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Abstract Reduction of pollutants emission or altitude re-ignition, strongly influenced by
turbulent mixing and fuel spray evaporation, are critical issues for aeronautical
gas turbine design. To understand unsteady spray combustion in industrial burners,
Large Eddy Simulation (LES) is a unique and powerful tool. Its potential has been
widely demonstrated for turbulent gaseous cold and reacting flows. Its extension
to two-phase turbulent reacting flows is an obvious research path for the future. In
the present work, an Euler-Euler formulation, together with a turbulent sub-grid
scale model and a turbulent combustion model, is used to solve the conservation
equations in each phase and the exchange source terms for mass, momentum and
heat transfer. A stabilised turbulent spray flame in an aeronautical gas turbine is
considered for application. Due to complex geometry, an unstructuredmesh is used.
The partially premixed flame structure revealed by LES is detailed. In particular,
the role of evaporation and recirculation zones on the stabilisation mechanism is
emphasized. Finally, LES and RANS results are compared.
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CONTEXT

Large Eddy Simulations (LES) are rapidly becoming standard tools to study
combustion in many modern combustion devices [1-6]. However, even though
multiple proofs of the validity of the LES concept have been obtained for
gaseous combustion, LES for two-phase flow combustion remains amuchmore
difficult topic for which very few recent studies are available [7-10]. Consid-
ering that most fuels used for aeronautical applications are liquid, the need
for two-phase combustion LES tools is obvious. The turbulent spray combus-
tion involves several different physical phenomena such as particle dispersion,
vaporisation, mixing and combustion. The dispersion is highly linked to the
characteristics of the spray. Experimental studies on dispersion of solid parti-
cles [11] and vaporised droplets [12] have shown the influence of the Stokes
number on the droplet trajectories. The isolated vaporising droplet model is a
simple but useful description of the vaporising spray, required to understand
the physics [13-17]. Different approaches have been used to analyse vaporis-
ing turbulent sprays : experiments [12, 18, 19], Direct Numerical Simulations
(DNS) [20], LES [21] and Reynolds Averaged Navier Stokes (RANS) [18] or



turbulent spray combustion : experiments [22, 23], DNS [24-26], LES [27] and
RANS [28, 29]. These recent studies exhibit the complexity of the multiple
interactions between turbulence, two-phase flows and combustion. The aim of
this paper is to use LES to analyse these unsteady correlations.
Modelling of the dispersed phase raises the question of the choice of the

method used to couple the liquid and the gas phases in a LES formulation. In
the Lagrange approach, the liquid phase is computed using a particle tracking
method in which each droplet (or group of droplets) is computed individu-
ally giving its trajectory, velocity, temperature and diameter [7]. In the Euler
approach, the liquid phase is homogeneized and solved for using a set of con-
servation equations for the liquid volume fraction, the liquid phase velocity and
temperature, and the first/second order moments of the size distribution [30,
31]. TheLagrange framework is used inmany applications because phenomena
like droplet break-up, dispersion, interaction with walls and droplet/droplet in-
teraction are easier to model. This choice may be revisited for the computation
of unsteady spray combustion in complex geometry. The first argument comes
from the numerics : LES are high CPU consumers; run on parallel computers.
However, a significant amount of work is still needed to implement efficiently
Lagrange algorithms on parallel computers [10]. Moreover, the cost of the
Lagrange treatment increases rapidly with the number of droplets while the
parallel efficiency decreases. On the other hand, Euler techniques are directly
parallelisedwith the same algorithms than the gas phase computations. Another
major issue for Lagrangian reacting two-phase LES is the number of droplets
per cell required to provide a correct description of the liquid phase. LES being
less dissipative than RANS, enough Lagrangian droplets must be used at each
time step in each cell to provide a smooth and accurate continuous field of
fuel mass fraction. Because the fuel vapour distribution, directly produced by
the discrete droplet evaporation source terms, controls the propagation of the
front [32, 33], this is crucial for two-phase flame computations. Very limited
experience on this question is available today but it is likely that combustion
requires much more particles than usually used for dispersion or evaporation
studies, leading to uncontrolled CPU costs. Another advantage of Lagrange
methods is that they naturally allow to track multisize droplet clouds. Size dis-
tribution controls the flame regime in many instances and must be taken into
account. However, recent studies have demonstrated that Euler techniques may
also be extended to include multisize liquid sprays [20, 34, 35]. Finally, a more
general question regarding LES of two-phase flow combustion is the difficulty
of specifying inlet conditions for the liquid phase: close to the fuel injectors,
the droplet velocity and size distributions are not known with precision due
to the complexity of primary atomization. The question then arises whether
it is worth computing the dispersion of the fuel droplets with a high-precision



Lagrange method while using very approximate injection conditions. Close to
the fuel injectors, the liquid phase is even not organized as droplets but more
as liquid blobs [36] showing that the Lagrange method cannot even be used
there. In these high-loading zones where no real drop exists, using the Euler
approach may actually be more compatible with the physics of the liquid phase
and the large uncertainties related to the fuel injection conditions.
In this paper, the Euler framework is chosen for LES. The parallel solver

AVBP is described and the computation of a turbulent stable spray flame at
atmospheric pressure in an industrial gas turbine sector is presented.

EQUATIONS

The Euler approach leads to similar conservation equations for both the
carrier phase and the dispersedphase, onwhichLESfiltering is then applied [37,
38]. For the carrier phase, the classical LES set of equations is recovered. It
is coupled with the dispersed phase equations through phase exchange terms.
The Favre averaged (defined as : φ̃ = ρφ

ρ̄
) governing equations for gas and

liquid mass and species conservation, momentum and total energy read :

D
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(ρ̄ũi) = − ∂

∂xi
p̄+

∂

∂x j
τ̄i j −

∂

∂x j
(ρ̄usgs)+ Īi (3)
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In these equations, ρ (ρl ) is the gas (liquid) mass density, Yk is the mass
fraction of the species k and ui (ui,l ) is the gas (liquid) velocity. E is the total



non chemical energy of the carrier phase defined as : E = es+ 1
2uiui where es

is the sensible energy and hs,l is the liquid sensible enthalpy. Finally, αl is the
volumic liquid fraction and n is the droplet density.
The stress tensor τ̄i j is assumed newtonian and the heat diffusion q̄ j is

determined by the Fourier law. The unresolved turbulent fluxes Ysgs= ũ jYk−
Ṽc

k, jỸk and Esgs= ũ jE− ũ j Ẽ are estimated by a classical gradient diffusion
assumption. The subgrid stresses usgs = ũiu j − ũi ũ j are modeled with the
WALE formulation [39].
The mass transfer Γ is expressed by the Spalding model [40] for spherical

droplets :

Γ = αl
6
d2Sh(ρDΓ)ln(1+BM) (9)

where the Sherwood Number Shis equal to 2 and the Spalding number is de-
fined by : BM = (YF,ζ −YF)/(1−YF,ζ ) with ζ denoting the value at interface.
The momentum transfer is defined as Ii = Fd,i +ui,l Γ where Fd,i is the stan-

dard drag force of a spherical droplet equal to−αl
3Cd
4d ρg|ui,l −ui,g|(ui,l −ui,g).

The drag coefficientCd is, for Red ≥ 1000, taken constant at 0.44and equal to
24

Red
(1+0.15Re0.687

d ) otherwise, with the droplet Reynolds number defined as
Red = d

νg
|ui,l −ui,g|.

The enthalpy exchange is :

Π = Λ+Φ (10)

where Λ is the contribution of mass transfer and Φ is the heat flux through
the interface. The enthalpy transfer linked to evaporation is taken as Λ =
hF,ζ Γ where hF,ζ is the sensible enthalpy of vaporised fuel. The heat flux is
defined by Φ = αl λNu 6

d2 (Tζ −T) where Nu is the Nusselt number and Tζ is
the temperature at the interface.
The reaction rate ω̇k and the heat release ω̇T are modeled by an Arrhenius

law [41] with coefficients fitted by a genetic algorithm [42] from a reduced
chemistry [43] to the present one-step chemistry : JP10+14O2 ⇀↽ 10CO2 +
8 H2O using criteria such as flame speed and thickness. The fuel JP10 is
a substitute for kerosene and has the same thermochemical properties. The
flame/turbulence interaction is modeled by the thickened flame model [6].

THE LES CODE

The LES solver AVBP is a finite volume code, computing the equations for
both phases with the same numerical method on the same unstructured mesh.
It is explicit in time and takes into account the variations of molecular weights



and heat capacities with temperature and mixture composition. Boundary con-
ditions used for inlets and outlet are non-reflective NSCBC conditions with
relaxation coefficients [44]. Symmetry conditions are used on the burner sides,
while non-slip adiabatic walls are used elsewhere. The unstructured mesh is
composed of 2.3million of tetrahedral elements. In this application, the time
step is about ∆t = 0.2µs. To calculate one turnover time of the swirled flow
τswirl ' 3.5ms, the LES computation of the turbulent spray flame takes one day
on SGI ORIGIN 3800 on 64 processors.

CONFIGURATION

The configuration is a 1/16th part of an annular combustion chamber. The
geometry takes into account themain swirled inlet, the primary jets, the dilution
jets and the cooling films that preserve the lower and upperwalls from the flame.
A sketch of the geometry and a view of the mesh are presented on Figure 1. The
four primary jets are located on upper and lower walls, between the centered
vertical plane and the sides of the burner, leading to highly turbulent impacts.
Ten dilution jets are placed downstream to create a "cold wall" composed of
cooling air, limiting the outlet temperature to preserve the downward turbine
structure.

a.
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b.

Figure 1: a. Geometry of the configuration, b. Mesh view (central plane)

INLET CONDITIONS

Air at 525 K is injected by two annular swirlers located upstream of the
computational domain. The inner swirler is located between r∗ = r/rmax= 0
and 0.4, where rmax is the maximum radius of the outer swirler and r∗ is
defined as illustrated on Figure 2a. Using a cylindrical referential, the velocity
components of the main swirled inlet (Figure 2b) are normalised by the bulk
velocityUbulk and noted with the symbol ∗. The normal and radial components



u∗n and u∗r are strongly influenced by both swirlers : their value is higher around
the external radius of each swirler. The Reynolds number based on the bulk
velocityUbulk and the maximum injection radius rmax is equal to Re= 15000.
The liquid fuel cone is defined by specifying αl ' 10−3 in the inner zone
and zero elsewhere, and taking the liquid velocity equal to the inlet gaseous
velocity. The initial diameter of the kerosene droplets is 15µm, and their
temperature is 288K. The Stokes number, based on the droplet relaxation time
τp = ρl d

2

18µ
= 2.0 ms, is equal to St= τp

τswirl
' 0.6. This means that the droplet

trajectories are quite correlated to the carrier phase motion. This correlation
rises when the diameter of the vaporising droplets decreases.
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Figure 2: a. Definition of r*, b. Radial profiles of u∗n ( ), u∗r ( ◦ ) and u∗
θ
( )

LES RESULTS

Dynamics

The swirled inlet generates a precessing motion and a recirculation zone,
starting close to the fuel injection and stopped by the primary jets. The transver-
sal half length of the recirculation zone is r∗ ' 0.4−0.6. An instantaneous
view of the dynamics on the vertical central plane is presented on Figure 3a.
The location of the primary jets, the dilution jets and the fuel injection is in-
dicated. The solid line shows the zone where the axial velocity is opposite to
the main flow direction. The impact of the primary jets on each other strongly
influences the dynamics as illustrated on Figure 3b, where the y-component of
the velocity is plotted on the plane of the primary jets.
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Figure 3: a. Back flow line, b. Primary jets : y-velocity field

PrecessingVortex Core

In its review on vortex breakdown [44], Lucca-Negro classifies the different
topologies of swirling flows using the swirl number. One of these topologies
at high swirl number is the precessing vortex core (PVC) : due to the swirl,
the axial vortex breaks down at the stagnation point S and a spiral is created
around a recirculation zone as illustrated on Figure 4a. In this application, the
swirl number (based on rdumpdefined on Figure 3a) is equal to :

S=
1

rdump

rdump∫
0

uwr2dr

rdump∫
0

u2r dr

= 0.44 (11)

Using the transverse planeA-Bdefined onFigure 5a, the backflow line is plotted
on Figure 4b at six successive times marked with a number from 1 to 6 and
separated by 0.5 ms. The precessing motion is then illustrated in the present
configuration with a turnover time equal to τswirl ' 3.5ms, corresponding to a
frequency of fPVC' 286Hz.
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Figure 4: a. Sketch of the PVC ; b. Backflow line at six successive times

Dispersion

Due to their relatively low Stokes number, the droplets motion is controlled
by the carrier phase so that the recirculation zone of the carrier phase and of the
dispersed phase are similar. This can be observed on Figure 5a, where the u= 0
isolines of both phases are superposed. Since the droplets are constrained by
the recirculation zone, they accumulate in a region close to the injector where
the droplet density and the volumic fraction increase above the injection value.
Radial dispersion by the swirl is also visible on Figure 5b.
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Figure 5: a. accumulation ; b. radial dispersion



Evaporation

Evaporation can be characterised on Figure 6 by the mass and heat transfer
fluxes Γ and Π (see Equation 9 and Equation 10). The evaporation zone is
located where fuel vapour is created. To describe the resulting fuel vapour
distribution, the mixture fraction and local equivalence ratio are respectively
defined by :

Z =
sYJP10−YO2 +YO2,0

sYJP10,0 +YO2,0

(12)

φ =
Z

1−Z
1−Zst

Zst
(13)

with YO2,0 = 0.233, YJP10,0 = 1 and Zst = 0.066. In the evaporation zone, the
mass transfer is high and leads to high variations of the local equivalence ratio.
This zone is globally very rich as illustrated by the field of equivalence ratio
on Figure 6a. The heat conduction Φ controlled by the temperature difference
is relative and heats the droplets (reducing the air temperature as illustrated on
Figure 6b) while the enthalpy transfer Λ linked to the mass transfer is positive.
The global heat transfer Π takes positive values where the heat released by the
flame front accelerates the evaporation.
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Figure 6: a. Equivalence ratio φ and mass transfer Γ , b. Heat transfer Π

Flame structure

The chemical reaction takes place where fuel vapour, oxidant and hot gases
are simultaneously present. The evaporation zone brings fuel vapour and the



recirculation zone brings hot gases : the flame front, presented on Figure 7a,
is attached to the evaporation zone and stabilised by the recirculation zone. It
is actually composed of two successive fronts separated by the primary jets.
In order to distinguish premixed and diffusion flame fronts, theTakeno index

T = ∇YF .∇YO and an indexed reaction rate ω̇∗
F = ω̇F

T
|∇YF |.|∇YO|

are used. The
flame structure is then divided in two parts : ω̇∗

F = +ω̇F in premixed regime
and ω̇∗

F =−ω̇F in diffusion regime. Results are shown on Figure 7b. Close to
the dispersion and evaporation zones, the turbulent mixing between reactants
create a rich partially premixed spray flame limited by the primary jets. By
continously creating pure fuel vapour, the evaporation process reinforces the
partially premixed regime. An important point is that the reaction rate is very
low there. The unburned fuel vapour and the cold air of the dilution jets then
create a second flame front in the diffusion regime. This is clear through the
Takeno index but also through the superposition of the reaction rate and the
stoichiometric line.
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Figure 7: a. Reaction rate ω̇F , b. Indexed reaction rate ω̇∗
F

Stabilisation mechanism

Classical combustion models of twin-fluid atomized jet spray [45, 46] are
used to characterise the main competitive phenomena for flame stabilisation :

1. the air velocitymust be low enough tomatch the turbulent flamevelocity :
the dynamics of the carrier phase (and in particular themain recirculation
zone) stabilise the flame front on a stable pocket of hot gases

2. zones where the local mixture fraction is within flammability limits must
exist : combustion occurs between the fuel vapour radially dispersed by



the swirl and the ambient air, where the equivalence ratio is low enough
3. the heat release must be high enough to maintain evaporation and reac-
tion : the sum of heat flux Π and heat release ω̇T , plotted on Figure 8a.,
allows to identify the zone ( )where the heat transfer due to evaporation
extinguishes the flame : Π+ ω̇T = 0.

In the present case, the flame stabilisation is the result ofmechanisms 1. and 3. :
the flame starts in the recirculation zonewhere residence times are high enough,
and is maintained at a certain distance by the cooling effect of evaporation. The
mechanism 2. is not preponderant because the flow is within the flammability
limit for a large range of the local mixture fraction, as illustrated by the mixture
fraction diagram of reaction rate presented on Figure 8b.
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Figure 8: a. Sum of heat fluxes Π+ ω̇T ; b. Reaction rate

PVC influence

The PVC generated by the swirl influences the dynamics of both the evapo-
ration and combustion zones. The precessing unsteady evolution of fuel mass
fraction (white solid line), heat release (black solid line) and temperature field
is presented on Figure 9, on the transverse planeA-B defined on Figure 5a. The
recirculation zones stabilise hot gases at the center of the combustion chamber
and near the lateral sides. Between these hot regions, a cold annular zone corre-
sponds to the evaporation domain. The fuel mass fraction isolines (YJP10 > 0.2)
are located in this zone and precess around the central recirculation zone. The
flame motion is controlled by two main mechanisms : the central recirculation
zone stabilises directly the flame front and evaporation brings fuel vapour to the
flame. Therefore, the flame front also precesses around the central recirculation
zone and is attached to the evaporation zone.



a.⇒b.

Time between each successive image : 0.5 ms ⇓
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Figure 9: a.→d. Temperature field, fuel mass fraction (white solid line) and heat release (black
solid line) at four successives times

AVERAGED FIELDS

Mixture fraction

Scatter plots of mean temperature Tg and oxygen mass fraction YO2 versus
the mixture fraction are presented on Figure 10. Theoretical lines represent-
ing pure mixing ( ) and infinitely fast chemistry ( ) are also shown.
Compared to gaseous combustion, the evaporation process implies main dif-
ferences on the flame structure. First, the maximum mixture fraction does not
exceed Zmax= 0.65 (with the reference fuel mass fraction fixed at YJP10,0 = 1
in Equation 12). This corresponds to the maximum fuel mass fraction at the
limit of saturation of the liquid fuel which is equal to YJP10,ζ = 0.65. Sec-
ond, in the evaporation zone, the gaseous temperature goes below the injection



temperature and therefore, below the mixing line. Third, for mixture fractions
higher than the stoichiometric value (evaporation zone), the effects of mixing
are stronger than the effects of chemistry because the high heat and mass trans-
fers decrease the gaseous temperature and increase the local equivalence ratio.
The structure of the obtained scatter plots can be analysed as in Réveillon and
al.[25] studying the differences between gaseous and two-phase flames using a
DNS approach. In particular, as presented on Figure 11, the intermediate lines
corresponding to two-phase reaction can be identified.

a. b.

Figure 10: LES Mixture fraction diagrams

a. b.

Figure 11: DNS Mixture fraction diagrams [25]

LES vs. RANS

For comparison, the same configuration has been run on the same mesh
with the RANS code N3S using the models summarised in Table 1. Mean and
fluctuating normalised velocities are compared on the vertical central plane at
different cutting lines presented on Figure 12. The axial, radial and tangential
components are respectively presented on Figure 13, Figure 14 and Figure 15.
The main flow is strongly influenced by the jets penetration. The agreement



between LES and RANS is good on the mean velocities. However, LES leads
to higher values of fluctuations. In the RANS approach, these fluctuations were
simply approximated by 1

3k0.5. The fluctuating velocities are higher with the
LES approach. Thanks to a higher turbulence level, the mean temperature field
presented on Figure 16 is more rapidly homogenised in the LES case than in
the RANS case. The influence of the dilution jets is higher in the RANS.

Table 1: AVBP and N3S models

Flow turbulent spray flame
AVBP LES (WALE) Euler/Euler Local thickening
N3S RANS (k-ε) Euler/Lagrange Eddy Break-Up
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Figure 12: Sketch of cut lines
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Figure 13: Axial velocity : (u∗n ,u′∗n )
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Figure 14: Radial velocity : (u∗r ,u′∗r )
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Figure 15: Tangential velocity : (u∗
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Figure 16: Mean temperature : T

CONCLUSION

The stabilised turbulent spray flame of an aeronautical gas turbine has been
computed using the parallel LES code AVBP on an unstructured grid. Instan-
taneous and local results as well as steady mean results were both analysed
and showed the good behaviour of the Euler model for the dispersed phase.
The partially premixed flame structure was detailed and the importance of the
evaporation on the flame topology was highlighted. The averaged results were
quantitatively compared to the results of the RANS code N3S on the same
configuration. Although the models used for turbulence, spray dispersion and
combustion are different, mean fields proved to be very similar.



The LES approach brings here a totally new insight into the physics of such
reactive two-phase flows, particularly on the unsteady mechanisms of a turbu-
lent spray flame involving hydrodynamics ( like the main swirled inlet and the
transversal jets), particles dispersion and their evaporation, and combustion.
The high variations of the local equivalence ratio in the evaporation zone and
the stabilisation mechanism, controlled by both dynamics and evaporation are
critical phenomena for such systems that deserve detailed and accurate studies.
As a conclusion, this LES approach is a promising tool to investigate complex
unsteady problems such as ignition, pollutant formation or response of a spray
flame to complex acoustic perturbation.
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