. 11) and since the available experimental visualizatios do not accurately localize
the ame front (Fig. 12), a reliable assessment of codes and ndels can not be made at
the present time, preliminary comparisons of chemistry moels on simpler kerosene/air
ames structures should be performed rst. Does the ame attached on the nose of the
atomizer as in the CDP eld? Is it due to the poly-disperse EL approach or the amelet
combustion model? These questions will be addressed by thauthors in future studies.

9. Conclusions

The precision of two LES solvers has been evaluated in the casof a swirled liquid
kerosene / air combustor developed at ONERA Toulouse. Even tough the two solvers
use very di erent methods, the results obtained for the nonreacting case and for the
evaporating non-reacting case agree reasonably and matciée experimental results. The
reacting case is more di cult and the ame structure is chara cterized by the fact that
evaporation of the liquid kerosene takes place behind or witin the ame itself. In the
future, when more statistically converged results are avdable, the comparison will show
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whether the ame is located more downstream, as predicted byAVBP, or close to the
nozzle, as seen in the CDP results. From these results and ftlrer simulations, it will be
interesting to analyze if di erences in the results arise pedominantly from di erences in
spray and combustion models.
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