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ABSTRACT
Tabulated chemistry methods present a compromise between computational cost and the ability to capture complex

combustion physics in high-fidelity numerical simulations. The application of such models entails a number of modeling
decisions, that may affect the simulation results significantly, especially in partially premixed combustion, where the as-
sumption of the existence of underlying premixed or non-premixed flamelet structures is arguable. In this work, different
classical tabulation strategies are assessed in terms of their ability to predict the lift-off induced by localized extinction in
a model aero-engine combustion chamber: the Cambridge swirl spray flame. The lift-off dynamics of the stable n-heptane
spray flame are compared using: i) premixed flamelets, ii) stable and unstable counterflow diffusion flamelets, iii) stable
and unsteady extinguishing counterflow diffusion flamelets, iv) unsteady extinguishing and reigniting counterflow diffusion
flamelets at a given strain rate. The extinction and reignition events associated to the lift-off are validated against OH-PLIF
measurements, and the temporal evolution of the lift-off and reattachment is analyzed.

INTRODUCTION
The usage of liquid fuels prevails in the aerospace industry motivated by their high energy density and the maturity

of the technology. Nevertheless, the continuous development of the existing solutions and the discovery of new disruptive
combustion technologies require more and more insight into the details of the underlying physical processes and their effect
on the macroscopic behavior of the propulsion system. Numerical simulations became an integral part of this development
process, with ever-increasing resources dedicated to large eddy simulation (LES) (Pitsch, 2006). LES captures the transient
nature of combustion, and thus it provides valuable information on the operating limits of combustors and pollutant for-
mation. In particular, this study focuses on LES coupled with tabulated chemistry methods. A comprehensive review of
frequently used methods is presented by Fiorina et al. (2015).

This study is focused on the LES of amodel aero-engine combustion chamber: the Cambridge swirl spray flame. (Sidey
et al., 2017) The configuration is illustrated on Fig. 1a. Air is introduced to the burner through an annular duct of outer
diameter of 37 mm. Guide vanes are placed in the air inlet at an angle of 60◦, inducing swirling flow of geometric swirl
number: S = 1.23. (Cavaliere et al., 2013) Downstream the swirler, the annular duct is narrowed in two sudden steps to a
final width of 6 mm where it reaches the combustion chamber. The central part of this annular duct is a bluff body of final
diameter: Db = 25 mm, that, together with the effect of the swirl, creates a strong central recirculation zone (CRZ) stabilizing
the flame. Liquid fuel is introduced in the center of the bluff body by a pressure swirl atomizer, creating a hollow-cone
spray pattern of nominal spray angle: 60◦. The swirling air flow and the spray enters the rectangular combustion chamber of
cross section: 95 mm×95 mm and length: 150 mm. The flame consists of an inner reaction zone located within the hollow
spray cone, and an outer reaction zone located in the shear layer that forms at the perimeter of the bluff body. Latter shows
high intermittency due to strain induced local extinction. The outlet of the combustion chamber is open to the atmosphere,
and the system is operated without preheating any of the reactants.

This work is licensed under Attribution-NonCommercial-NoDerivatives 4.0 International (CC-BY-NC-ND)
See: https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode

https://www.gpps.global
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode


Air

10 mm

20 mm

30 mm

40 mm
PDA measurements

Fuel

95 mm

25 mm

37 mm

(a) Burner geometry with dimensions and
the PDA measurement locations.

∆ = 1 mm

∆ = 2 mm

40
m
m60

m
m

(b) Coarse mesh of 4M elements and
1.2M nodes.

∆ = 0.5 mm

∆ = 1 mm

40
m
m

70
m
m

(c) Fine mesh of 17.2M elements and
3.4M nodes.

Figure 1 Illustration of the Cambridge swirl spray flame burner geometry and computational meshes.

The Cambridge swirl flames have been the subject of various LES studies. Giusti and Mastorakos (2017) studied the
stable ethanol flame of this configuration using Conditional Moment Closure (CMC) analyzing strain induced localized
extinction. Paulhiac et al. (2020) studied the flame structure of an n-heptane flame using a 2-step chemistry mechanism,
although under significantly different conditions (ṁ f = 0.12 g/s, Ub = 14.8 m/s). Elasrag and Li (2018) used a tabulated
chemistry approach based on counterflow diffusion flamelets to simulate the stable n-heptane flames. Foale et al. (2021)
usedCMC to investigate the global extinction of kerosene flame of this database. Finally, the authors of the present study also
simulated the stable n-heptane and n-dodecane flames of this configuration using tabulated chemistry based on counterflow
diffusion flamelets. (Both et al., 2021a)

Paulhiac et al. (2020) identified the prevalence of a non-premixed flame structure, however, they also present a signif-
icantly richer mixture fraction field (max(Z) = 0.35) than that of the present simulations (max(Z) = 0.25) reported in (Both
et al., 2021a). The existing LES studies based on CMC and tabulated chemistry models all assume, that the flame struc-
ture is best represented by the counterflow diffusion flamelet configuration. However, spray flames are partially-premixed,
making the selection of premixed or diffusion flamelet structure open to question.

To settle this argument Franzelli et al. (2013) and Olguin and Gutheil (2014) studied a counterflow configuration,
with one of the streams corresponding to pure oxidizer and the other to a carrier oxidizer stream carrying a mono-disperse
spray cloud. They found a unique behavior associated to the presence of evaporative source terms, that is not addressed by
the classical tabulation methods. Nevertheless, as Franzelli et al. (2017) showed a posteriori, a tabulation method based
on free premixed flamelets may provide adequate results in terms of flame propagation. They demonstrated the adequacy
of the method on a model gas turbine combustor, that exhibits lean to stoichiometric mixture fractions throughout the
domain. More recently Sacomano Filho et al. (2018) revisited the issue of laminar spray flame propagation in a plug-flow
configuration, that decouples the strain effects from the evaporation. Their results confirm, that in such a configuration the
application of free and burner stabilized premixed flamelets is justified, at least in terms of propagation speed.

As Paulhiac et al. (2020) shows, the Cambridge swirl spray flames exhibit various regions with drastically different
characteristics, and the droplet-flame interactions studied by Franzelli et al. (2017) and Olguin and Gutheil (2014) are more
important in some regions than others. In particular, the the outer reaction zone does not interact with the spray at all. The
localized extinction of this reaction layer creates edge flames (triple flames) that propagate along the shear layer. As Illana
et al. (2021) shows, the prediction of such flame structures is challenging for the classical tabulated chemistry methods if the
mixture fraction profiles range from very low to very high values. Nevertheless, Van Oijen and De Goey (2004) achieved
good prediction using premixed flamelets if the mixture fraction is within the flammability limit. In the present study,
the n-heptane case (H1S1) of the Cambridge swirl flames data repository is simulated with LES using different tabulated
chemistry approaches to assess this hypothesis, by comparing four different tabulation methods.

The H1S1 case is characterized by a fuel mass flow rate of ṁ f = 0.27 g/s and a bulk air velocity of Ub = 17.11 m/s
evaluated at the inlet of the combustion chamber. These conditions correspond to a characteristic gas Reynolds number
of Reg = 13500 based on the bluff body diameter, and to a global equivalence ratio of ϕg = 0.32. The flame takes an
”M” shape stabilizing over the bluff body in the CRZ. The inner reaction layer interacts with the hollow cone spray, while
the outer reaction layer is located in the shearing air flow at the edge of the bluff body. The design of the burner and the
carefully selected operating conditions promote unsteady effects, resulting in the intermittent lift-off of the outer reaction
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zone. (Cavaliere et al., 2013) Although, the global equivalence ratio of the system is lean, a locally rich region is formed
on the bluff body in the CRZ. (Giusti et al., 2016)

METHODOLOGY
The spray flame is simulated using our in-house multi-physics finite element code: Alya. (Vázquez et al., 2016)

An Eulerian representation of the turbulent reacting gas phase is coupled with Lagrangian particle transport. These two
components are described below, followed by a detailed description of the thermo-chemical tables and the summary of the
numerical setup of the different cases. For further details on the numerical formulation, and the application of Alya on
turbulent reacting flows see the previous work of the authors. (Both et al., 2020; Mira et al., 2020, 2021; Benajes et al.,
2022)

Gas phase modeling
The low Mach number assumption is used to solve the Navier-Stokes equations, i.e.: the hydrodynamic pressure and

the gas density are decoupled, thus the gas density is a function of the thermo-chemical state only. Consequently acoustic
phenomena are neglected, allowing reasonably large time step size (O (1µs)). A non-incremental fractional step method
solves the continuity and momentum equations, while a small number of transported scalars describe the gas state: enthalpy,
mixture fraction, sub-grid mixture fraction variance, and progress variable. Collocated finite element meshes are used to
discretize the simulation domain. Linear finite elements are utilized resulting in a second order discretization in space,
while the temporal integration is executed with a third order Runge-Kutta scheme. (Both et al., 2020) The solved partial
differential equations are presented below:

∂tρ +∇ · (ρũ) = Se
ρ , (1)

∂t (ρũ)+∇ · (ρũ⊗ ũ)+∇p−∇ · τ (ũ) = Se
u, (2)

∂t

(
ρ h̃

)
+∇ ·

(
ρ h̃ũ

)
+∇ ·Φh = Se

h, (3)

∂t

(
ρZ̃

)
+∇ ·

(
ρZ̃ũ

)
+∇ ·ΦZ = Se

Z , (4)

∂t (ρZv)+∇ · (ρZvũ)+∇ ·ΦZv =−ρχSGS
Zv −2ΦSGS

Z ·∇Z̃ +Se
Zv , (5)

∂t

(
ρỸc

)
+∇ ·

(
ρỸcũ

)
+∇ ·ΦYc = ω̇Yc +Se

Yc , (6)

where ρ, ũ, h̃, Z̃,Ỹc are the filtered density, velocity, enthalpy, mixture fraction, and progress variable, and Zv denotes the
sub-grid variance of mixture fraction. Non-density weighted LES filtering is marked by a bar and Favre filtering by a tilde
as customary.

The total (viscous and sub-grid) stress tensor is: τ = (µ + µt)
(
∇ũ+∇Tũ

)
− 2

3 (µ + µt)(∇ · ũ)I, which considers the
diffusive transport of momentum (Peters, 2001), were I is the identity tensor, and µ and µt are the molecular and sub-grid
viscosities respectively. In this work, the sub-grid model of Vreman (2004) is used to evaluate µt . The terms: Φh, ΦZ ,
ΦZv , and ΦYc denote the total diffusive fluxes of enthalpy, mixture fraction, sub-grid mixture fraction variance, and progress
variable respectively. Each scalar flux is composed of a molecular diffusion and a sub-grid scale transport component.
For an arbitrary scalar variable ξ ∈ {h,Z,Zv,Yc} the total diffusive fluxes are expressed as: Φξ = ΦD

ξ + ΦSGS
ξ , where

ΦD
ξ = −ρD̃ξ ∇ξ̃ is the flux of molecular diffusion, and ΦSGS

ξ = − µt
Scξ

∇ξ̃ is the flux of sub-grid transport. For the former
component the unity Lewis number assumption is followed, i.e. the molecular diffusivity of all the tranported scalars is
equal to the thermal diffusivity of the gas mixture: D̃ξ = λ

ρcp
, where λ is the filtered thermal conductivity and cp is the

specific heat at the Favre filtered gas composition and enthalpy. Similarly, all the gas phase sub-grid Schmidt numbers are
taken equal: Scξ = 0.7. The sub-grid variance of mixture fraction is dissipated at the rate of sub-grid scalar dissipation of

the resolved mixture fraction, this term is modeled as: χSGS
Zv

= 2 Zv
τSGS

where the sub-grid time scale: τSGS =
(

C2
ε

µt
ρ

|S|2
∆2

)−1/3

is used to characterize the dissipation. The modeling constant: Cε = 3.24 is a property of the sub-grid model, S is the
strain rate tensor, and ∆ is the characteristic filter size equal to the local mesh size in this work. The tabulated chemistry
model provides a closure for the material properties and the chemical source term. The global conservation of properties
is ensured by coupling the above equations that only describe the gas phase conservation laws to the Lagrangian particle
cloud through source terms: Se

ρ , Se
u, Se

h, Se
Z , Se

Zv
, Se

Yc
, for mass, momentum, enthalpy, mixture fraction, mixture fraction

variance, and progress variable respectively. The evaporating mass is the source term of mass conservation, and the same
source terms is utilized for the gas phase mixture fraction: Se

Z = Se
ρ . The spray effect on the sub-grid mixture fraction

variance is neglected here: Se
Zv

= 0. (Ma and Roekaerts, 2016) Note, however, that if the above equations are converted to
the non-conservative form, then dilution terms arise due to the presence of the mass source term.
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Liquid phase modeling
The evaporating spray cloud is represented by Lagrangian particles transported in the computational domain. Each

numerical particle is characterized by a set of ordinary differential equations (ODE) that capture the evolution of their
location, velocity, mass, and temperature. The droplet motion is tracked using aNewmark/Newton-Rhapson time integration
scheme developed by Houzeaux et al. (2016), with the drag determined by the correction of Naumann and Schiller (1935).
The evaporation model of Abramzon and Sirignano (1989) has been recently found to provide a simple yet adequate closure
for heat and mass transfer (Both et al., 2022), thus it is used in this work. The ODEs describing the evolution of individual
droplet temperature Tp and droplet mass mp are:

dTp

dt
=

πdpλmNu∗,AS
m

mpcp,p
(Ts −Tp)

ln(1+BT )

BT
+

Lv

mpcp,p

dmp

dt
, (7)

dmp

dt
=−πdpρmDmSh∗,AS

m ln(1+BM) , (8)

where dp is the droplet diameter, λm the mean gas thermal conductivity, cp,p the droplet specific heat, Nu∗,AS
m the corrected

Nusselt number, Ts the seen gas temperature, BT the Spalding heat transfer number, and Lv the latent heat of evaporation.
The terms in the mass transfer ODE are: ρm the mean gas density, Dm the mean molecular diffusivity of the fuel vapour
in the gas, Sh∗,AS

m the corrected Sherwood number, and BM the Spalding mass transfer number. The droplet interface vapor
mass fraction is evaluated assuming local thermodynamic equilibrium. The mean gas properties are taken using the ”1/3-
law” (Yuen and Chen, 1976) adapted for using the thermo-chemical tables. I.e.: a first order Taylor-expansion of λ , µ
and D is tabulated in terms of temperature, so good approximations can be provided, given the temperature of the ”1/3-
law”. This temperature is used directly in conjunction with the NASA polynomials and the ideal gas law, to obtain the
representative specific heat, and the representative density. The exact same approach is used irrespective of the utilized
tables. The liquid and phase change properties of the fuels are evaluated as a function of the droplet temperature following
Daubert and Danner (1985). The Reynolds number dependence of the uncorrected Nusselt and Sherwood numbers are taken
into account using the correlation of Ranz and Marshall (1952).

Tabulated chemistry approaches
The presented tabulated chemistry models map the solutions of 1D flamelets onto a rectilinear table in an a priori

calculation. These tables are used in the CFD calculation to lookup different properties and provide closure for Eqs. (1)-
(8). In all flamelet calculations, the skeletal mechanism of Lu and Law (2006) is utilized, containing 188 species, and
939 reactions. The flamelet inlet conditions are selected based on the operating conditions of the burner. (Both et al.,
2021b) The four different flamelet sets are illustrated in Fig. 2 by the adiabatic flame temperature (T b) as function of the
equivalence ratio in case of the premixed flamelets, and by the temperature of the stoichiometric mixture (Tst) in case of
counterflow diffusion flamelets. The premixed flamelets are calculated using the Cantera chemistry library. Decreased
enthalpy states are introduced by using a burner-stabilized configuration besides free flamelets, as proposed by Van Oijen
and De Goey (2000). The applicability of this heat loss method for spray combustion was subsequently confirmed by
Sacomano Filho et al. (2018). Pure fuel and oxidizer are appended to the premixed manifold to cover all possible mixtures.
A one dimensional flamelet solver: Chem1D is used for the counterflow diffusion flamelets. (Ramaekers, 2011) In these
cases enthalpy loss is introduced by radiation. In all cases, the manifolds are appended with a layer of cold reaction products
and reactants, thus they are capable of representing any states down to complete quenching due to heat loss. The non-
premixed tabulationmethods based on these flamelets may combine stable and unstable flamelets (Stab.+Unstab.) following
the Steady Flamelet Progress Variable approach of Pierce andMoin (2004). Chrigui et al. (2012) modified this approach, by
replacing the unstable branch with temporal samples taken from an unsteady extinguishing flamelet. (Stab.+Ext.) Finally,
the last method assessed here (Reign.+Ext.) is a subset of the Unsteady Flamelet Progress Variable method of Ihme and See
(2010), where a single strain rate is selected to compute the reigniting and extinguishing flamelets. Such a simplification is
often used in the modeling of autoigniting spray flames. (Mira et al., 2021)

The thermo-chemical states along these flamelets are uniquely characterized by NC = 3 control variables: mixture
fraction of Bilger et al. (1990) (Z), progress variable (Yc), the enthalpy (h). The progress variable is defined as: Yc =
4YCO2
WCO2

+ YCO
WCO

+
2YH2O
WH2O

+
0.5YH2
WH2

following Ma (2016). The progress variable and enthalpy are conditionally scaled, creating

the scaled progress variable: C = Yc−Y min
c (Z)

Y max
c (Z)−Y min

c (Z) and the scaled enthalpy: i = h−hmin(Z,C)
hmax(Z,C)−hmin(Z,C)

. The flamelet states are
mapped onto a rectilinear discretization of the Z ×C × i hyper-cube, with 101, 101, and 21 points in each dimensions
respectively. The mixture fraction discretization is concentrated around the stoichiometric point. (Both et al., 2021b) The
properties of the database are PDF-integrated with a presumed β -PDF along mixture fraction, thus the final database is
parametrized by: Z̃, Zv, Ỹc, and h̃.

The principal difference between the thermo-chemical tables is in the distribution of the progress variable source
term ω̇Yc . This property is illustrated in Fig. 3 for the four databases at five different mixture fractions corresponding
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Figure 2 Illustration of applied adiabatic premixed and counterflow diffusion flamelets.

to the equivalence ratios: ϕ ∈ {0.3,0.8,1.0,1.5,3.0}. Concentrating first on the counterflow diffusion flames, the figure
shows, that the source terms corresponding the unstable branch (Stab.+Unstab.) and to the unsteady extinguishing flamelet
(Stab.+Ext.) are fairly close to each other, thus the method of Chrigui et al. (2012) appears to be a justified simplification of
the Steady Flamelet Progress Variablemodel if the evaluation of the unstable branch is infeasible. The extinguishing flamelet
produces slightly higher source terms on the lean side. Comparing these two manifolds to the unsteady flamelet reigniting
and extinguishing at a constant strain rate of a = 100/s (Reign.+Ext.), the source terms of this case are consistently lower,
especially under very lean (ϕ = 0.3) and very rich (ϕ = 3.0) conditions. Finally, the premixed flamelet database (Prem.)
can be compared to the counterflow flamelets. As expected, outside the flammability limits, the premixed flamelets predict
zero source term, and even at very rich but flammable mixtures (ϕ = 3.0) the source term is negligible compared to the
counterflow diffusion flames. However, at the stoichiometric mixture fraction, and even at ϕ = 0.8, the premixed flames
are the most reactive.
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Figure 3 Progress variable source term (ω̇Yc ) along the progress variable (Yc) in slices of the applied tables at different
mixture fractions (identified by the displayed equivalence ratios), the rest of the control variables are kept constant
(i = 1, Zv = 0).

Numerical setup
The entire air inlet duct with the swirler and the combustion chamber are considered as the computational domain. Two

finite element meshes with different element size are used in this work, both composed by hybrid elements with boundary
layer refinement in the annular air inlet. Tetrahedral elements are used in the bulk of the flow. A mesh refinement region
is concentrated around the bluff body, to capture the intermittent reacting layer. The coarse and fine grids are shown in
Fig. 1b and 1c respectively. The coarse grid is characterized by a refinement size of 1 mm in the region of interest yielding a
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mesh of 1.2M degrees of freedom, while the element size is half of this in the fine grid: 0.5 mm producing 3.4M degrees of
freedom. In both the coarse and fine meshes there is a transition region around the refinement of 2 mm and 1 mm element
size respectively, the thickness of this region is increased in the fine mesh as Fig. 1 illustrates. The flame thickness of
the premixed flamelets, evaluated based on the maximum temperature gradients, is found to be around δ Prem

th ≈ 0.4 mm
in the highly reactive flamelets near stoichiometry. The same property for highly strained diffusion flamelets is δ Di f f

th ≈
1 mm. Nevertheless, since a Alya applies a continuous Galerkin method and evaluates the source term integrals with a
Gaussian quadrature, it can be argued, that the fine mesh captures the combustion phenomena to an extent. Furthermore,
an a posteriori analysis of single-point statistics (Mira et al., 2020) of the cases show, that the minimum Kolmogorov scale
encountered in the region of interest is: η ≈ 0.025 mm in the annular air inlet. These length scales indicate, that the fine
mesh of filter size ∆ ≈ 0.5 mm is acceptable for LES in terms of resolving the turbulent flow field. However, complete
representation of the combustion might require higher resolution.

The flow rate of air is prescribed upstream of the swirler. The air inlet temperature is 288 K, while constant temperature
boundary conditions of 700 K are imposed on the vertical and bottom walls of the rectangular combustion chamber and
on the flat surface of the bluff body to account for the wall heat loss. The rest of the walls are treated adiabatically. The
computational droplets are introduced into the domain at the center of the bluff body, corresponding to the injection location.
The initial droplet temperature is the same as the oxidizer: 288 K. The initial droplet size is selected stochastically by a
truncated Rosin-Rammler distribution of D = 65 µm and width parameter n = 2.5. The number of injected droplets in
each time step is such, that the mean fuel mass flow rate is recovered. Each computational droplet carries the fuel mass
corresponding to its volume, thus the concept of ”parcels” is not used in this work. The initial droplet velocity is determined
to recreate a hollow cone spray pattern. The droplets velocity direction is uniformly distributed azimuthally. The spray half
angle is likewise selected randomly in a range cantered at 32◦ with a span of ±8◦. The velocity magnitude is prescribed
such, that the axial component of the initial velocity follows a normal distribution with an expected value of 18 m/s and a
standard deviation of 10%.

RESULTS AND DISCUSSION
The LES simulations were executed using the 4 different thermo-chemical databases using the 2 computational meshes

presented in Fig. 1. The flame stabilization and the location of the hollow cone spray cloud is illustrated on Fig. 4. The flame
is anchored on the bluff body, where rich partially reacted gasses are accumulated. The limit of this rich region is situated
in the shear-layer at the edge of the bluff body as it is marked by the stoichiometric isosurface. The temperature of this
isosurface indicates the presence of localized extinction, that is also captured by the absence of the OH radical. As detailed
below, only the simulation using the premixed database shows significant lift-off, such as in the time instance illustrated by
Fig. 4. The resulting edge flame seldom touches the bluff body, and its location fluctuates as new extinct regions are created
by the high shear rate, and as the large scale flow structures disturb the edge flame.

Figure 4 Illustration of the instantaneous LES results on the fine mesh using the premixed flamelet database. Left:
isosurface of stoichiometric mixture fraction (Zst = 0.0622), right: isosurface of hydroxyl radical mass fraction
(YOH = 0.0004), both isosurfaces are colored by the gas phase temperature.

Validation
The results of the 8 different LES simulations are compared to the point-measurement data of Sidey et al. (2017) in

Fig. 5. The velocity and size distribution of the droplet cloud is particularly insensitive both to the mesh size and to the
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tabulation strategy. For all cases, the core of the spray is well reproduced, with a minor over-prediction of the RMS of
the axial velocity. The edge of the hollow cone spray is more challenging to predict, as only few droplets enter into this
region, here we observe an under-prediction of the mean velocity and the droplet diameter. Overall, the spray is represented
adequately by the Lagrangian particle cloud, as the most important features are correctly reproduced.
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Figure 5 Comparison of the droplet cloud statistics extracted from the LES simulations with the phase Doppler
anemometry data of Sidey et al. (2017). Left: mean axial droplet velocity, middle: RMS of axial droplet velocity,
right: Sauter mean diameter.

Mean flame behavior
The gas phase fields presented in Fig. 6 are also rather similar using the different manifold representations, however,

some differences can be distinguished. In general, the mean axial velocity shows the swirling flow entering the combustion
chamber, and impinging on the chamber walls at x = 40 mm. The central recirculation zone is characterized by a slight
negative mean axial velocity at all axial locations. The momentum exchange between the spray and the flow field is notable,
as the secondary mean velocity peak indicates at x = 10 mm and r = 10 mm. The slight differences in the velocity profiles
can be attributed to the mesh, rather than the tabulation strategies, as the coarse mesh size is approximately 40 times larger
than the Kolmogorov scale, while the fine mesh is characterized by a more appropriate ratio of 20.
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Figure 6 Temporal average of gas-phase fields of the LES simulations. Left: mean axial velocity, middle: mean
mixture fraction, right: mean temperature.

The mean mixture fraction field follows closely the spray pattern. More precisely, the peak of the mixture fraction is
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generally located at a higher radius than the location of the spray. For example, at x = 20 mm the spray is centered around
r = 15 mm, while the mixture fraction peak is near r = 19 mm. This behavior is created by the negative axial velocities
of the central recirculation zone, as the freshly evaporated fuel from the spray is carried towards the bluff body by the
recirculation. As Fig. 4 also illustrates, the evaporation of the spray creates a conical region of rich mixture, with leaner
compositions both in the recirculation zone, and in the fresh oxidizer stream. Note, that possibly due to the higher bulk air
velocity and likewise higher initial droplet velocity, this mixture fraction field is significantly leaner, than that reported by
Paulhiac et al. (2020). The reacting layers are situated between these lean and rich regions. The mixture fraction shows
certain sensitivity to the mesh at x = 10 mm near the center of the domain. This region is particularly close to the spray
cloud on all sides, thus the fine mesh is needed to correctly capture the evaporative mixture fraction source term, and the
behavior of the inner reaction zone.

Finally, Fig. 6 also presents the mean temperature field. Up to x = 20 mm the two reacting layers can be clearly
distinguished by the temperature peaks, while more downstream there is only one single temperature maximum as the two
reacting layers merge. The mesh refinement has a clear effect on the temperature profiles, especially at x = 10 mm. The
inner reaction zone shows lower temperatures on the coarse mesh, due to the overall higher mixture fractions in the central
recirculation zone and the consequent absence of stoichiometric mixture. Meanwhile, the outer reacting layer has a higher
mean temperature using the coarse mesh, as refinement results in thinner and more intermittent reaction layers, even if lift-
off is not encountered frequently at x = 10 mm. The lowest mean temperature at this location is produced by the premixed
flamelet tabulation, since this modelling strategy results in the most intermittent flame. Indeed, according to the results of
Fig. 7b, the flame edge is lifted above x = 10 mm in 14% the studied time instances.

Analysis of flame lift-off
The lift-off statistics are extracted from the OH planar laser induced fluorescence data from the Cambridge Swirl

Flames Data Repository (Sidey et al., 2017). The simulation results are processed in a similar manner, using the mass
fraction of OH retrieved from the thermo-chemical databases. The lift-off length of the outer reaction layers is measured at
different locations as illustrated in Fig. 7a, and the frequency of these lengths falling into 2 mm wide bins centered around
the locations shown in Fig. 7b is counted. In general, all presented tabulated chemistry methods predict a higher probability
of full attachment than the measured value. As the mesh is refined, the tabulation strategies based on counterflow diffusion
flamelets tend to predict an even lower probability of lift-off, while the prediction of the premixed flamelet table is improved.
This significant change in the lift-off statistics is an additional confirmation, that the flamelet structures need to be resolved
in more detail. On the fine mesh, all the diffusion flamelet tables predict, that the most likely lift-off state is complete
attachment. Only the premixed flamelet table results in a lift-off PDF, that is has a mode different from LOL = 0 mm.

LOL1 LOL2

YOH

(a) Illustration of the lift-off length definition.
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(b) Probability density function of lift-off length.

Figure 7 Presence of localized extinction with different tabulation strategies.

CONCLUSIONS
Different chemistry tabulation strategies are applied for the LES simulation of the H1S1 n-heptane case of the Cam-

bridge Swirl Spray Flames, including the strategy of Sacomano Filho et al. (2018) using free and burner-stabilized premixed
flamelets, and three different strategies involving diffusion flamelets extended to non-adiabatic manifolds. These practi-
cally correspond to the models of Pierce and Moin (2004), Chrigui et al. (2012), and Ihme and See (2010). The results
are relatively insensitive to the choice of the table, in terms of time averaged quantities as the flame stabilization is hydro-
dynamically driven in this configuration. However, significant differences are observed in the finite-rate effects displayed
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by the flame, that are quantified through the lift-off length statistics. Namely, the tabulation strategy based on premixed
flamelets provides the best lift-off prediction. As emphasized by many recent studies on the topic of tabulated chemistry
methods for partially-premixed combustion, this result is not trivial. On one hand, this highlights the need to adapt more
sophisticated tabulated chemistry methods to turbulent combustion such as the one proposed by Franzelli et al. (2013) or
Illana et al. (2021), and incorporate them into the best practices of the aerospace industry. On the other hand, more work
is needed to identify the cases where classical models are indeed sufficient, especially in relation to the expected mixture
fraction stratification.
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