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Abstract 

Spray combustion is of practical importance to various applications. To study spray flames, benchmark 

cases were investigated both experimentally and numerically. Previous numerical studies of these flames have 
identified sensitivities to gas-phase combustion models and the description of the droplet evaporation. The 
objective of this work is to examine effects of combustion models on the structure of an acetone spray 
flame. To this end, three different combustion models are examined, namely a finite-rate chemistry model, a 
flamelet/progress variable model, and a flame prolongation of intrinsic low dimensional manifold model. In 

the two flamelet approaches, effects of spray evaporation are considered in the limit of small Stokes number. 
By examining radial profiles and employing a doubly-conditioned analysis on gaseous mixture fraction and 

liquid-to-gas mass ratio, it is shown that both flamelet models show differences in the evaporation and subse- 
quent gas phase combustion and temperature field. The use of a finite-rate combustion model in conjunction 

with a reduced chemical mechanism provide improved predictions of heat release and spray-flame structure. 
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

The combustion of liquid fuels is of relevance
to a wide range of practical applications, includ-
ing aviation gas turbines, internal combustion en-
gines, and furnaces. Understanding the physics of 
spray combustion is essential for design optimiza-
tion. In particular, numerical simulations can as-
sist parametric sensitivity studies, enable design
optimizations and obtain detailed flow-field infor-
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mation for further analysis. However, the predictive 
capability of these simulations depends on accu- 
rate combustion models to describe the underlying 
physical mechanisms. 

Significant progress has been made on the 
development of computational models to improve 
the accuracy of simulations of turbulent spray 
flames. These developments have been supported 

by experiments to provide databases for model 
assessment. Recently, a series of turbulent spray 
flame experiments was conducted by Gounder 
et al. [1] considering two different fuels, namely 
ethanol and acetone, over a range of Reynolds 
numbers and liquid mass loadings. The wide 
ier Inc. All rights reserved. 
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ange of operating conditions considered makes
hese experiments desirable for the study of key
hysical mechanisms and provides a platform for
he development of modeling capabilities for pre-
icting turbulent mixing, reaction chemistry, and
vaporation. This series of flames has been studied
y various groups considering different model-

ng approaches for evaporation and gas-phase
ombustion [2–9] . Chrigui et al. [2] evaluated the
erformances of equilibrium and non-equilibrium
vaporation models. Sadiki et al. [3] studied the
ffect of fuel mass loading and evaporation on
he flame structure for both ethanol and acetone
ames using a non-equilibrium evaporation model.
acomano Filho et al. [4] investigated effects of tur-
ulence closures by comparing the thickened flame
odel to the presumed-PDF model in the context

f flamelet generated manifold (FGM) combus-
ion model. An additional enthalpy equation was
olved to represent the process of evaporation.
eye et al. [10] and Honhar et al. [5] performed
ES and RANS, respectively, of the ethanol flame
sing the transported PDF method as the turbu-

ence closure for the chemical source term. Ukai
t al. [6,7] used the conditional moment closure
CMC) as the combustion model in their LES of 
he acetone flames, showing that the doubly condi-
ional moment approach improves the predictions
f heat release. Hu et al. [8] performed LES of 
he ethanol flame using a spray flamelet approach,
here the enthalpy of the gas-phase and mixture

raction are closed using a transported joint PDF
ethod. The evaporation and spray combustion
ere considered through a spray flamelet model.
ratalocchi and Kok [9] conducted URANS to

nvestigate the influence of inflow velocity pertur-
ations to the spray combustion process, showing
pposite responses to acoustic forcing for spray
ames with different Strouhal numbers. Apart
rom this flame configuration, other investigations
n spray combustion considering the physics and
odeling approaches are available, such as those

n the swirl-stabilized spray flame [11,12] and on
he CORIA jet spray flame [13,14] . 

From previous studies, two critical issues re-
arding the modeling of spray combustion in LES
re identified, which are the fidelity of the evapora-
ion model and the gas-phase combustion model.
y addressing these aspects, the objective of this
ork is to investigate the influence of the gas-phase
ombustion model on the structure of spray flames.
o this end, we consider three different combus-
ion models, namely a finite-rate chemistry (FRC)
odel and two tabulated chemistry models that

re here represented by a flamelet/progress variable
FPV) model [15] and a flame-prolongation of in-
rinsic low dimensional manifold (FPI) model [16] .
oth flamelet methods are formulated in the limit
f pre-vaporization. It has been shown that these
amelet approaches are adequate in the limit
of small Stokes-number spray combustion where
spray droplets evaporate instantaneously [17,18] .
The focus of this work is to explore the limitations
of these flamelet models through comparisons with
the FRC approach. The governing equations and
model formulations are presented in Section 2 .
These models are applied in simulations of an
acetone spray flame. The experimental configura-
tion and the computational setup are described in
Section 3 . Results are analyzed in Section 4 and key
conclusions are provided in Section 5 . 

2. Governing equations and modeling approaches 

In the present work, a low-Mach-number for-
mulation is considered, in which density and
thermo-chemical states are evaluated from a com-
bustion model. The Favre-filtered governing equa-
tions describing conservation of mass and momen-
tum in the gas-phase take the following form [19] :

∂ t ρ + ∇ · ( ρ˜ u ) = −〈 ˙ m d 〉 , (1a)

∂ t ( ρ˜ u ) + ∇ · ( ρ˜ u ̃  u ) = −∇ P + ∇ · ( τ + τt ) 
−〈 d t ( m d u d ) 〉 , (1b)

where ρ is the density, u is the velocity vector,
P is the pressure, and τ is the viscous stress ten-
sor; τt is the sub-grid scale stress which is mod-
eled by a dynamic Smagorinsky procedure [20] .
The velocity vector and mass of the dispersed
phase is denoted by u d and m d , respectively; 〈 φ〉 =
(1 /V cell ) 

∑ 

i∈ V cell 
φi denotes the (volume-specific) av-

erage of a dispersed-phase quantity φ over all
droplets contained in computational cell V cell . For
combustion, we considered three models, namely
an FRC model, an FPV model, and an FPI model.

In the FRC model, Eqs. (1a) and ( 1b ) are solved
in conjunction with the species mass fractions and
energy conservation equations, which are: 

∂ t 
(
ρ ˜ Y k 

) + ∇ · (
ρ˜ u ̃  Y k 

) = − ∇ ·
(

j k + j k,t 

)
+ ρ˜ ˙ ω k 

− 〈 ˙ m d 〉 δk, f , (2a)

 p 
(
∂ t 

(
ρ˜ T 

)+∇ · (
ρ˜ u ̃  T 

)) = −∇ · (
q T + q T,t 

) + ρ˜ ˙ ω T 

+ 

N s ∑ 

k=1 

C p,k j k · ∇ ̃

 T 

−〈 C l d t ( m d T d ) −L v ˙ m d 〉 , 
(2b)

where Y k is the species mass fraction of the
k th species, and the subscripts f and d de-
note the index of fuel and the dispersed phase,
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respectively. The molecular and turbulent diffusive
fluxes for scalar φ are denoted as j φ = −ρ˜ D φ∇ ̃φ

and j φ,t = −μt /Sc t ∇ ̃

 φ, respectively. The molec-
ular diffusivities appearing in j φ are computed
from a mixture-average approach, and the turbu-
lent diffusivity is computed following a dynamic
Smagorinsky model. The molecular and turbu-
lent diffusive flux for temperature are q T = −λ∇ ̃T 

and q T,t = −μt /Pr t ∇ ̃

 T . The turbulent Schmidt
number and turbulent Prandtl number are set both
to a numerical value of 0.7. The chemical source
terms and heat-release rate are evaluated from the
filtered quantities, neglecting turbulence/chemistry
interaction. The relevance of turbulence/chemistry
coupling was examined in the context of the FPV-
model and results are provided as supplementary
material. 

In the FPV [15] and FPI [16] approaches, trans-
port equations for mixture fraction Z g and progress
variable C = Y CO 2 + Y CO 

+ Y H 2 O 

+ Y H 2 [21] are
solved in conjunction with Eqs. (1a) and ( 1b ). The
turbulence-flame interaction for the FPV and FPI
models is considered using a presumed probability
density function (PDF) model, where the reaction
source term for C is computed as: 

˜ ˙ ω C = 

∫ ∫ 
˙ ω C (Z g , C) P(C| Z g ) ̃  P (Z g ) dZ g dC. (3)

In Eq. (3) , P ( C | Z g ) is the PDF of progress vari-
able conditioned on the gaseous mixture fraction,
and is modeled by a δ-PDF. ˜ P (Z g ) is the PDF of 
the mixture fraction that is modeled by a β-PDF to
account for sub-grid scale fluctuations in turbulent
flows. The closure of ˜ P (Z g ) requires the knowledge
of ˜ Z 

′′ 2 
g , which is obtained from a transport equa-

tion. 
In both flamelet models, the following equations

are solved: 

∂ t 
(
ρ˜ Z g 

) + ∇ · (
ρ˜ u ̃  Z g 

) = − ∇ ·
(

j Z g + j Z g ,t 
)

− 〈 ˙ m d 〉
(4a)

∂ t 

(
ρ˜ C 

)
+ ∇ ·

(
ρ˜ u ̃  C 

)
= − ∇ ·

(
j C + j C,t 

)
+ ρ˜ ˙ ω C , 

(4b)

∂ t 

(
ρ˜ Z 

′′ 2 
g 

)
+ ∇ ·

(
ρ˜ u ̃  Z 

′′ 2 
g 

)
= − ∇ ·

(
j ˜ Z ′′ 2 g 

+ j ˜ Z ′′ 2 g ,t 

)
+ ρ˜ q Z ′′ 2 g 

+ S ˜ Z ′′ 2 g 
, (4c)

where ̃  q Z ′′ 2 g 
is the production term [22] , and S ˜ Z ′′ 2 g 

=
〈 ˙ m d 〉 (1 − 2 ̃  Z g )( ̃  Z 

′′ 2 
g / ̃

 Z g ) is the source term from the
droplet evaporation. 

To describe the reaction chemistry of acetone,
a 28-species reduced mechanism is employed. This
mechanism is reduced from the USC C 1 –C 4 mech-
anism [23] , and validation of the resulting chemical
mechanism is provided as Supplementary material.

The FPV chemistry table is constructed from
one-dimensional counterflow diffusion flame
simulations traversing the S-shape curve. The 
FPI chemistry table is constructed from one- 
dimensional premixed flame simulations with a 
specified equivalence ratio ranging from the lean to 

the rich flammability limit. In the FPI approach, 
thermochemical quantities are extrapolated for 
mixture fractions beyond the flammability limits 
to populate the full range of mixture fraction from 

0 to 1. 
In both flamelet models, liquid fuel is assumed 

to be pre-vaporized. For this, the temperature of 
the fuel stream is reduced by an amount that cor- 
responds to the latent heat of evaporation in the 
one-dimensional flamelet computations so that the 
gaseous fuel temperature matches the experimen- 
tal condition. The Stokes number for the config- 
uration considered in this study is St = 10 , which 

is defined as the ratio of the relaxation time scale 
τd = ρd d 2 p / (18 μg ) to the convective time scale. The 
assumption of prevaporized fuel limits both mod- 
els to smaller Stokes numbers and fuels with lower 
boiling points. More general spray flamelet mod- 
els that consider finite droplet diameter were de- 
veloped by Gutheil and co-workers [24,25] and 

Franzelli et al. [26,27] , which are expected to fur- 
ther improve the simulation accuracy. In this study, 
we use this simplified approach to assess the valid- 
ity of the pre-vaporization assumption and investi- 
gate its limitations. 

The dispersed phase is modeled with a La- 
grangian approach using the following equa- 
tions [28] : 
dm d 

dt 
= − Sh g m d 

3 Sc g τd 
log (1 + B m 

) , (5a) 

d u d 
dt 

= 

f 1 
τd 

( ̃  u − u d ) , (5b) 

dT d 

dt 
= 

f 2 
τd 

Nu g C p,m 

3 Pr g C l 
( ̃  T − T d ) + 

L v 

m d C l 

dm d 

dt 
, (5c) 

where B m 

= (Y f ,s − Y f ,v ) / (1 − Y f ,s ) is the Spalding 
number of the fuel, C p,m 

= (1 − Y v ) C p,g + Y v C p,v is 
the gas mixture heat capacity, and 

˜ u and 

˜ T are 
the carrier-phase velocity and temperature, respec- 
tively, evaluated at the droplet locations. f 1 and 

f 2 are the correction factors that account for the 
drag force and the convective heat transfer, respec- 
tively. An equilibrium evaporation model is used, 
where Sh g and Sc g denote Sherwood and Schmidt 
numbers, respectively. The latent heat is represented 

by L v . In these expressions, subscripts g, d , and v 
denote the gas-phase, dispersed phase, and vapor 
phase, respectively, and subscript s refers to condi- 
tions at the droplet surface. 

3. Experimental and computational setup 

Numerical simulations are performed for the 
spray flame configuration that was experimentally 
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Fig. 1. Qualitative comparison of OH and CH 3 COCH 3 between measurements and LES results with FRC. 
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nvestigated at the University of Sydney [1] . In this
onfiguration, fuel is supplied by a central turbu-
ent jet. Liquid fuel is atomized by a nebulizer lo-
ated 215 mm upstream of the exit plane and in-
ected through the central jet. The diameter of the
et nozzle is d j = 10 . 5 mm and surrounded by a 25-

m-diameter premixed stoichiometric pilot that is
enerated from a mixture of C 2 H 2 , H 2 , and air. The
urner is accommodated in a wind tunnel of diam-
ter 104 mm with an ambient air flow at 4.5 m/s. 

In the present study, LES calculations of the
perating condition AcF3 are performed, corre-
ponding to a carrier gas velocity of u j = 24 m/s
nd equivalence ratio of 1.8. The Reynolds num-
er for this flow is 20,700. The carrier mass flow
ate is 150 g/min, and the liquid fuel injection rate
s 45 g/min. 

The LES calculations are conducted in a cylin-
rical coordinate system on a structured mesh with
 x × N r × N ψ = 392 × 130 × 64 cells in a domain
f size 40 d j × 15 d j × 2 π . The spray jet inflow is gen-
rated from a separate simulation of the injection
ube, and inflow profiles are collected at the loca-
ion where the gas-phase fuel mass flux and equiv-
lence ratio match the inlet conditions reported in
he experiment. The droplet distribution at the inlet
s prescribed from a Rosin–Rammler distribution
ith scale factor a = 1 and shape factor b = 1 . 8 ,
ith parameters of the PDF fitted from the droplet
iameter distribution in the experiment. 
4. Results and discussion 

Three different LES combustion models are in-
vestigated in the present study: the FPV model,
the FPI model, and the FRC model. With this, the
analysis of the results will focus on two aspects,
namely the droplet evaporation and the gas-phase
combustion. 

4.1. Instantaneous flow-field results 

Qualitative comparisons of the LES results
from FRC-calculations with experimental flow field
results for OH and CH 3 COCH 3 are provided in
Fig. 1 . The size of each window in Fig. 1 is 1 d j × 1 d j .
Each window is positioned such that one of its
vertical edges coincides with the centerline and
the x -location of its center is given by the speci-
fied coordinate. The left column of each sub-figure
shows the PLIF results from the experiment, and
the right column shows the instantaneous FRC so-
lution. The top row is OH and the bottom row is
CH 3 COCH 3 . Qualitative agreement in flame loca-
tion, reaction zone thickness, and flame-turbulence
coupling between LES and experiments is observed
at all locations. The flow topology is captured by
the LES, providing a qualitative illustration of the
flame dynamics at different locations throughout
the flame. 
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Fig. 2. Comparison of mean gas phase temperature fields between: (a) FRC and FPV; (b) FRC and FPI. Stoichiometric 
mixture fraction contour is represented by the black line. 

 

 

4.2. Mean flow results 

The effect of the combustion model on the tem-
perature and velocity fields is examined through
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ig. 2 . The temperature fields in Fig. 2 show that
he FRC-simulation predicts a significantly larger
old jet core compared to the FPV- and FPI-results.
he flame in the center of the jet is located at ap-
roximately x/d j = 35 and 30 for FPV and FPI re-
pectively, but extends further for FRC. This indi-
ates that combustion near the centerline of the jet
tarts earlier in the FPV and FPI simulations than
or the FRC calculation. As a consequence, the re-
ion where the flow field expands by combustion
as dilatation is shifted upstream in the FPV and
PI simulations. 

.3. Analysis of dispersed-phase results 

Figure 3 shows comparisons of statistical results
or the Sauter mean diameter (SMD) and velocity
f the dispersed phase. The vertical dotted lines in-
icate the location of stoichiometry. Axial droplet
elocities for all LES calculations show similar re-
ults, and reasonable agreement with experiments
s observed. The mean droplet diameters evaluated
ith all modeling approaches agree well with exper-

ments. Note that at x/d j = 10 , the radial droplet
elocity is underpredicted by all models at the
uel-rich side of the flame. We attribute this to
he insufficient droplet spreading provided by the
boundary conditions. In regions close to the pi-
lot, the prediction of SMD from FPV is in better
agreement with experiments than for FRC and FPI.
The observed deviations in the droplet velocity are
a consequence of differences in the carrier phase,
predicted by the different combustion models, and
the resulting coupling to the dispersed phase. With
FRC, small droplets are found to penetrate through
the shear layer between the jet and the pilot; with
FPV, large droplets cross the shear layer but the
spreading velocity is small; with FPI, few droplets
escape from the jet that lead to smaller SMD and
lower radial velocity in the pilot stream. 

4.4. Analysis of gas-phase results 

Figure 4 shows comparisons of mean radial
profiles of gas-phase mixture fraction Z g , progress
variable C , and temperature of the carrier phase
at x/d j = { 10 , 20 , 30 } . The gas-phase mixture
fraction is evaluated from Eq. (4a) in FPV and
FPI, and is derived from Bilger’s mixture-fraction
definition in FRC. All models provide comparable
results at x/d j = 10 and show good agreement
with experiments. The peak temperature is located
at the center of the pilot stream. In the upstream
region, the shift in the position of the peak



Q. Wang et al. / Proceedings of the Combustion Institute 37 (2019) 3335–3344 3341 

Y
C

O
2

0

0.08

0.16

0.24
x/dj = 10

FPV FPI FRC

x/dj = 20 x/dj = 30

Y
C

O

0

0.08

0.16

0.24

Y
O

H

×10−3

0

2

4

6

Zg

0 0.1 0.2

T
,
[K

]

300

1000

1700

2400

Zg

0 0.1 0.2
Zg

0 0.1 0.2

Fig. 5. Conditional scatter plots for CO 2 , CO, OH and T at x/d j = 10 , 20 and 30. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

temperature and spreading of the jet is mainly due
to heat transfer from the pilot stream and from
the flame in the shear layer. At x/d j = 30 , both
flamelet models predict higher temperatures at the
centerline. In contrast, good agreement of the tem-
perature profile with the experiment is observed
for FRC but the peak temperature is overpredicted
by 200 K. The mixture fraction for the flamelet
models near the centerline is lower than for FRC.
Because the mixture near the centerline is fuel-rich,
having lower mixture fraction leads to a higher
temperature. Additionally, it is observed that the
progress variable for FPI is lower than for FPV. The
combustion of gaseous fuel in the jet occurs earlier
for both flamelet models than for FRC, which can
also be observed in Fig. 2 from the comparison
of mean temperature contours. This illustrates
that the high-temperature zone is shifted farther
upstream for the flamelet models than for FRC. 
4.5. Conditional results 

To further investigate the influence of the com- 
bustion model on the gaseous phase, we compare 
mixture-fraction-conditioned results of CO 2 , CO, 
OH and T , displayed in Fig. 5 . Note that the 
stoichiometric mixture fraction for the acetone-air 
reaction is Z g,st = 0 . 09 . On the fuel-lean side where 
gas-phase combustion dominates, agreement 
among FPV, FPI, and FRC is observed for all 
scalars. This indicates that both flamelet models 
are capable of capturing the gas-phase combustion 

process. Recall from Fig. 3 that discrepancies are 
observed for the dispersed phase on the fuel-lean 

side. 
Statistical results on the fuel-rich side show dif- 

ferences among these three models. From the FRC 

simulation, a rapid reduction in temperature is ob- 
served at the stoichiometric condition, and a sec- 



3342 Q. Wang et al. / Proceedings of the Combustion Institute 37 (2019) 3335–3344 

x/dj = 30
FPV

Z
l

0

0.02

0.04

0.06
FPI FRC

P
(Z

g
,Z

l)

100

102

104

x/dj = 20

Z
l

0

0.02

0.04

0.06

P
(Z

g
,Z

l)

100

102

104

x/dj = 10

Z
l

0

0.02

0.04

0.06

P
(Z

g
,Z

l)

100

102

104

x/dj = 0

Zg

0 0.1 0.2

Z
l

0

0.02

0.04

0.06

Zg

0 0.1 0.2
Zg

0 0.1 0.2

P
(Z

g
,Z

l)

100

102

104

Fig. 6. Doubly-conditioned analysis showing joint PDF of liquid-to-gas mass ratio and gas-phase mixture fraction at four 
axial location: x/d j = { 0 , 10 , 20 , 30 } (from bottom to top). 

o  

i  

c  

d  

s  

B  

w  

i  

w
 

o  

i  

s  

d  

p  

o  

t  

a  

t  

t  

t  

i  

h  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nd temperature drop at Z g = 0 . 15 (correspond-
ng to the mixture composition of the jet). These
hanges can be attributed to vaporization of the
roplets. In contrast, the gas-phase temperature is
ignificantly higher for FPV on the fuel-rich side.
etter agreement with FRC is observed for FPI,
hich suggests that the structure of this flame is

n better accordance with a premixed flame, which
as also found by Sadiki et al. [3] . 

Observed differences in gas-phase combustion
n the fuel-rich side between FPV, FPI, and FRC

s primarily attributed to the pre-vaporization as-
umption in the flamelet approaches, in which
roplet evaporation and combustion are decou-
led. The deposition of liquid fuel is assumed to
ccur in the fuel stream, where heat extraction from
he carrier phase by evaporation is considered. This
ssumption is valid for small droplets, for which
he time scale of evaporation is small compared to
he characteristic time scale of combustion. In con-
rast, the evaporation time scale for large droplets
s comparable to the combustion time scale, and
eat is extracted from the flame by evaporation, as
illustrated by the reduction in temperature at Z g, st

for FRC. In this case, the coupling between evapo-
ration and combustion is important. 

An estimate of the temperature reduction due
to evaporation can be obtained by consideration
an energy balance. The latent heat of evaporation
of acetone is 31.3 kJ/mol, the density and specific
heat of acetone at the flame temperature are around
0.2 kg/m 

3 and 0.19 kJ/mol/K, respectively. In the
present study, the liquid fuel is injected at a flow
rate of 15.9 g/min. Assuming that all fuel droplets
are evaporated within the jet core, an energy bal-
ance shows that the total reduction in temperature
in this volume due to spray evaporation amounts
to approximately 600 K. This evaporation process
is not fully accounted for in the flamelet models
with the pre-vaporization assumption in the fuel-
stream. As a consequence, the temperature reduc-
tion of the carrier phase near the flame is under-
predicted. In addition, heat release by a partially-
premixed flame at Z g = 0 . 15 is observed for FPV
and to a lesser degree for FPI. As a consequence,
early combustion and enhanced heat release in the
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jet stream are observed for FPV and FPI at fuel-
rich conditions, which causes an overprediction of 
the centerline temperature. In the FRC case, com-
bustion is confined to stoichiometric and fuel-lean
conditions. 

The coupling between droplet evaporation and
gas phase mixing can be examined by considering a
doubly-conditioned analysis of liquid-to-gas mass
ratio and gas-phase mixture fraction, as shown in
Fig. 6 . The liquid-to-gas mass ratio is defined as
Z l = αl ρl / ((1 − αl ) ρ ) [27] , where αl is the liquid
volume fraction. During the droplet evaporation,
Z l decays and Z g increases concurrently, creating a
tendency for states to evolve towards the lower right
in the Z l –Z g composition space. 

In the present configuration, droplets are car-
ried by the fuel-rich jet, which consists of partially
vaporized mixture. This is shown by the broad dis-
tribution around Z g = 0 . 15 . For the FRC simula-
tions, the distribution shifts towards leaner mix-
tures due to mixing with the air stream. The occur-
rence of a peak at Z g = Z g,st is apparent for x/d j =
10 , 20, and 30, which corresponds to the droplet
evaporation in the flame zone. Note the low proba-
bility of finding droplets at lean conditions, since
only few droplets are able to penetrate through
the reaction zone. At x/d j = 30 , regions associated
with high Z l diminish. The markable change in the
distribution at Z g = 0 . 15 between x/d j = 20 and 30
suggests that there is a significant increase in the
evaporation rate between these locations. 

The doubly-conditioned results evaluated from
both flamelet models are in agreement with FRC
at x/d j = 0 . However, at x / d j ≥ 10, Z l remains
low for both FPV and FPI for Z g < 0.15 with-
out the formation of a pronounced peak at the
stoichiometric location of the flame compared to
the results from the FRC-simulation. This indi-
cates that droplets evaporate homogeneous with-
out apparent spray/flame interaction at seen from
the FRC-simulation. Accounting for these effects
requires the consideration of spray/flame coupling,
which is feasible by considering extended flamelet
models [24–27] . 

5. Conclusions 

In this study, effects of combustion models on
turbulent-spray-flame simulations were assessed.
To this end, large-eddy simulations of a tur-
bulent spray jet were performed by considering
three different combustion models, namely a finite-
rate chemistry model, a flamelet/progress variable
model, and a flame-prolongation of intrinsic low
dimensional manifold model. The mesh used in the
simulations was sufficiently fine such that effects
of sub-grid scale turbulence-flame interaction were
found to be negligible. The following conclusions
can be drawn from this study: 
• The fidelity of the gas-phase combustion 

model affects the dynamics of the dispersed 

phase due to feedback of the gas-phase di- 
latation on the droplet dispersion. 

• Flamelet models with pre-vaporization cap- 
tures the gas-phase combustion at fuel-lean 

conditions; however, the assumption of fuel 
pre-vaporization, which is valid only in the 
limit of small Stokes numbers, leads to over- 
predictions of heat release on the fuel-rich 

side and a delocalization of the droplet evap- 
oration. While these prevaporized flamelet 
models capture the flame-structure at lean 

conditions and are convenient for its prac- 
tical implementation, spray flamelet mod- 
els [24–27] are require to improve predictions 
of effects of droplet evaporation and the cou- 
pling of the dispersed phase with the flame. 

• The finite-rate chemistry model was found to 

capture the interaction between droplet evap- 
oration and gas-phase combustion in spray 
flames, resulting in improved predictions of 
the gas-phase temperature. 
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