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Abstract
The present paper focuses on the large eddy simu-

lation (LES) of the n-heptane and n-dodecane flames
of the Cambridge swirl flames data repository (Sidey
et al., 2017). The applied tabulated chemistry spray
combustion model reproduces well the key phenom-
ena controlling flame dynamics. The distinct volatility
of the fuels is identified as the source of main differ-
ence between the n-heptane and n-dodecane flames.

1 Introduction
Spray combustion is the dominant fuel conversion

method of the aerospace industry. The use of liquid
fuels with high energy density is a common strategy
to reduce the weight and increase the specific power
in propulsion systems. However, the understanding of
liquid fuel combustion requires fundamental concepts
from multiphase flows besides the description of the
combustion process. Advanced numerical techniques
such as large eddy simulation (LES) (Pitsch, 2006) are
becoming more essential in the development pipeline
of aero-engines, as it gives insight into the highly tran-
sient phenomena that affects the range of operation
and the levels of emission likewise.

This study is focused on the LES of a model aero-
engine combustion chamber: the Cambridge swirl
spray flame (Sidey et al., 2017). In particular, we con-
centrate on the differences between single component
fuels like n-heptane and n-dodecane in order to ob-
tain further understanding on the fuel effects on spray
flames of aeronautical combustors.

This configuration has been the subject of vari-
ous LES studies. Giusti and Mastorakos (2017) stud-
ied the strain induced localized extinction in a stable
ethanol flame of this configuration using Conditional
Moment Closure (CMC). Paulhiac et al. (2020) used a
2-step chemistry mechanism to study the flame struc-
ture of an n-heptane flame of this burner. Elasrag and
Li (2018) studied n-heptane cases of the database us-
ing flamelet generated manifold based on premixed
flamelets. Recently Foale et al. (2021) simulated a
blow-off transient event using CMC to analyse the key
phenomena leading to global extinction. In this study,
the steady state behaviour of the system operated with
different fuels is investigated using a tabulated chem-

istry approach, which allows an important reduction
in computational cost compared to other approaches
based on the transport of species. This approach is
similar to the work from Elasrag and Li (2018), but
using stable and unsteady extinguishing counterflow
diffusion flamelets.
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Figure 1: Illustration of the Cambridge swirl spray flame
burner geometry.

Figure 1 shows the burner geometry. The domain
is composed of an annular air inlet with a swirl gener-
ator, that surrounds the bluff-body that acts as a flame
stabilizer. The plane of the bluff-body is aligned with
an abrupt expansion of the cross section, as the air duct
transitions into the combustion chamber. The bluff-
body is cylindrically symmetric and reaches its high-
est diameter just before the entrance of the combustion
chamber: D = 25 mm. The fuel injector is located in
the center of the bluff-body, supplying fuel in a hollow
cone pattern with a nominal spray angle of 60◦. The
outer diameter of the air duct is 37 mm. It joins in the
center of combustion chamber, that has a square cross
section of 95 mm×95 mm and length of 150 mm. For
further details on the burner geometry may be found in
Yuan et al. (2018).

In all studied cases, the fuel is supplied at a rate of
0.27 g/s. Both fuel and air are at ambient temperature,
and the system is open to the atmosphere. The relevant
cases of the Cambridge swirl spray flame database
are summarized in Tab.1. Both H1S1 and DD1S2
are stable cases at the same gas phase Reynolds num-



ber, and very similar global equivalence ratio since the
two fuels have comparable stoichiometric air fuel ra-
tios: AFRst,H = 15.08 and AFRst,DD = 14.92
(in therms of mixture fraction: Zst,H = 0.0622 and
Zst,DD = 0.0628). Note, that H1S1 and DD1S2 are
the same in terms of air flow, but the two cases are
significantly different, as the stable n-dodecane case is
much closer to blow-off conditions than the n-heptane
one.

Fuel Ub [m/s] Reg φglob
H1S1 n-heptane 17.11 13500 0.32
H1B n-heptane 22.8 18000 0.24

DD1S2 n-dodecane 17.11 13500 0.32
DD1B n-dodecane 20.1 16000 0.27

Table 1: Global properties of the relevant cases of Cam-
bridge swirl spray flame repository. H1S1 and
DD1S2 are stable cases, while H1B and DD1B
mark the onset of blow-off in the experiments. Ub:
bulk air velocity at the entrance of the combustion
chamber, Reg: gas phase Reynolds number based
on the bulk air velocity and the bluff-body diame-
ter, φglob: global equivalence ratio.

In general terms, as a combined effect of the
swirling air inlet, and the bluff-body geometry, a
strong central recirculation zone (CRZ) is generated,
that stabilizes the flame on the bluff-body. The flame
takes an M shape, as it features inner and outer re-
action layers. The inner reaction layer interacts with
the spray and the recirculating reaction products, while
the outer reaction layer is strongly disturbed by the
high velocity swirling air and shows signs of shear in-
duced extinction. Both layers show considerable in-
termittency. The presence of strong recirculation and
localised extinction, and the significant droplet flame
interaction pose a challenge to the numerical models.

In the rest of the present study, the modelling ap-
proach is briefly described including the gas and liq-
uid phase models, then the numerical cases are intro-
duced and compared with experiments. Finally, the
behaviour of the different flames is studied, highlight-
ing the effect of the fuel.

2 Simulation approach
The spray flame is simulated using our in-house

finite element code Alya including a gas phase solver
coupled with Lagrangian particle transport. These two
components are described below .

Gas phase models
The Navier-Stokes equations are solved under the

low Mach number assumption, i.e.: the gas density
and the hydrodynamic pressure are decoupled, and the
density is only a function of the thermo-chemical state.
Consequently acoustic phenomena are neglected, re-
laxing the restrictions of time step size.

The momentum equation is solved with a non-

incremental fractional step method, while the thermo-
chemical state is described with four transported
scalars: enthalpy, mixture fraction, sub-grid mixture
fraction variance, and progress variable. All equa-
tions are discretized in space using the same finite el-
ement grid. Linear finite elements are used resulting
in a second order discretization in space, and the time
marching is executed with a third order Runge-Kutta
scheme (Both et al., 2020). The solved partial differ-
ential equations are presented below:

∂tρ+∇ · (ρũ) = Seρ,

(1)

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

∂t

(
ρh̃
)

+∇ ·
(
ρh̃ũ

)
+∇ ·Φh = Seh,

(3)

∂t

(
ρZ̃
)

+∇ ·
(
ρZ̃ũ

)
+∇ ·ΦZ = SeZ ,

(4)

∂t (ρZv) +∇ · (ρZvũ) +∇ ·ΦZv = (5)

−ρχSGSZv − 2ΦSGS
Z · ∇Z̃ + SeZv ,

∂t

(
ρỸc

)
+∇ ·

(
ρỸcũ

)
+∇ ·ΦYc = (6)

ω̇Yc + SeYc

where ρ, ũ, h̃, Z̃, Ỹc are the filtered density, veloc-
ity, enthalpy, mixture fraction, and progress variable,
while Zv denotes the sub-grid mixture fraction vari-
ance. Non-density weighted and Favre filtering are
marked with bar and tilde superscripts using standard
notation.

The total stress tensor is expressed as: τ = (µ +
µt)
(
∇ũ +∇Tũ

)
− 2

3 (µ + µt) (∇ · ũ) I considering
the viscous and sub-grid diffusion of momentum. Here
µ, µt, and I are the molecular viscosity, sub-grid vis-
cosity, and the identity tensor respectively. The Vre-
man (2004) sub-grid model is used in this work.

The diffusive fluxes of enthalpy, mixture fraction,
sub-grid mixture fraction variance, and progress vari-
able are denoted by Φh, ΦZ , ΦZv , and ΦYc respec-
tively. Each is composed of a molecular diffusion and
a sub-grid scale transport component, for an scalar
variable ξ ∈ {h, Z, Zv, Yc} the fluxes are written 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 diffusion. The unity Lewis number as-
sumption is followed for the diffusive scalar transport,
thus the molecular diffusivity is: Dξ = λ

ρcp
, whit the

thermal conductivity λ and the specific heat cp. Sim-
ilarly all the gas phase sub-grid Schmidt numbers are
taken equal: Scξ = 0.7.

The sub-grid scalar dissipation rate of mixture
fraction expresses the dissipation of its sub-grid vari-
ance, this term is modelled as: χSGSZv

= 2 Zv
τSGS

where
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τSGS =
(
C2
ε
µt
ρ
|S|2
∆2

)−1/3

is the sub-grid time scale.
Here Cε = 3.24 is a modelling constant of the sub-
grid model, S is the strain rate tensor, and ∆ is the
grid size.

All equations are extended with a source term, that
couples them to the Lagrangian particle cloud: Seρ,
Seu, Seh, SeZ , SeZv , SeYc , for mass, momentum, en-
thalpy, mixture fraction, mixture fraction variance, and
progress variable respectively.
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Figure 2: Temperature at the stoichiometric mixture in
the flamelets included in the thermo-chemical
database as a function of the applied strain rate.
Different curves correspond to different scaling
(crad) of the radiative term.

The thermo-chemical database is constructed from
counterflow diffusion flames solved in physical space
using Chem1D (Somers, 1994). N-heptane flamelets
are computed using the mechanishm of Lu and Law
(2006) containing 188 species and 939 reactions,
while the mechanism of Kathrotia et al. (2018) is used
for n-dodecane that includes 189 species and 1327 re-
actions. The databases are generated from steady solu-
tions of the stable branch, and temporal samples of the
unsteady extinguishing solution at a fixed strain rate,
as illustrated in Fig.2.

In this work, two methods are applied simultane-
ously to account for enthalpy deficit: the inlet tem-
peratures of the opposing diffusion flamelets are de-
creased, and a radiative heat loss term is included in
the flamelet equations (Lammers and De Goey, 2004)
multiplied with a scaling coefficient crad ranging from
0 (adiabatic) to 32.

Latter scaled radiative method has different effects
along different points of the flame, since the higher

temperature gasses suffer a higher heat loss. Further-
more, the strain rate of the opposing diffusion flame
also affects the level of enthalpy deficit, as lower
strains correspond to a higher residence time and thus
allow higher amount of radiative heat loss.

The computed stable and unsteady extinguishing
flamelets are represented by their stoichiometric tem-
peratures and strain rates in Fig.2, for all 6 enthalpy
levels of the two fuels. Steady flamelets are computed
between amin = 10 1/s and the extinction point: aext,
except for crad = 32 where no stable solutions are
found below a ≈ 20 1/s.

In terms of extinction and stoichiometric temper-
ature, the two fuels are fairly similar. The maximum
stoichiometric temperature of all flamelets only differs
by less then 50 K: for n-heptane: Tmaxst,H = 2110 K,
and for n-dodecane: Tmaxst,DD = 2154 K. The extin-
guishing strain rates are fairly close as well .The dif-
ferences diminish with the transition to lower enthalpy
levels, suggesting that the difference between the fuels
is partially caused by the different fuel inlet tempera-
ture at the adiabatic level, that was taken as the boiling
point of the fuels at atmospheric pressure.

The states along the flamelets are uniquely iden-
tified by the control variables: mixture fraction Z,
progress variable Yc, and enthalpy h. The mixture
fraction is computed using Bilger’s (1990) definition
and the progress variable is computed as a liner com-
bination of the species mass fractions. The progress
variable definitions are optimized using a genetic algo-
rithm (Both et al., 2021) that minimizes the occurrence
of ambiguously identified flamelet states.

The progress variable is re-scaled, by the overall
limits at each mixture fraction, thus the scaled progress
variable is:

C =
Yc − Yc,min(Z)

Yc,max(Z)− Yc,min(Z)
. (7)

A similar normalization is applied for the enthalpy,
with the difference that the scaling values are a func-
tion of both mixture fraction and progress variable.
The normalized enthalpy is expressed as:

i =
h− hmin(Z,C)

hmax(Z,C)− hmin(Z,C)
. (8)

The counterflow diffusion flamelets are re-sampled
along a rectilinear discretization of Z, C, and i to gen-
erate a table. Subsequently this table is PDF-integrated
along the mixture fraction with a β-PDF as customary,
to yield the full thermo-chemical database used in the
LES calculations.

Spray models
Lagrangian particles are transported in the compu-

tational domain representing the spray cloud. Each
particle is described by a set of ordinary differential
equations (ODE) that describe the evolution of their
location, velocity, mass, and temperature.
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The motion of the droplets is tracked using a
Newmark/Newton-Rhapson time integration scheme
developed by Houzeaux et al. (2016). In this work
the drag is determined by the Schiller-Naumann cor-
rection (1935).

The evaporation is modelled following Abramzon
and Sirignano (1989), yielding ODEs describing the
evolution of individual droplet temperature Tp and
droplet mass mp:

dTp
dt

=
πdpλg,mNu

∗,AS
m

mpcp,p
(Ts − Tp)

ln (1 +BT )

BT
(9)

+
Lv

mpcp,p

dmp

dt
,

dmp

dt
=− πdpρg,mDg,mSh∗,ASm ln (1 +BM ) , (10)

where dp is the droplet diameter, λg,m the mean gas
thermal conductivity, cp,p the droplet specific heat,
Nu∗,ASm 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: ρg,m the mean gas density,
Dg,m the mean molecular diffusivity of the fuel vapour
in the gas, Sh∗,ASm the corrected Sherwood number,
and BM the Spalding mass transfer number.

Equilibrium vapour mass fractions are enforced on
the droplet surface. The gas properties are evaluated
using the ”1/3-law” (Yuen and Chen, 1976), while the
liquid and phase change properties of the fuels are
taken as a function of the droplet temperature follow-
ing Daubert and Danner (1985). The Reynolds num-
ber dependence of the uncorrected Nusselt and Sher-
wood numbers are taken into account using the Ranz-
Marshall correlation. (1952)

Configuration
Two computational grids composed by hybrid el-

ements with refined boundary layers and tetrahedral
elements in the bulk of the flow are tested are con-
sidered. A coarse grid characterized by a grid size of
1 mm in the region of interest yielding a mesh of 1.2M
degrees of freedom, and a fine grid of 0.5 mm with
3.4M degrees of freedom.

The air inlet flow rate is prescribed upstream of the
swirler as sown in Fig.1. The air inlet temperature is
288 K, while constant temperature boundary condi-
tions of 700 K are imposed on the vertical and bot-
tom walls of the rectangular combustion chamber to
account for the wall heat loss. Note that the bluff-body
is treated as adiabatic.

The computational droplets are introduced in the
domain at the injection location with an initial temper-
ature of 288 K. They are characterised by a truncated
Rosin-Rammler distribution of D = 65 µm and width
parameter n = 2.5. This size distribution is imposed
for both fuels, the number of injected droplets in each
time step is such, that the mean fuel mass flow rate is

recovered.
The initial droplet velocity is determined to recre-

ate a hollow cone spray pattern. The droplets veloc-
ity 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 veloc-
ity magnitude is prescribed such, that the axial com-
ponent of the initial velocity follows a normal distri-
bution with an expected value of 18 m/s for n-heptane
and 14 m/s for n-dodecane respectively, with a stan-
dard deviation of 10% in both cases.

3 Spray flame structure
The simulations of the H1S1 case were executed

on the coarse and fine grid. The change in resolution
has neglibile effect on the mean droplet cloud proper-
ties presented in Fig.3. Subsequently the DD1S2 flame
was simulated using the coarse grid. Figure 3 shows
good general agreement with the measurement results,
the axial droplet velocity and Sauter mean diameter are
reproduced well near the mean spray half angle, while
disagreements are observed on the outer edge of the
spray where the occurrence of droplets is lower.
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Figure 3: Comparison of mean droplet properties of the
PDA measurements of Yuan et al. (2018) and the
LES results of the present work.

The scaled control variables are shown on Fig. 4
illustrating which parts of the chemistry tables are ac-
cessed. The evaporation of the hollow cone spray cre-
ates a similarly hollow cone shaped mixture fraction
field. This partially premixed mixture fraction struc-
ture (Z̃ < 0.25) can be clustered in three parts: 1) a
low progress variable region is situated near the bluff-
body (C̃ ∼ 0.4) corresponding to the unsteady ex-
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tinguishing flamelets in the thermo-chemical database;
2) a higher progress variable region enclosed between
the inner and outer reacting layers (C̃ > 0.7); and
3) the flame surface itself that contains the transition
from partially to fully reacted states. The scaled mix-

a) H1S1

b) DD1S2

Figure 4: Instantaneous contours of the scaled control vari-
ables; top left: mixture fraction Z̃, top right:
scaled mixture fraction variance Zv/(Z̃(1− Z̃)),
bottom left: scaled progress variable C̃, bottom
right: normalized enthalpy ĩ.

ture fraction variance is almost negligible, indicating
that the modelling choices of the presumed-shape FDF
model are of little importance. Finally the corner recir-
culation zones are characterized by medium normal-
ized enthalpies (̃i ∼ 0.5) due to heat transfer to the
burner walls, while the central recirculation zone is
slightly below the adiabatic enthalpy level (̃i ∼ 0.9)
mainly due to heat transfer between the gas and liq-
uid phases. In other regions, the normalized enthalpy
shows a high dependence on the scaled progress vari-
able, as the scaling values depend on both mixture
fraction and progress variable. In particular, the radia-
tive heat loss method has more effect on low strains,
thus the low progress variable regions (the flame sur-
face and the region near the bluff-body) are charac-
terised by lower normalized enthalpy.

Figure 5 and 6 show a cross section of the time av-
eraged mixture fraction field and source term of mix-
ture fraction from the droplet cloud. The mixture frac-
tion highlights, that while the two fuels generate qual-
itatively similar structures, the lower volatility of n-
dodecane results in significantly lower mixture frac-
tions.

The effect is highlighted by the average evapora-

H1S1

DD1S2

Figure 5: Temporal average of filtered mixture fraction.

tive source term. The main difference is in the magni-
tude of the source term peak. While in the n-heptane
case the peak source term is over 60 kg/m3s, in the
case of n-dodecane it is less than half of this. The peak
is located shortly after the injection, approximately in
the same location in case of the two fuels.

H1S1

DD1S2

Figure 6: Temporal average of mass source term generated
by the evaporating droplet cloud.

The lowest iso-contour of < SeZ > is more simi-
lar in the two cases. This suggests that the key differ-
ence between the two fuels is the time the droplets take
to approach the saturation conditions that lead to high
Spalding mass transfer numbers and high evaporation
rates.
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4 Conclusions
The H1S1 and DD1S2 cases of the Cambridge

Swirl Flames Data Repository (Sidey et al., 2017) have
been successfully simulated using LES. The applied
spray model captures the mean droplet properties well,
highlighting the importance of elaborate evaporation
models in flames characterized by strong flame/droplet
interaction. Our analysis suggests, that the main dif-
ference between the studied large hydrocarbon fuels
originates from the different volatility of the two spray
clouds.
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