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ABSTRACT
We undertake the modeling of the combustion of highly swirling fuel sprays using the Flamelet-Generated-Manifold (FGM) combustion-
chemistry-reduction technique, especially the use of adiabatic tables generated with non-premixed chemical reactors. Preceding investigations
indicated that tables thus generated can present uncertainties when used for predicting the finite-rate phenomena and different flame modes,
and these are important for better prediction of spray flames in gas turbines. Thus, to address these, we have adopted a mixed-homogeneous
chemical reactor that is applicable to both pre-mixed and non-premixed reactions and evaluated this using detailed computations of a
constant-pressure mixed reactor. In addition, we have included curated levels of flame-liquid heat gain and loss in the generation of the
FGM libraries and analyzed the effects on the major species formation. The methodologies were then incorporated into a Reynolds-averaged-
Navier-Stokes model to analyze the data from the reacting ethanol spray flames, and the results were tested against the values of the mixture
fraction at axial locations, the burner power output, the flame heat release structure, and the mean of the flame lift-off. The computed burner
power output and mean flame lift-off were ∼90.4% and ∼89.6% of the reported experimental data, respectively. Compared with the newest
published large-eddy-simulation data, the predictions for the mixture fraction values especially at the center of the flame in the central-
recirculation-zone were not underestimated, and the spatial distribution of the flame OH captured the flame height and shape better. The
inclusion of mixed homogeneous reactors and flame-liquid heat transfer in FGM can enhance their use in spray-combustion studies.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0117614

I. INTRODUCTION

To account for the reacting flow mixtures and chemical kinet-
ics, combustion models for computational fluid dynamics (CFD)
need to incorporate the appropriate physics in the modeling, but
these can become complex and computationally expensive. Several
combustion models have been proposed in the literature to circum-
vent the high computational costs and mathematical issues involved
in detailed combustion simulations. These approaches are usually

separated into dimension reduction and tabulation techniques (Grif-
fiths, 1995; Lu and Law, 2009; and Goussis and Maas, 2011) and
turbulent reacting flows based on turbulence–chemistry interaction
techniques (De et al., 2018).

Some dimension reduction techniques are based on skeletal
reduction and time-scale analysis. The computational singular per-
turbation (CSP) approach by Lam and Goussis (1994) and the
intrinsic low-dimensional manifold (ILDM) method by Maas and
Pope (1992) are commonly employed for time-scale analysis. These
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methods consist in decoupling the fast and slow subspaces with Jaco-
bian analysis. In order to reduce the evaluation and manipulation
cost of the Jacobian analysis, these methods usually require an in
situ tabulation procedure (Ren and Pope, 2007; Lee et al., 2007).
The complex turbulence–chemistry interactions in the Reynolds-
averaged-Navier-Stokes (RANS) and Large Eddy Simulation (LES)
models involve nonlinear interactions between the chemistry and
the turbulence. The coupling between the turbulence and the non-
equilibrium chemistry in the flamelet model is achieved using a
statistical description via a presumed Probability Distribution Func-
tion (PDF) method. The flame surface location is solved using
transport equations for the mixture fraction and progress variable.
The thermochemistry reactive scalars are obtained from a look-up
table generated from a laminar flamelet library, including the mean
and variance of the controlling variables (i.e., mixture fraction and
progress variable). Other models, such as the conditional moment
closure (CMC) (Klimenko and Bilger, 1999), assume that the fluc-
tuations in the reactive scalars are inherently associated with the
fluctuations in the mixture fraction and reaction progress variables.
Consequently, the current tabulated chemistry methods were devel-
oped to reduce the CMC computational costs, as in the study by
Karam and Huh (2021).

Furthermore, there are models based on the laminar flamelet
concept and the ILDM, namely, the Flamelet Generated Mani-
fold (FGM) developed by Oijen and de Goye (2000; 2002; 2004)
and Oijen et al. (2001) and the flame prolongation of ILDM
(FPI) developed by Gicquel et al. (2000); these two contemporary
approaches are conceptually and technically similar; however, they
were developed independently (Gicquel et al., 2000). The laminar
flamelet concept “sees” a turbulent flame as an ensemble of thin
and locally one-dimensional laminar diffusion flames, known as
flamelets (Peters, 1984); this concept can be applied to both non-
premixed and, under some limiting circumstances, to premixed
combustion (Peters, 1988). The flamelets are embedded within the
turbulent field while in the ILDM, the fast chemical processes
(identified by eigenvalue analysis of the chemical source term) are
assumed to be in steady state and thus can be decoupled to a
manifold; thus, conservation equations can be transported to solve
the slowly changing variables, and this can be carried out using
controlling variables to account for the variations in enthalpy, ele-
ment composition, mixture, and turbulence as in non-premixed and
premixed systems.

The Flamelet Generated Manifold (FGM) has been in
development and adaptation since its inception by Oijen and
de Goey (2000); this approach takes advantage of the flamelet con-
cept proposed by Peters (1984; 1988) and the fast-chemical decou-
pling as in the ILDM; the FGM has the advantage that transport
effects can be taken into account and cold parts of the flame are
solved better; in addition, it requires fewer controlling variables,
and the effects of turbulence fluctuations are simpler to account for.
Oijen (2002) showed that when compared against detailed chem-
istry computations, the use of FGM in 2D simulations achieved a
speed-up by a factor of 20 (using an implicit solver) and up to 50
(using an explicit time integration solver). Moreover, when FGM
is applied, 25% fewer grid points are required to achieve the same
level of accuracy as computed with detailed chemical computations;
because the smallest time scales are removed in the manifold, the
FGM can use larger time steps. Compared against the ILDM, the

FGM showed better accuracy in computing enthalpy values (with an
error of 0.1%), while the ILDM presented an error of 9%.

A. Numerical studies of spray combustion
with the FGM approach

Most of the FGM developments and current understand-
ing have been focused on flamelets generated with gaseous
non-premixed counter-diffusion flame configurations, especially
for applications in pure gaseous flames under Moderate or
Intense Low-oxygen Dilution (MILD) conditions, which require
an extension for preferential diffusion effects (Abtahizadeh, 2014;
Abtahizadeh et al., 2012; 2013; 2015; 2017). Applications to pure
gaseous premixed flames (Oijen et al., 2001), and to pure gaseous
partially premixed flames (Bongers et al., 2005; Donini et al., 2017).
Donini et al. (2017) showed that adding heat loss effects to FGM
tables improved the temperature and NO prediction in gaseous
gas-turbine combustor simulations.

On the other hand, the application of FGM to spray
combustion simulations in aeronautical gas-turbines is subject
to different physics and complexities. According to the stud-
ies by Mizobuchi et al. (2002), Mikami et al. (2002; 2005),
Domingo et al. (2005), Hu and Kurose (2019), and Brito Lopes and
Emekwuru (2021), spray flames burn in multimode (premixed and
non-premixed modes), and modeling this phenomenon requires the
inclusion of the stratification effects via the use of a progress vari-
able and mixture fraction transport equations; due to the high level
of turbulence especially at the shear layer, which is common for
swirling flows (see Brito Lopes et al., 2020), the non-premixed part
of the flame is subjected to higher fluctuations, thus requiring the
inclusion of fluctuation effects on the mixture fraction transport
equation. In addition, the heat losses in spray flames are mostly
impacted by the convective heat transfer from the flame to vaporize
the droplets (cooling effect) and the latent heat during droplet vapor-
ization; moreover, there are heat losses to the walls and radiative
heat losses, which is more common in heavy hydrocarbon fuels; as
observed by Hu and Kurose (2019), droplet evaporation is dictated
by heat coming especially from premixed combustion. As suggested
by Mastorakos (2017), during forced ignition events, due to the com-
bustion of preheated fuel vapor, the local flame temperature can
exceed the adiabatic flame temperature, hence suggesting that the
addition of heat gain would be necessary for studies involving forced
ignition of spray.

Studies using the FGM method for spray combustion applica-
tions focusing on aeronautical gas-turbine burners are uncommon,
possibly because of the difficulties in including the effects of phase-
changing due to heat loss on the FGM library, complex stratification
effects due to highly swirling motions and combustion multi-mode,
the forced ignition process (flame initialisation), the lack of con-
sensus of the selection of appropriate chemical reactors for flamelet
generation, and the lack of detailed experimental data for modeling
validation.

The first attempt of using FGM for spray (diesel) combustion
was carried out by Bekdemir et al. (2009); their model was a 2D-k-ε
RANS with 1D spray model, and FGM tables were generated using
fully adiabatic tables with homogeneous and non-premixed reactors;
the progress variable coefficients were arbitrarily selected. There was
no consensus on the validity of the model, but it was concluded that
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a homogeneous reactor would be adequate to capture ignition and
reacting flame conditions; validation (flame lift-off and autoigni-
tion) was not performed due to the inexistence of experimental
data; the work was inconclusive on whether the flame was mostly
premixed or non-premixed. Ayyapureddi et al. (2013) applied a
3D-k-ε RANS based simulation with a set of FGM tables generated
with a homogeneous reactor and igniting counter-diffusion flames;
the FGM tables were fully adiabatic; although the FGM model had
considerably over-predicted the heat release rate (HRR) and igni-
tion delay time, the general conclusion was that the FGM approach
would be promising for spray applications; the reasons for the inac-
curacies were not explored. Some approaches as in the study by
Marracino and Lentini (1997) and Coelho et al. (2003) have been
applied to account for the effects of radiative heat loss on the FGM
table by adding an extra controlling variable for the simulation of
pure gaseous flames.

Some other approaches are considered non-adiabatic (heat
loss) in the flamelet table by decreasing the flame temperature; how-
ever, the effects of heat gain and loss on the species mass fraction
are neglected in the FGM simulations with ANSYS® Fluent®, as
in the studies by Ma et al. (2013), El-Asrag and Braun (2015), El-
Asrag et al. (2016), Elasrag and Li (2018), and Perakis et al. (2018).
Although counter diffusion flame reactors with non-adiabatic effects
on flamelet temperature might lead to inaccuracies in capturing
multimode spray-flame features (Ma et al., 2013; Ma et al., 2016),
they can still be suitable for studies of wall heat fluxes in high-
pressure environments of rocket engines (see Perakis et al. 2018).
More recently, Ma et al. (2016) simulated piloted non-swirling spray
flames typical of furnaces under MILD conditions with adiabatic and
non-adiabatic effects with FGM tables generated using fully non-
premixed reactors; the conclusion was that an adiabatic flamelet led
to a considerable under-prediction of the temperature value; when
heat loss was added, the prediction of the temperature value was
improved. Heat loss effects have been neglected in the spray com-
bustion studies by Egüz et al. (2013), Bekdemir et al. (2013), and
Wehrfritz et al. (2016).

Furthermore, in the studies of complex spray flames, the use
of detailed chemistry is required because intermediate species play a
vital role in determining the rates of reaction during ignition and sta-
ble operation. Giusti et al. (2016) and Giusti and Mastorakos (2017)
argued that issues in quantifying the blow-off condition and heat
release are due to the lack of detailed chemistry kinetics; further-
more, this issue can be aggravated if the effects of the heat loss
are not included in the table because heat loss greatly changes the
mass fraction of species, as suggested in the study by Boccanera and
Lentini (2016).

Hitherto, most of the FGM tables are generated using non-
premixed reactors while, in fact, spray flames burn in multimode
premixed and non-premixed modes; as a matter of fact, there is
no consensus on which type of reactor to apply; in fact, a suitable
reactor would allow capturing the flame from the early stage of igni-
tion up to the stable combustion conditions. If flame extinction is
not involved, a homogeneous ignition reactor would be a suitable
option, as explored by Bekdemir et al. (2009; 2013) and Ayya-
pureddi et al. (2013) and as suggested by Ma and Roekaerts (2016);
the use of the FGM method in simulating swirl spray burner
conditions will necessarily require special adaptation in terms of
the choice of reactors and the inclusion of curated levels of heat

gain/loss effects for both ignition and stable flame operations, as
well as assuring that uncertainties from boundary conditions (swirl,
spray, and turbulence) are mitigated or understood a priori of spray
combustion simulations.

In summary, further investigations to understand the suitabil-
ity of using FGM manifolds adapted with mixed constant pressure
homogeneous reactors, detailed chemical kinetics, and curated levels
of heat gain and loss effects in simulating highly-swirling spray com-
bustion of ethanol are needed. This is vital for the better prediction
of spray flames in gas-turbines, thus mitigating numerical uncer-
tainties, improving numerical accuracy of spray flame simulations,
and validating the FGM approach on real applications rather than
canonical and piloted flames. These are still unexplored; this paper
explores these studies. Ethanol fuel chemistry mechanisms and opti-
mum values of progress variables are defined; mixed constant pres-
sure homogeneous chemical reactor computations are performed to
understand the underlying physics of the formation of the major and
intermediate species during ethanol combustion; detailed analysis of
the impact of the non-adiabatic effects on the mass fraction of the
major and intermediate species, as well as on the progress variable
source term, is presented. Then, the full unsteady three-dimensional
reacting simulations of the ethanol spray flame “E1S1” in the real
burner platform designed by Yuan (2015), which is akin to a gas tur-
bine, are performed. The numerical results and flame phenomenol-
ogy are validated against five key parameters—mixture fraction
[from Laser Induced Breakdown Spectroscopy (LIBS) experimen-
tal data] covering four distinct axial locations, the measured burner
power output, semi-quantitative imaging of the flame heat release
structure (CH2O × OH), flame OH-PLIF spatial distribution visu-
alization, and the mean value of flame lift-off—which in previous
studies proved to be challenging to match using state-of-the-art CFD
spray combustion codes. The results are also compared against the
LES-CMC results published in the study by Giusti et al. (2016).

The remainder of the paper is structured as follows: Sec. I B
presents a brief review of the reference experimental setup and the
database utilized for the present ethanol spray simulations. Section II
presents the mathematical modeling for the two-way coupling of
the continuous and liquid phases, the chemical reactor approach,
and the FGM parameterization equations. Section III presents the
modeling methodologies applied to the FGM library construction,
the modeling and boundary conditions, the solutions methods and
strategies, and an overview of the computational grid employed.
The results and discussions are presented in Sec. IV; this starts
with a detailed description of the impact of the inclusion of curated
levels of heat loss/gain on the FGM manifold and the forced igni-
tion approach, which is followed by extensive validation of the
developed numerical FGM table. Section V contains the concluding
remarks.

B. Reference experimental setup, database,
and flow conditions

The experimental equipment on which the present studies are
based on is illustrated in Fig. 1. The combustor cross-sectional area
is 95 × 95 mm2 with a streamwise length of 150 mm. The equipment
incorporates a geometric static six-vane swirl device that generates
a strong clockwise swirl motion (when visualized at the nozzle from
the combustion region) with a geometric swirl number of SN = 1.23
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FIG. 1. Reference swirl-stabilized lab-scale burner. All the dimensions are in mm
(Sidey et al., 2017).

computed according to the study by Beér and Chigier (1972); there-
fore, typical gas-turbine flow features such as vortex breakdown
and strong recirculation zones are formed when the equipment is
in operation. The air is injected through the annulus channel (see
Fig. 1) under ambient conditions (1 atm, 288 K), with the flow rate
in the range of Qinl = 500–990 SLPM (standard liter per minute)
and the bulk velocity in the range of Ub = 14.3–28.2 m/s. A conical
bluff-body (see Fig. 1) with a diameter of Db = 25 mm is concen-
trically fitted with the annulus channel. The flow is fully turbulent
with a Reynolds number of 23 000; the recirculation flow and vor-
texes generated by the swirl motion can mimic the flow encountered
in a gas-turbine. Cold flow non-reacting results are composed of
the mean and root mean square (rms) values of the three veloc-
ity components (axial, radial, and tangential) and turbulent kinetic
energy, as reported by Cavaliere (2013). From all the measurement
locations, a total of 200 000 data samples were recorded with a sta-
tistical uncertainty of 1%–3%, with the bulk velocity measured with
an uncertainty of 3% [Cavaliere et al. (2013)].

For reacting conditions, the device uses a liquid-fuel hollow
cone pressure-atomizer (Lechler 212 series) centrally located on the
top of the bluff-body (see Fig. 1) with a spray angle of 60○ set up
in a highly confined environment by a square of quartz that allows
for non-intrusive optical access of the flame. The liquid ethanol mass
flow is digitally monitored by a flow controller that measures with an
uncertainty of +/− 0.02 g/s. Ignition of the flammable mixture is per-
formed using laser spark deposition and follows a similar approach
developed by Letty et al. (2012).

We tested the numerical methodologies and simulation tech-
niques developed in this study against the reacting experimental data

FIG. 2. Ethanol “E1S1” flame. (a) Mean OH -PLIF and (b) mean OH ∗ chemilumi-
nescence (after inverse Abel transform) indicating the “M” shaped heat release
rate (HRR) areas. Flame “E1S1” is approaching blow-off. Adapted from Giusti
and Mastorakos (2017). Reprinted from Giusti and Mastorakos, Proceedings of
the Combustion Institute, Detailed Chemistry LES/CMC Simulation of a Swirling
Ethanol Spray Flame Approaching Blow-Off 36(2), 2625–2632. Copyright (2017),
with permission from Elsevier.

reported by Yuan (2015) and Sidey et al. (2017) using the ethanol
flame conditions known as flame “E1S1” (“E” stands for ethanol, and
“S” stands for stable). The experimental flame “E1S1” as depicted
in Fig. 2 has a bulk velocity of 17.1 m/s and fuel injection veloc-
ity of 10.68 m/s; this bulk velocity represents 79.2% of the blow-off
velocity, which means this flame is approaching blow-off. The over-
all equivalence ratio is 0.23. The mean OH-PLIF [Fig. 2(a)] is used to
mark the flame structure while OH∗ chemiluminescence [Fig. 2(b)]
(after the Abel transform) marks the regions of heat release rate
(HRR) obtained from the joint 5 kHz PLIF measurements between
OH-PLIF and CH2O radicals. From these results, semi-quantitative
analyses such as the maximum flame height and the thickness of the
reaction zone were inferred. Flame “E1S1” has a thermal power out-
put of 8 kW and an average lift-off height of 6.5 mm (Yuan, 2015).
Related results as presented in Fig. 2 were also obtained for heptane,
n-decane, and n-dodecane.

II. MATHEMATICAL MODELING
A. Governing equations

The two-way coupling between the liquid and continuous
phases is performed using the unsteady-RANS modeling with the
Reynolds-Stress-Modeling (RSM) for the continuous phase and
a Lagrangian framework for the spray droplets. The experimen-
tal findings by Yuan (2015) revealed that under highly-swirling
reacting-spray conditions, the ethanol spray investigated herein is
diluted and polydispersed. Near the injection exit, the measured
Weber number is smaller than 12. Therefore, solving the near-
nozzle region is not required, and no breakup model is considered
(i.e., no primary and secondary breakup events); previous studies
made similar assumptions [see Giusti et al. (2016), Giusti and Mas-
torakos (2017), and Mohaddes et al. (2021) or for conditions akin to
diesel engine sprays, see Gadalla et al. (2020; 2021)]. Hence, the use
of a Lagrangian framework is justified for the present case.

The transport of mean flow quantities in terms of the conser-
vation of mass, momentum, and energy is given by Eqs. (1)–(3),
respectively. The continuity [Eq. (1) and energy (3)] equations
account for the phase-change (evaporation) process. The tilde (∼)
represents Favre-averaged properties while the over bar represents
conventional time-averaged properties. Favre-averaging is applied
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because of the large density changes due to combustion. The set of
equations reads as follows:

∂ρ
∂t
+∇ ⋅ (ρṽ) = Sm, (1)

∂

∂t
(ρṽ) +∇ ⋅ (ρṽ ⊗ ṽ) = −∇p +∇ ⋅ (T + T̃R) + SV , (2)

∂

∂t
(ρẼ) +∇ ⋅ (ρẼṽ) = −∇ ⋅ pṽ +∇ ⋅ (T + T̃R)ṽ −∇ ⋅ q + SE, (3)

where ρ is the mean fluid density, ṽ is the Favre-averaged velocity
field vector, p is the mean pressure field, T is the mean viscous stress
tensor, and T̃R is the Reynolds-stress tensor, which is closed with the
linear pressure-strain Reynolds-Stress-Modelling (RSM) proposed
by Gibson and Launder (1978). In Eq. (3), Ẽ is the total energy per
unit of mass, and q is the mean heat flux vector.

The terms Sm, SV , and SE in Eqs. (1)–(3) are the mass, momen-
tum, and energy source terms obtained from the Lagrangian phase,
respectively. For brevity, Eqs. (4)–(6) model the rate of mass,
momentum, and energy transfer from all particles in a cell c to
the continuous phase, respectively. These equations are coupled to
the continuous phase as source terms in the continuity [Eq. (1)],
momentum [Eq. (2)] and energy [Eq. (3)] equations (Siemens, 2017;
Crowe et al., 1977),

Sm = −
1

Δt∑π
(∫

t+Δt

t
∫

Vc

δ(r − rπ)nπṁpdVdt), (4)

SV = −
1

Δt∑π
(∫

t+Δt

t
∫

Vc

δ(r − rπ)nπ(Fs + ṁp ⋅ vp)dVdt), (5)

SE = −
1

Δt∑π
(∫

t+Δt

t
∫

Vc

δ(r − rπ)nπ(Qt + Fs ⋅ vp

+ 1
2

ṁpv2
p + ṁph)dVdt). (6)

In Eq. (4) the term Δt is the physical time step, and ṁp is the rate
of mass transfer to a single particle from the continuous phase. The
Dirac delta function (δ(r − rπ)) filters out parcels, which are not in
the cell (Siemens, 2017); the summation is performed over all parcels
(π) contained in the volume of cell c (Vc); the volume integral is over
the cell c. In Eq. (5), the term (Fs + ṁp ⋅ vp) is the momentum trans-
fer to a single particle from the continuous phase; Fs is the resultant
of the forces acting on the particles’ surface, vp denotes the instan-
taneous particle velocity, and h is the enthalpy of the transferred
material. In Eq. (6), the term (Qt + Fs ⋅ vp + 1

2 ṁpv2
p + ṁph) is the

rate of total energy transfer to a single particle from the continuous
phase; Qt is the surface convective heat transfer.

In the FGM methodology, combustion is modeled using trans-
port equations that represent the extent of combustion (reaction
progress variable) and mixedness between the oxidizer and fuel
(mixture fraction). A transport equation for the progress variable is
thus computed according to the following equation:

∂ρΥ̃
∂t
+∇ ⋅ (ρṽΥ̃) = ∇ ⋅ (Γd∇Υ̃) + ω̇Υ , (7)

where Υ̃ is the unnormalized reaction progress variable and ω̇Υ is
the mean chemical reaction source term, which is retrieved from
the detailed chemical reactions in the FGM table; the term Γd is the
diffusivity, thus,

Γd = ρDlam +
μt

Sct
, (8)

where Dlam is the laminar diffusivity, the ratio μt
Sct

is the turbulent
diffusivity, Sct is a constant turbulent Schmidt number equal to 0.7,
and the turbulent viscosity (μt) is computed as μt = ρCμ

k2

ε , where
Cμ = 0.09 is a constant coefficient and k and ε are the turbu-
lent kinetic energy and dissipation energy, respectively, obtained
from the linear pressure-strain Reynolds-Stress-Modeling (RSM)
proposed by Gibson and Launder (1978).

The mixture fraction is transported by convection and diffusion
as represented by Eq. (9) while its variance is computed by transport
Eq. (10); the mixture fraction variance is normalized by Eq. (11),

∂ρZ̃
∂t
+∇ ⋅ (ρṽZ̃) = ∇ ⋅ (Γd∇Z̃), (9)

∂ρZ̃′′2

∂t
+∇ ⋅ (ρṽZ̃′′2 − μt

Sct
∇Z̃′′2) = 2μt

Sct
(∇Z̃)2 − cdρ

ε
k

Z̃′′2, (10)

ζ̃Z =
Z̃′′2

Z̃(1 − Z̃)
. (11)

In the numerical studies to be presented in the Results section,
the dissipation coefficient cd = 2 is selected based on the studies by
Janicka and Peters (1982), Overholt and Pope (1996), Juneja and
Pope (1996), and Abtahizadeh et al. (2012). Equation (9), which is
given as a function of space and time, does not contain a chemical
source term because the elements (carbon, hydrogen, oxygen, and
nitrogen) are conserved during chemical reactions.

Equations (1)–(3) are thus solved along with the FGM trans-
port Eqs. (7)–(11) while the thermochemical scalars (i.e., density,
temperature, enthalpy, molecular diffusivity, species mass fraction,
specific gas constant, and dynamic viscosity) are retrieved from the
FGM library. Under the low-Mach number assumption, the small
variations in pressure inside the swirl-spray burner can be estimated
according to the equation of state [Eq. (12)], thus closing the system
of equations from (1)–(11). In this case [Eq. (12)], the density, spe-
cific gas constant (R), and temperature are retrieved from the FGM
library,

p = ρRT̃. (12)

B. Chemical reaction equations
The reacting phase is modeled in three distinct parts. The

first part is the generation of the thermo-chemistry database via a
constant-pressure perfectly-mixed chemical reactor. This is followed
by the parameterization of the thermo-chemistry database from a
physical space into a multi-dimensional manifold space, expressed
in terms of the controlling variables: mixture fraction, progress vari-
able, and heat loss ratio. Then, the effects of turbulent fluctuations
in the library are included and integrated; the third part corresponds
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to the transport equations for the mixture fraction, mixture fraction
variance, and progress variable required to couple and solve during
the spray flame computation.

The thermo-chemistry database is generated using an
enclosed constant-pressure homogeneous reactor according to
Eqs. (13)–(15), which represent the conservation of mass, conserva-
tion of species mass fraction, and conservation of energy transfer,
respectively,

∂m
∂t
= 0, (13)

∂Yi

∂t
= ω̇iWi

ρ
, (14)

ρcp
∂T
∂t
= σε

A
V
(T4 − T4

w) −
Ns

∑
i

ω̇iHi. (15)

In Eq. (13), m is the total mass of the mixture present in the
reactor; this quantity is conserved. In Eqs. (13)–(15) t is the time,
and i denotes each species in the chemical mechanism. In Eq. (14),
Y i is the species mass fraction, ω̇i is the reaction rate, and W i is
the species molecular weight. In the energy Eq. (15), the system’s
density is represented by ρ = m/V , and the specific heat at con-
stant pressure is represented by cp; T is the temperature, the term
σε A

V (T
4 − T4

w) is the radiative heat transfer, which is derived from
the Stefan–Boltzmann law and for combustion cases depends on
the type of fuel used in terms of soot generation, and the term
∑Ns

i ω̇iHi is the net reaction rate of species i (heat release by chemical
reactions) where Hi =W ihi is the system’s absolute enthalpy; these
equations are computed assuming an ideal-gas behavior. To provide
the source reaction rate to Eqs. (14) and (15) requires the calculation
of the reaction rates (chemical kinetics) for all reactions involved in
the chemical mechanism.

The net reaction rate ω̇i is obtained as

ω̇i =
Nj

∑
j=1

υijrj, (16)

where the net reaction rate (ω̇i) of species i is the sum of all reactions
j, with the progress rate of reaction j multiplied by the stoichiomet-
ric coefficient (υij). The stoichiometric coefficients and reaction rate
require detailed knowledge of the chemical kinetics, transport prop-
erties, and thermodynamics database. The detailed kinetic mecha-
nism describing the ethanol oxidation consists of 57 chemical species
and 372 elementary reversible reactions, as developed in the study
by Marinov (1999); transport properties and the thermodynamics
database are obtained from LLNL (2017). The ability of Marinov’s
mechanism in capturing the correct laminar flame speed, ignition
delay time, and its appropriateness in high-temperature applica-
tions was explored in the studies by Orbegoso et al. (2011) and
Aboussi (1991) while benchmarking studies against other ethanol
mechanisms as developed by Bhagatwala et al. (2014) have been per-
formed in the CFD studies by Ghajar (2019) and Hassan (2018); the
main assumptions in developing the ethanol chemistry mechanism
was explored by Roy and Askari (2020).

C. FGM library parameterization
The thermo-chemistry results obtained from the solutions of

the chemical reactor computations are then parameterized in the
FGM space via the mixture fraction (Z), the reaction progress vari-
able (Υ), and the heat loss ratio (γ); the adoption of a mixture
fraction as a controlling variable allows for a better description of the
partially premixed effects due to the mixing effects typical of non-
premixed swirling gas-turbine systems. The extent of combustion
in the FGM combustion model is computed by solving an unnor-
malized progress variable, which is based on a linear combination of
weighted mass fractions of reaction product species represented by
the following equation:

Υ =
Ns

∑
k=1

αkYk, (17)

where αk is the species weight coefficient, Yk the species mass frac-
tion, and Ns is the number of species used in the definition of the
unnormalized progress variable.

The accurate definition of the species mass fraction involved in
the definition of the progress variable (Υ) as well as its respective
weight factor would be ideally determined during the experimen-
tal analysis. However, this is not a common practice because of
the experimental challenges and costs involved. In the absence of
experimental data (which is the case for the burner in Sec. I B), a
numerical approach was considered in defining the species weight-
ing. As pointed out by Ihme et al. (2012), methods that are based on
optimized techniques are proven to be more accurate because they
eliminate the “expert knowledge.” In this study, the progress variable
coefficients were computed using the optimizing approach proposed
by Goldin and Zhang (2017), as implemented in the STAR-CCM+
solver. The progress variable for ethanol is defined using a linear
combination of CO2, CO, H2O, and H2, as suggested in the study by
Fratalocchi (2017). The optimization approach consists in finding a
set of optimal species weighting coefficients (αk) for the unnormal-
ized progress variable Eq. (17). A generic optimization algorithm
is applied to minimize the gradient in the reaction progress vari-
able space. The cost function is defined as the sum of the maximum
gradient of each dependent variable as a function of the progress
variable, summed over all table points (tp) in the mixture fraction
(Z = 34), mixture fraction variance (ζ̃Z = 20), and heat loss ratio
space (γ = 12). The optimum ethanol weighting coefficients (αk) for
this particular case, computed following the study by Goldin and
Zhang (2017), are αH2O = 0.666 67, αCO2 = 1, αCO = 0.791 67, and
αH2 = 1.

To facilitate the FGM library integration during the inclusion of
the turbulence fluctuation effects via presumed PDF functions and
to simplify data analysis, the unnormalized progress variable Υ is
normalized as

c = Υ − Υu

Υb − Υu
, (18)

where Υ is the unnormalized progress variable of the reacting mix-
ture, Υu is the unnormalized progress variable at the initial unburnt
state, and Υb is the unnormalized progress variable at the burnt
(equilibrium) state. The normalized progress variable reproduces
the extent of combustion varying from a value of c = 0 (no reaction)
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up to c = 1 (fully burnt, equilibrium state); any intermediate value
indicates the extent of the local flame structure.

The mixture fraction is the mass fraction of the fuel stream
relative to the total stream; it represents that state of mixedness
(stratification effects) between the mass flux of the oxidizer and fuel,
and it is computed according to the following equation:

Z = mf

mf +mox
, (19)

where Z is the mixture fraction that is conserved at an atomic level,
mox is the flow stream of the oxidizer, and m f is the flow stream of
fuel; in spray simulations, this represents the mass fraction of the
evaporated fuel in non-premixed combustion.

The mass fraction of both the fuel and oxidizer are based on
their elemental mass fractions, and in this sense, elements are con-
served during chemical reactions; thus, the mixture fraction does not
change due to chemical reactions. The mixture fraction is defined
following Bilger’s definition (Bilger et al., 1990); thus,

Z = B − Box

Bf + Box
, (20)

where B = 2 YC
WC
+ 0.5 YH

WH
− YO

WO
is used for hydrocarbons and alcohol

fuels; the subscripts C, H, and O correspond to the elements carbon,
hydrogen, and oxygen, respectively; and subscripts ox and f refer to
the oxidizer and fuel streams, respectively. The normalized mixture
fraction ranges from Z = 0 (pure air) to Z = 1 (pure fuel).

The effect of the enthalpy deficit and gain (departure from adi-
abatic state) is parameterized within in the FGM library via the
normalized heat loss ratio (γ) as

γ = had − h
hsen

. (21)

The normalized heat loss ratio γ represents the normalized
enthalpy difference between the cell enthalpy ( h) and its adiabatic
state (had); it varies from γ = −1 (maximum heat gain) to γ = +1
(maximum heat loss) and assumes a value of zero at the adiabatic
state. The adiabatic enthalpy term had, which is a linear function
of the mixture fraction, and the sensible enthalpy hsen, which is
a function of temperature due to chemical reactions, are obtained
according to Eqs. (22) and (23), respectively,

had = (1 − Z)hox + (Z)hf , (22)

hsen =
Ns

∑
k=1

Yk(∫
T

Tref

cp,kdT), (23)

where cp,k is the specific heat of the k-th species within the chemical
mechanism and Tref = 298 K is the reference temperature.

The mixture fraction and mixture fraction variance are trans-
ported by convection and diffusion, and the effects of evapora-
tion and the eventual presence of non-evaporated liquid fuel as
the source term are neglected (Giusti and Mastorakos, 2017 and
Zhang et al., 2019). Following the analyses by Zhang et al. (2019),
the variance of the progress variable is not included in the tabulation
process. The effect of the heat loss ratio (γ) for the spray evaporation
process is accounted for by solving for different values of enthalpy
and the mixture fraction in the table.

III. MODELING METHODOLOGY
A. Chemical reactor

To understand the underlying physics of high temperature oxi-
dation of ethanol, reactive computations using the constant-pressure
perfectly mixed reactor with Marinov’s ethanol mechanism were
performed. As shown in Fig. 3 part (a), the mole fraction evolution
of intermediate (CO, OH, and CH2O) and major (CO2 and H2O)
species as well as flame temperature was monitored; in Fig. 3 part (b),
the effects of finite rate chemical kinetics are investigated by compar-
ing the instantaneous values of the species (major and intermediate)
reaction rates; in Fig. 3 part (c), the exact physical time of maximum
heat release occurrence is identified. To capture the sensible effects
of the intermediate species, the chemical reactor was solved with a
time step of Δt = 1 × 10−10 s.

In Fig. 3 part (a), the rapid temperature rise (in less than 8
ms, from ∼1000 to 2533 K) and concomitant rapid consumption of
ethanol are characteristics of auto-igniting mixtures; as observed in
Fig. 3 part (b), the ethanol molecule no longer contributes to the
overall reaction rate, reducing to zero at the time of maximum heat
release [indicated as Max HR in Fig. 3(c)], because all the ethanol
in the vessel has been consumed [as observed in part (a)]; in fact,
this can only happen under stoichiometric conditions, as in the test
case herein. In the time immediately after Max HR, only combus-
tion products such as CO2, CO, and H2O keep reacting in both
forward/backward ways; eventually, a fully burnt state (equilibrium)
is achieved at around 78.10 ms [shown in Figs. 3(a), 3(b), and 3(c)];
thus, reactions are completely ceased.

In Fig. 3 part (c), the beginning of the induction period (the
time immediately before Max HR) is controlled by the kinetics of
carbon oxidation (forming CO2) and the production of CO and
water vapor (H2O); this is also observed in part (b) by the higher
rate of chemical reaction involving these species near a time of
78.0514 ms (time of maximum HR occurrence); the sharp and
almost instantaneous rise of heat release in Fig. 3 part (c) is typical
of an igniting mixture in closed reactors; an interesting observation
in Fig. 3 part (b) is that CH2O (formaldehyde) hits its maximum
reaction rate near the time when Max HR occurred; this makes
monitoring its emission a good marker for quantitative heat release
analysis [as observed in the studies by Yuan (2015) and Kariuki
and Mastorakos (2017)]. Furthermore, the OH reaction rate [in
Fig. 3 part (b)] presented two features that are correlated with high-
temperature oxidation. First, its maximum reaction rate occurred
near the time of Max HR occurrence while the magnitude of the
reaction rate is comparable to the major species (CO2 and H2O)
magnitude; second, it is observed that its production is only initiated
when the reaction is approaching Max HR; for the entire period from
78.04 to 78.046 ms, there is no active OH reaction taking place; after
its maximum is reached, it quickly returns to zero, ceasing any reac-
tion involving OH production/consumption; as observed in Fig. 3
part (a), its molar fraction magnitude is comparable with that of the
major species (CO2 and H2O), making it a good marker for both
quantitative and qualitative heat release studies. For detailed chem-
ical pathway analyses including sensitive studies involving reactions
with the OH source term, the reader is referred to the study by
Marinov (1999).

An interesting non-trivial observation from the results in Fig. 3
part (b) is that only a set of chemical species (CO, CO2, and H2O)
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FIG. 3. Detailed computations of the
constant-pressure perfectly mixed reac-
tor solved with constant atmospheric
pressure, a unitary equivalence ratio,
and an initial temperature of 950 K to
mimic a process where ethanol combus-
tion occurs. (a) shows the mole fraction
of the relevant species for spray combus-
tion against the final burnt temperature;
physical time step: Δt = 1 × 10−10 s; in
(c), Max HR (maximum heat released)
occurred at a physical time of 78.0514
ms; the vertical black line in (a) and (b)
marks the time where maximum heat
release occurred.

appears to be sufficient to describe the combustion process while
approaching the maximum heat release [as shown in Fig. 3 part (c)];
in other words, they are slowly varying species with higher reac-
tion rate magnitude and a higher mole fraction produced around
Max HR; thus, these species can be used to describe the extent of
combustion from the unburnt state to the fully burnt state; on the
other hand, fast decaying intermediate species (i.e., OH and CH2O)
are marked by fast-transient behavior and thus can be neglected
in the case of representing the progress of a reacting system (these
species are rapidly trapped into the same manifold solution in this
case with the reaction rate approaching zero). On this simple yet
powerful concept lies the basis of the progress variable concept used
to represent the extent of combustion in various flamelet models, as
developed by Maas and Pope (1992), Oijen and de Goye (2000; 2002;
2004), and Oijen et al. (2001).

B. FGM library construction
The FGM database is tabulated by four independent control

variables (4D FGM), namely, the progress variable Υ̃ , mixture frac-
tion Z̃, mixture fraction variance Z̃′′2, and heat loss ratio γ̃. The
unnormalized progress variable, Eq. (17), is defined as a linear com-
bination of the weighted mass fraction of species H2O, CO2, CO,
and H2 as obtained from the solution of the perfectly mixed reactor
equations in physical space [Eqs. (13)–(15)] and using the optimum
weighting coefficients (αk) as presented in Sec. II C. The relevant
species selected for retrieval (CH2O, C2H5OH, H2O, CO2, CO, OH,

O2, and H2) are tabulated for post-processing, computation of the
heat release rate, and flame lift-off and flame visualization purposes.
For data analysis and turbulent integration, the progress variable is
normalized between c = 0 (unburnt) and c = 1 (fully burnt). The
progress variable reaction source term (ω̇i) in Eq. (7) is dynamically
and directly extracted from the FGM library. The Lewis number is
assumed to be unity for both the calculation of the progress vari-
able and the mixture fraction transport equations. The influence of
turbulent fluctuations on the local flame structure is accounted with
statistically independently assumed β-pdf for the mixture fraction
and δ-pdf for the heat loss functions.

In the computation of the mixture fraction, Eq. (9), the effects
of evaporation and the eventual presence of non-evaporated liquid
fuel as source terms are neglected following recommendations from
the studies by Giusti et al. (2016), Giusti and Mastorakos (2017), and
Zhang et al. (2019). Following the analyses by Zhang et al. (2019),
the variance of the progress variable is not included in the tabula-
tion process because it has a negligible impact on the global flame
structure and OH mass fraction maximum values.

A series of flamelets is computed for different values of the heat
loss ratio (γ); the initial mixture temperature used in the generation
of the adiabatic flamelet is 300 K; the mixture temperature is var-
ied in steps of ∼25 K according to the level of enthalpy tabulated;
the initial mixture temperature varied from 200 K (maximum heat
loss state) to a relatively high 398.76 K (maximum heat loss gain).
For each level of the heat loss ratio, a series of flamelets is solved
from a mixture fraction value of Z = 0 (pure air) up to Z = 1 (pure
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fuel). The progress variable is generated as a result of the flamelet
solution; each set of flamelet (for each heat loss ratio chosen) is gen-
erated manually to avoid table errors and unphysical results and to
mitigate convergence issues. This was necessary because the fully
automatic approach adopted by STAR-CCM+ is sensitive and prone
to convergence issues.

C. FGM library storage
The tabulation process consists in saving the desired ther-

mochemical quantities (mean and fluctuating values) in a pre-
processing textual output file; since the manifold has four controlling
variables (Z̃, ζ̃Z , γ̃, c̃), a predefined grid is used to discretize these
dimensions. The FGM table integration is considered converged
when the error tolerance per iteration is less than tol = 0.0001; this
requires the selection of a satisfactory number of grid points in the
discretization of Z̃, ζ̃Z , , γ̃, and c̃; nonetheless, for spray simulation,
there is no recommendation in the literature on what would make
an adequate number of grid points; this is usually performed based
on user experience.

The number of grids adopted in the discretization of the con-
trolling variables used herein is nγ̃ = 12 (heat loss/gain), nZ̃ = 34
(mixture fraction), nζ̃Z

= 20 (mixture fraction variance), and
nc̃ = 100 (progress variable) grid points; this yields a library com-
posed of Nstates = 816 000 flamelets; it was observed a posteriori
that increasing the number of grid points beyond 816 000 has no
impact on burner power output and flame morphology results of
the actual flame. When the discretization of the progress variable is
smaller than nc̃ = 100 grid points, difficulties were found during the
table convergence, and species were irregularly formed near the sto-
ichiometric mixture and under fuel-rich conditions. For a detailed
assessment, refer to the Results section (Sec. IV), where the results
of the generated table are assessed.

Figure 4 shows the multidimensional (3D isosurfaces in the 4D
space at ζ̃Z = 0 iso-levels) FGM library generated with the heat gain
and loss. Overall, all possible local flamelet structures are covered by
this library from Z [0–1] to c [0–1]. As observed in Fig. 4(c), even
under maximum heat loss, there is still a local fully burnt flamelet
structure with a temperature of T = 814 K achieved at around the
region near Z = 0.3/c = 1 (fuel-rich). Most parts of the surface
are in frozen chemistry state (non-reactive), especially from c = 0
to c = 0.8, but this region is kept in the library in case the ther-
modynamics properties are interpolated. As shown in Fig. 4(b), a
sharper increase in the temperature value is achieved close to the
stoichiometric mixture fraction, and considerable regions of the sur-
face exhibit temperature values beyond 800 K; however, as shown
in Fig. 4(a), the heat gain is mainly associated with higher temper-
ature values (well-above the adiabatic state) especially around the
stoichiometric line; however, for fuel-rich regions (especially Z >
0.2), the temperature values are in the range of 800–1500 K. When
the goal is to initialize combustion (forced ignition phase), the CFD
solver reads the flamelet library covered in Figs. 4(a), 4(b), and 4(c),
looking-up and interpolating data from any intermediate surface;
this is necessary because during actual forced ignition, any value of
heat gain or loss is unknown and difficult to assume; once the actual
swirl-stabilized flame is established and converged, the upper (heat
gain) manifold and its intermediate (down to the adiabatic surface)

FIG. 4. Multidimensional ethanol (3D isosurfaces) FGM library generated with heat
gain and heat loss plotted as a function of temperature, mixture fraction, progress
variable. (a) The library with maximum heat gain; (b) the adiabatic surface and (c)
the library surface colored by the maximum admitted heat loss. The surfaces are
generated at a mixture fraction variance of zero.
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shelves are decoupled, and the flame runs only on manifolds with a
heat loss effect.

Any average state quantity scalar such as temperature, progress
variable reaction rate, species mass fraction, specific heat, enthalpy,
molecular diffusivity, and dynamic viscosity, among others, can be
univocally retrieved from the FGM look-up table via linear interpo-
lation as a function of the controlling variable, as ϕ̃ = ϕ̃(Z̃, ζ̃Z , γ̃, c̃).
According to Oijen et al. (2016), linear interpolation is simple,
promotes fast retrieval, and gives reasonable results. Using higher-
order polynomials reduces the required number of grid points
but increases the complexity and computational cost. Other tech-
niques to store and retrieve data can be found in the study by
Oijen et al. (2016).

D. Solution methods
The numerical studies performed in this study were carried out

using the finite-volume STAR-CCM+ solver (Siemens, 2017), which
is fully parallelized and of double precision. The Unsteady Reynolds-
Averaged Navier–Stokes (URANS) equations are closed with the lin-
ear pressure-strain Reynolds-Stress-Modeling (RSM) (Gibson and
Launder, 1978; Rodi, 1991). Momentum and continuity equations
are linked and solved using the pressure–velocity algorithm SIM-
PLE along with the Rhie-and-Chow dissipation correction term to
prevent the pressure-correction equation suffering from unphysical
checker boarding of pressure. The discretization of the convective
and diffusive fluxes is approximated using a 2nd order midpoint rule
scheme, and the transient term is approximated using an implicit
2nd order backward scheme. To achieve better resolution in the
flame calculation, a 3rd order MUSCL central difference scheme was
applied to the convective terms in the FGM transport equations. The
droplet motions were tracked in a Lagrangian framework, and the
effects of mass, momentum, and energy exchanges with the contin-
uous phase are accomplished via two-way coupling (Spalding, 1960;
Crowe et al., 1977; Michaelides, 1997; and Crowe et al., 2011). The
effects of turbulent dispersion are accounted for using the stochas-
tic approach by Gosman and Ioannides (1983); the required length
and timescale of turbulence are obtained from the eddy velocity scale
estimated using the Reynolds-stress-modeling.

The set of ordinary differential equations (Sec. II B) is solved
using the Digital Analysis of Reaction Systems (DARS) toolbox
(Siemens, 2017). The DARS toolbox uses the stiff ODE (initial value
problem) solver SUNDIALS CVODE with a Backward Differen-
tiation Formula (BDF) for time integration. To assure numerical
convergence, and most importantly assure that intermediate species
are well captured, the chemical reactor was solved with a fixed
time step of Δt = 1 × 10−10 s; this assured that short lived species
with short chemical reaction times were correctly solved as well as
guaranteed numerical convergence.

In our recent studies (Bonello, 2018; Hassan, 2018; Gha-
jar, 2019; Brito Lopes et al., 2020; and Brito Lopes and Emek-
wuru, 2021), the STAR-CCM+ solver has been extensively tested
and validated in terms of spatial and temporal discretization
schemes, implementation of boundaries conditions, assessment of
RANS and LES turbulence models, validation and parametric stud-
ies of spray combustion models, and two-way coupling with the
Lagrangian solver. Detailed validation and application of the STAR-
CCM+ solver can be found in the studies by Vermeire et al. (2017),

Schor et al. (2017), Tang (2012), Persson (2013), and Ottosson
(2019). These studies have applied, tested, and validated the solver,
and the overall observations were in reasonable agreement with the
numerical and experimental datasets.

All the simulations were carried out using the Linux High Per-
formance Computer (HPC) facility (known as Zeus) at Coventry
University. For non-reacting and reacting simulations, the number
of computer cores used varied from 256 up to 1024 cores.

E. Modeling and boundary conditions
The swirl inlet boundary conditions and the turbulence mod-

eling assumptions for the RANS Reynolds-Stress Modeling models
were generated using the through-the-vane methodology developed
and validated by Brito Lopes et al. (2020). This consists of interpolat-
ing Dirichlet conditions at the inlet of the annulus section; mean flow
and turbulence properties (velocity components, pressure, temper-
ature, turbulence intensity, and Reynolds-stresses), obtained from
simulations of the complete burner assembly incorporating the swirl
device, are interpolated and mapped into the inlet domain (Fig. 5).

The mixture (air/fuel) is initially composed of 0.233 of oxy-
gen (O2) and 0.767 nitrogen (N2); the reactor absolute pressure is
atmospheric 101 325 Pa; an initial fresh gas temperature of 300 K is
used to generate the adiabatic flamelet; the initial enthalpy is varied
via changes in the fresh mixture temperature to include the non-
adiabatic effects; for each level of heat gain/loss in the grid, the mixed
homogeneous reactor has a value of mixture fraction varying from
Z = 0 to Z = 1.

The progress variable [Eq. (7)], the mixture fraction [Eq. (9)],
and the mixture fraction variance [Eq. (10)] are set to zero at
the swirl inlet [see Fig. 5(b)], indicating pure air and no reac-
tion. As the flow naturally evolves after ignition initialization, the
mixture fraction and progress variable follow the natural paths
of flame burning within the CRZ. The droplet size distribu-
tion is approximated by a Rosin–Rammler distribution [Sauter
mean diameter (SMD) = 70 μm; spread factor = 4, similar to
the study by Giusti and Mastorakos, 2017], with the droplet size
distribution ranging from 1 to 100 μm, similar to the study by
Yuan (2015).Turbulent and Lagrangian spray assumptions and
boundary conditions were previously discussed by Brito Lopes and
Emekwuru (2021); the conclusion was that 1000 initial computa-
tional parcels were appropriate and affordable for reliably reacting
CFD simulations. Giusti et al. (2016) observed that the ethanol spray
slightly spread from the nominal injection angle. They performed a
parametric study considering different spread angles from 3○ to 12○.
They concluded that 6○ was suitable to mimic and match the react-
ing mixture fraction experimental conditions. Therefore, herein, the
hollow cone angle was adjusted by adding a 6○ deviation to the nom-
inal value of 60○ on both internal (−3○) and external (+3○) sides;
the injection velocity and fuel flow rate are set according to the
experimental database of the study by Yuan (2015) in Sec. I B.

F. Solution strategy
The computation and updation of the Lagrangian source terms

into the continuous phase (Sec. II A) are performed once per time
step; this improves the convergence rate. To avoid an increase in
the computational time and convergence issues, particles with mass
smaller than mp = 1 × 10−12 kg are depleted from the computational
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FIG. 5. (a) Full 25 structured blocks and
internal block splitting. (b) Fine hexa-
hedral mesh without a swirl device for
both RANS and LES studies. (c) Zoom-
in on the bluff-body exiting area show-
ing the meshing distribution. The images
are reproduced with permission from
Brito Lopes et al., Phys. Fluids 32(5),
055105 (2020), with the permission of
AIP Publishing LLC.

domain. As investigated by Brito Lopes and Emekwuru (2021), this
assumption did not affect the balance of mass and energy. The react-
ing cases are initialized from the fully-converged swirl cold non-
reacting flow solutions, as investigated by Brito Lopes et al. (2020).
This procedure is required to improve the convergence rate dur-
ing forced ignition and full reaction simulation, thus mitigating
numerical stability issues when forced ignition is set.

G. Computational grid
Figure 5 illustrates the mesh structure used for the simula-

tion without the swirl device. The inlet starts at 34.1 mm upstream
of the bluff-body. We developed and validated a procedure that
interpolates the swirl, axial, and radial velocities, obtained from a
simulation including the complete burner domain (with the swirl
vanes) (see Brito Lopes et al., 2020), into the inlet shown in Fig. 5(b).
Brito Lopes et al. (2020) had earlier assessed the appropriateness and
validation of the present mesh, as shown in Figs. 5(b) and 5(c), for
both RANS and LES. The results indicated that more than 95% of
the resolved turbulent energy was captured using this mesh and that
satisfactory agreement with experimental central recirculating zone
flow data inside a burner domain was achieved.

IV. RESULTS AND DISCUSSION
A. The impact of heat gain and loss on the FGM
manifold

To understand how non-adiabatic effects can affect the local
flame structure, the chemical reactor computation is parameterized
using the controlling variables: the mixture fraction, heat loss ratio,
and progress variable. In addition, the impact of the heat gain and
loss from the flamelets on the progress variable source term and its
intensity in representing the chemical reacting states was evaluated.
The FGM table is built to cover all the possible flammable condi-
tions from the pure air mixture (Z = 0) to pure fuel (Z = 1); for
each mixture fraction chosen, the extent of combustion is mapped
from no reaction (c = 0) up to fully burnt (c = 1, equilibrium); thus,

any possible flamelets within the flammability limit for this chemical
mechanism are summarily covered and contained in the library.

Figure 6(a) illustrates the departure of the system from its adi-
abatic state (γ = 0); the differences between the adiabatic enthalpy
(linear function of the mixture fraction) and the actual enthalpy
(with heat gain/loss) are imposed by decreasing the boundary
enthalpy (temperature) and evaluated for each mixture fraction
from 0 to 1; the actual enthalpy departure is plotted considering
a maximum departure γ = ∓1, 50% of the maximum (γ = ∓0.5)
and 25% of the maximum (γ = ∓0.25); the maximum value
of heat loss γ = 1 is achieved when the boundary enthalpy is
−98 390 J/kg, which corresponds to an average mixture temperature
of T = 200 K. The values of heat loss are completely unknown a pri-
ori chemical reactions (especially under fuel-rich conditions) while
heat transfer is still possible in any part of the combustor; the max-
imum heat gain is achieved for an enthalpy boundary of 102 200
J/kg with an average mixture temperature of 1207.6 K. Overall, no
discontinuity appears in the profiles, showing that the discretiza-
tion of the heat loss ratio especially near the stoichiometric mixture
fraction Zst = 0.1 was suitable. Doubling the number of heat loss
ratio grids (not shown herein) did not change the quality of the
solution.

In Fig. 6(b), the impact of the heat loss and gain on the progress
variable source term is noticeable; the computations are performed
considering that the mixture fraction is stoichiometric; for an adia-
batic state, the maximum source term of 1008 1/s occurred at around
Υ = 0.76, and the minimum reaction of 0.26 occurred for Υ = 0.024;
this shows that reactive mixtures at adiabatic conditions can start at
a very low value of the progress variable. When heat loss is accounted
for (i.e., γ = 0.25), the maximum reaction rate is shifted toward
the higher progress variable (Υ = 0.83), and a reduction by a fac-
tor of 5 compared to the adiabatic state is observed; for γ = 0.50,
the maximum reaction rate is 17, which occurred for Υ = 0.90; for
the stoichiometric condition, no reaction is observed when heat loss
is maximum. When heat is added, the reactions are excited, and
chances of collision increase; thus, higher values of the reaction rate
from 1040 (at Υ = 0.54) to 3257 (Υ = 0.71) are observed when even
a small amount of heat is gained (i.e., γ = 0.25); usually when higher
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FIG. 6. Overall impact of the non-adiabatic effects on the ethanol flamelet manifold:
(a) the impact of heat gain and loss as a linear function of the mixture fraction; (b)
the progress variable reaction rate as a function of the progress variable computed
at the stoichiometric mixture fraction; (c) major CO species concentration and (d)
intermediate CH2O formation as a function of the mixture fraction. The black line
is the adiabatic flamelet (with a heat loss ratio γ = 0), and both the red and blue
lines represent the departure from the adiabatic state. The red line represents the
heat loss ratio from γ = −0.25 up to the maximum heat loss of γ = −1, while the
blue line represents the heat loss ratio from γ = +0.25 up to a maximum heat gain
of γ = +1.

amounts of heat (γ = 0.50–1) are added, the maximum values of the
reaction source term are shifted to the left related to the maximum
adiabatic value, clearly indicating that chemical reactions are accel-
erated; this feature is however more common in piloted flames than
in stabilized swirl-flames.

As observed in Fig. 6(c), the impact of the heat loss on the
species mass fraction is noticeable; overall, both carbon monoxide
and formaldehyde follow the same pattern with a sharp rise in the
mass fraction production at around Zst ; under heat loss, chemi-
cal reactions that favor the production of both species are affected
due to lower temperatures; hence, the maximum mass fraction is
reduced by 19% for γCO = 0.25 and 26% for γCH2O = 0.25 compared
to their adiabatic state. For CO, the impact on the mass fraction
is only noticed for values of Z > 0.2 (fuel-rich condition), with the
peak of maximum production occurring at around Z = 0.3 followed
by steady decay under very rich conditions; this result corroborates
with the analyses found by Egüz et al. (2013) and Boccanera and
Lentini (2016). As observed, CH2O (formaldehyde) is less sensi-
tive to the stoichiometric conditions where, regardless of the heat
gain/loss, the mass production only starts at slightly rich regions
(Z = 0.12); no production of CH2O is observed under lean

conditions; an interesting observation is that under heat loss con-
ditions, there is an increase in the mass fraction even before the
adiabatic line. It is hypothesized herein that one of the reasons for
this peculiar behavior is that the kinetics pathways of formaldehyde
formation is associated with the recombination reactions involving
CH3 and CH4 and it marks an alternate route from CH3 to CH2O,
which is favored by moderate temperature values (T < 1500 K,
typical of swirling spray flames).

The results presented in Figs. 6(b) and 6(c) have a major impact
on the modeling of the ethanol flame “E1S1” (Sec. I B) analyzed in
this paper; as observed later in Fig. 7(b) for the experimental data,
most parts of the spray combustion flame, at locations y = 10 and
15 mm and especially at y = 20 mm (center of the flame), occur
under fuel-rich conditions, with Z ranging from as low as 0.1 up
to 0.4; however, at locations further downstream (y = 25 mm and
30 mm), the flame is burning predominantly under lean conditions.
Therefore, the results shown in Figs. 6(b) and 6(c) reinforce that
non-adiabatic effects are indeed relevant in modeling species con-
centration (CO and CH2O) especially when the mixture fraction
is above 0.1 (fuel-rich), as commonly found in spray combustion.
These analyses show that the impact of non-adiabatic effects on
species concentration should not be neglected, as hypothesized by
Ma et al. (2013) and Jamali et al. (2015).

B. Local mixture fraction
One of the main advantages of the Laser-Induced Breakdown

Spectroscopy (LIBS) technique in determining the local mixture
fraction (equivalence ratio) is that the LIBS measurements are
not affected by the local temperature; this has been analyzed by
Yuan (2015) while comparing measurements involving reacting and
hot product turbulent premixed flame. From a spray combustion
modeling point of view, this is a valuable experimental outcome
because the mixture fraction can be viewed (from the numericist
point of view) as an independent scalar in the validation process
while the flame temperature, which is mostly influenced by the heat
release and the physical boundary conditions, is derived from the
progress variable, which describes the chemical reaction evolution.

Therefore, to understand the performance of the generated
FGM manifold using the mixed homogeneous reactor with non-
adiabatic effects, validation tests were performed for the stable flame
condition “E1S1” (see Sec. I B) against both the experimental data
in the study by Yuan (2015) and Large Eddy Simulation-CMC
results of the study by Giusti et al. (2016), a task that has not
been numerically accomplished yet using the flamelet generated
manifold. For brevity, the combustion studies herein are initialized
using a forced ignition approach that follows the recommendations
given in the studies by Letty et al. (2012), Mastorakos (2017), and
Brito Lopes (2021).

Figures 7(a)–7(c) show the mixture fraction results obtained
with the URANS-RSM-nonadiabatic-FGM manifold (as generated
in Fig. 4) developed in the present study; the data are com-
pared against the experimental and LES-CMC data of the study by
Yuan, 2015 and Giusti et al., 2016, respectively. Overall, the URANS-
non-adiabatic-FGM results followed the experimental trends rea-
sonably well, and better quantitative results are predicted in the
central recirculation zone (−0.5 < Z/Db < 0.5) than against the
LES-CMC CFD data. The predicted URANS-non-adiabatic-FGM
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FIG. 7. Local mean mixture fraction
results for flame “E1S1” (Yuan, 2015).
(a) Contour visualization colored by
the computed mixture fraction super-
imposed by the stoichiometric black
line Zst = 0.10; the horizontal dashed
red lines indicate the measurements
stations; (b) shows the validation of
the present URANS-non-adiabatic-FGM
outcomes against both experimental
(Yuan, 2015) and LES-CMC data in the
study by Giusti et al. (2016).

data achieved excellent symmetry throughout all axial and radial
locations. The mixture fraction peaks at Z = 0.4 at the spray
jet for locations near the bluff-body at y = 10 and 15 mm; at
y = 20 mm, the mixture fraction profile resembles the characteristic
and well-defined M-shape, with a peak of Z around 0.36. The mix-
ture fraction becomes more homogeneous and uniform due to the
swirling mixing further downstream (at y = 25 and 30 mm) with the
fuel-lean mixture fraction inferior to Z = 0.1. For all axial locations,
the mixture fraction values decay radially near zero, indicating the
beginning of the outer recirculation zone.

At location y = 10 mm, the experimentally derived peak of
Z = 0.4 [Fig. 7(b)] is underestimated by the URANS-non-adiabatic-
FGM with the computed Zmax = 0.314; the experimentally derived
mixture fraction at the center of the CRZ (Z/Db = 0) is about

Z = 0.3 (as in location y = 15 mm), and this value is captured by
the URANS-non-adiabatic-FGM model. For location y = 15 mm,
the experimental data revealed a peak of about Z = 0.36 and a value
of Z = 0.27 at the CRZ center; the maximum computed peak of
Z was 0.273, and it is radially shifted; the computed value of the
mixture fraction at the CRZ center is Z = 0.22, which represents
more than 81% of the experimental value; apart from quantita-
tive spatial mismatches, these values are physically meaningful and
computed within the same order of magnitude as in the experi-
mental data. Both the LES-CMC and URANS-non-adiabatic-FGM
models predicted the symmetry of the mixture fraction profiles for
locations y = 10 and 15 mm. For location y = 10 mm, the LES-
CMC approach over-predicts the peak values with Zmax around
0.48 while for location y = 15 mm, the under-predicted peak Zmax
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value is comparable to URANS-non-adiabatic-FGM. However, for
the LES-CMC approach (Giusti et al., 2016), significant disagree-
ments with the experiments and the URANS-non-adiabatic-FGM
method developed in this study are observed for locations y = 10
and 15 mm, especially in the CRZ (−0.5 < Z/Db < 0.5); unrealistic
values of Z are found around the center of the CRZ (inside the spray
cone at Z/Db = 0) with an under-prediction of up to 12 times (one
order of magnitude) against the experimental data.

These discrepancies in the LES-CMC model were attributed
to the lack of accurate spray inflow boundary conditions and the
use of simplified chemical kinetics modeling (Giusti et al., 2016).
The lack in symmetry (spatial resolution) of the experimental data
is associated with large fluctuations in the laser energy, the natu-
ral stochastic nature of the spark formations, the total amount of
fuel in the sparked volume due to the non-homogeneity of the fuel
vapor, and the random distribution of droplets (Yuan, 2015). Hence,
the LIBS measurements contain unquantified samples of liquid fuel
that might affect the overall computation of the mixture fraction,
and this is pronounced near the injector due to the high load of liq-
uid; the uncertainty in measurements is estimated to be between 15%
and 20% (as pointed out in Sec. I B). Including the impact of the
liquid droplet as a source term in the mixture fraction is not pur-
sued herein because this value was not quantified. Therefore, the
mixture fraction is obtained directly from the resolved field using
Eq. (9). One of the reasons for the poor prediction of the overall
mixture fraction in this region might be associated with this fact; the
temperature and evaporation are less intense due to the high liquid
volume fraction at y = 10 mm, which is ∼3.17 higher than that at
location y = 20 mm; for locations covering the center of the flame
(at y = 20 mm) and further downstream, the hot recirculating prod-
ucts and air continuously feed the CRZ, intensifying the evaporation
process.

From Fig. 9(b), it can be seen that at location y = 20 mm,
the peak of mixture fraction around Z = 0.24 is well captured with
the computed numerical value of Z = 0.228 from the URANS-non-
adiabatic-FGM method; the mixture fraction profile is symmetric,
and excellent agreement with experimental data is found in the CRZ
around Z/Db = 0, with all values well above Zst . This location cor-
responds to the center of the flame where the flame temperature
is higher than previous locations, hence subjected to more intense
evaporation. As observed, this tends to favor the results using the
FGM with heat loss. For the LES-CMC data, the mixture fraction
peak is under-predicted (by a factor of ∼2) with pronounced asym-
metry, and unrealistic values of the mixture fraction (inferior to Zst)
are observed elsewhere in the CRZ (−0.45 < Z/Db < 0.37).

At locations y = 25 mm and y = 30 mm in Fig. 9(b), the exper-
imental mixture profile is entirely under Zst . For both locations, the
URANS-non-adiabatic-FGM approach over-predicts the peaks of
the mixture fraction; however, the predicted mixture fraction pro-
file closely follows the experimental data for −0.5 < Z/Db < 0.5; at
location y = 30 mm, the entire mixture fraction profile is above the
superimposed stoichiometric mixture fraction line; the peak of Z is
slightly shifted toward the out-shear layer but satisfactorily under
Zst ; a similar trend is predicted with the LES-CMC approach and
matches well with the peak value locations. The computed equiva-
lence ratio at the center line of the CRZ is Φ = 0.182, which is close
to the overall experimental equivalence ratio of Φoverall = 0.19, indi-
cating that the liquid droplets affecting the mixture fraction as found

in locations near the injector are not very influential (Yuan, 2015);
moving downstream (not shown herein), the flow becomes more
uniform, approaching Φoverall.

In summary, these results attest that the customized FGM
manifold generated for the URANS-non-adiabatic-FGM approach
developed in this study is applicable to highly swirling spray
combustion and comparable to the LES-CMC approach.

C. Burner power output
The computation of the burner power output is an important

stage in the validation of the adapted FGM approach developed
herein; this is because the global effects of the chemical kinet-
ics, gas flow aerodynamics effects, spray evaporation, and heat
release can directly affect this parameter (Lefebvre and Ballal, 2010;
Turns, 2000). The burner power output is computed according to
the following equation:

Qr =
N

∑
i=1

ω̇iH0
f ,i, (24)

where ω̇i is the reaction rate and H0
f ,i is the formation enthalpy of

the species i. It is necessary to know the value of the reaction rate
(ω̇i). The FGM method, as any other tabulated chemistry method,
does not transport species during the simulation, and as explained
previously (Sec. II B), the reaction rate is looked-up from the table.
Therefore, for each species selected in the burner power output
computation, a set of seven equations has to be solved (via a user
defined function) during each time step to extract the average reac-
tion rate for each species from the FGM table; this is accomplished
by multiplying Eq. (7) by each cell volume.

The following species were used in the computations of the
burner power out (Table I).

The computed power output is 7.23 kW, which is a good match
(∼90%) with the experimental value of 8 kW. Overall, it is observed
that the FGM table with curated levels of heat loss without tuning
the boundary conditions to match with the experimental data can be
used to predict the overall heat release by the flame, indicating the
suitability of the approach developed herein.

D. Flame morphology
The flame structure possesses many interesting features that

can only be assessed by the OH emission, which is experimentally
obtained from the PLIF technique. Although OH can be seen as
a good marker for flame heat release and the temperature profile
location (in some experiments where temperature measurements

TABLE I. Species and enthalpy of formation for burner power output computation.

Species Enthalpy of formation (J/kg)

C2H5OH −5998 370.0
CH2O −3860 633.50
CO −3945 950.0
CO2 −8941 600.0
H2O −1.34234 × 107

OH 2292 051.68
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are not available, OH is indeed the only marker used for numeri-
cal validation) in most flame configurations, it alone is not a good
indicator of the stoichiometric line boundary. Therefore, a second
species must be used in conjunction. The assessment of the flame
heat release, usually qualitatively (in the case of multiphase spray
flames), is a vital parameter in analyzing the correctness of a par-
ticular combustion model; CFD methods and assumptions predict
the correct spatial location where heat is eventually released. In
the case of a swirling flame in an enclosed geometry, the problem
becomes more strenuous because of the swirl effects, as previously
explored by Brito Lopes et al. (2020). Most of the numerical work
reviewed in Sec. I did not present this analysis. There are two fun-
damental reasons for this; first, for most of the burners, there are no
experimental data for the heat release rate (HRR); hence a numer-
ical analysis of HRR would be seen as purely quantitative; second,
numerical simulations without detailed chemical reactions cannot
predict intermediate species such as OH.

To circumvent the difficulties in directly measuring the heat
release in spray flames, Yuan, 2015 showed that there is a corre-
lation between the emissions of CH2O and OH in predicting the
flame structure. The species CH2O marks fuel-rich regions (mainly
those areas on both sides of the hollow-cone, low-temperature
reactions zone, and outer flame edges), and most importantly, it
gives a reasonable location of the stoichiometric line, which is also
bounded by OH emission. Both species measurements can only be
reliably obtained using a high-frequency laser system in a simul-
taneous experimental setup. The average value of the product of
CH2O and OH heat release rate images was shown to precisely
mark the heat release regions in the spray flame. As far as the
authors are aware, such a correlation has not yet been applied
to validate CFD results based on the flamelet approach. There-
fore, for the FGM model, it requires that both species (CH2O and
OH) mass fraction values should be extracted directly from the
library. Therefore, in this work, a field function was implemented
to retrieve the mass fraction of CH2O and OH from the FGM
table.

The semi-quantitative flame heat release is computed using the
equation proposed by Yuan, 2015; thus,

HRRE = YCH2OXYOH, (25)

where YCH2O and YOH are the mass fraction of formaldehyde and
hydroxide, respectively. This equation has proven to reasonably pre-
dict the spatial location where heat release takes place (Yuan, 2015).
These mass fraction values are retrieved from the FGM table; hence,
a semi-qualitative analysis can be carried out.

As observed in Fig. 8(a), the experimental ethanol flame is
expected to show two semi-quantitative distinct reaction zones
(regions I and II) where the flame releases heat mostly due to the
favorable flammability condition inside the CRZ, which allows for
a constant recirculation and feeding of the chemical species. The
experimental imaging for this case is surprisingly symmetric because
the experimentalists used only one side of the flame (mirroring
the left side) while performing the inverse Abel transformed mean
OH∗ computations on the basis that achieving symmetry for this
case would be a hard task due to the very unsteady nature of the

FIG. 8. Flame heat release spatial distribution. (a) Semi-qualitative experimen-
tal data from Abel transformed mean OH∗ data [Giusti and Mastorakos (2017)];
(b) numerical results using the URANS-non-adiabatic-FGM method in the
present studies and (c) the LES-CMC results as presented by Giusti and
Mastorakos (2017) (case “E1S1”). The images [Figs. 8(a) and 8(c)] were
reprinted from Giusti and Mastorakos, Proceedings of the Combustion Institute,
Detailed Chemistry LES/CMC Simulation of a Swirling Ethanol Spray Flame
Approaching Blow-Off, 36 (2), 2625–2632, Copyright (2017), with permission from
Elsevier.

instantaneous OH signal. Overall, these two distinct zones (regions
I and II) as revealed in Fig. 8(a) and the results from the unsteady
URANS-non-adiabatic-FGM approach in this study in Fig. 8(b) dis-
play a reaction sheet that aligns in between the hollow-cone spray
and the central recirculation zone (this entire event is manifest-
ing inside the CRZ, region I). This region starts approximately at
y = 10 mm above the top of the bluff body with some spots of
OH∗ present nearly above y = 30 mm, and the region is charac-
terized by a more intense luminosity (yellowish shade experiment
[Fig. 8(a)] and red URANS-non-adiabatic-FGM [Fig. 8(b)], form-
ing a compact central “V” shape); compared with the other regions
of the burner, this region is prevalent for radial locations between
0 and 18 mm.

The second region [region II in Fig. 8(b)] lies on the outer edges
of the spray, with a thinner sheet of heat formed in between the
spray and the outer edge of the shear layer (sheared by the outer
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annular air). This layer is very similar to the shape presented by
the experiments [Fig. 8(a)]; in addition, it displays less heat inten-
sity than region I; this sheet (region II) is compact, with a cigar
shape stretched due to aerodynamics effects from the CRZ, following
both the annular air and the spray; it is also laterally connected with
region I, evidencing continuous heat release between both regions.
There is a clear absence of OH∗ inside the hollow-cone in region IV
in Fig. 8(b) just under regions I and II formed inside the CRZ; this
pattern has been well-captured by the URANS-non-adiabatic-FGM
approach, which shows good qualitative agreement with the experi-
ment. Above the “V” shape [regions I and III in Fig. 8(a)], there are
OH∗ emissions until the location y = 40, and this has also been cap-
tured by the URANS-non-adiabatic-FGM method developed in this
work.

In the LES-CMC studies by Giusti et al. (2016) [Fig. 8(c)], first,
there is an overall and consistent lack of symmetry in the entire
computational domain (throughout all regions); although region II
seems to be captured, there is also an inconsistent higher presence
of OH∗ (slightly red shade) in the left side. It is worth pointing out
that the lack of symmetry in LES results is usually associated with
an insufficient number of samples used to build the time-average
process. Second, the typical regions, region I (where heat is vigor-
ously released in form of a “V” shape) and region III (in-between the
“V” shape), did not display sufficient OH∗ signals that characterize
regions I and III. This lack of heat release may be associated with
either boundary condition problems (the gas aerodynamics of the
CRZ not being well-captured) or problems with spray evaporation
and convergence in the CRZ since this region is strongly affected
by evaporation and more fundamental issues within the CMC com-
bustion modeling [for instance, deficiencies occur in the sub-grid
modeling of the mixture fraction variance because the sub-grid dis-
sipation model was not adapted to account for effects of spray
(Giusti et al., 2016)]. Thus, since the same detailed ethanol chemi-
cal mechanism used in the study by Marinov (1999) was applied to
both the present study [Fig. 8(b)] and to the LES-CMC [Fig. 8(c)], as
well using a similar reactor to generate the flamelets, the effects from
the chemistry mechanism might not be considered as a reason for
the significant differences in results from both modeling approaches;
the methodologies developed in this work for treating the gas flow
and initiating the turbulent spray combustion process might have
contributed.

One of the reasons for the present success of the URANS-
non-adiabatic-FGM method developed in this study is the use of a
detailed chemical reaction mechanism, which captures intermediate
species, in this case, formaldehyde and OH, due to an appropri-
ate choice of both chemistry mechanism and chemical reactor for
the flamelet generation along with a suitable flamelet manifold that
includes heat loss effects in the manifold, hence allowing a more
natural evolution of heat release from the flame and its transfer to
evaporate the liquid droplets. The turbulent inlet conditions can
affect the gas aerodynamics inside the burner; therefore, proper use
of inlet boundary conditions in the definitions of the swirling flow
was obtained by Brito Lopes et al. (2020); thus, the flow aerodynam-
ics of the CRZ is well-captured, allowing for the correct recirculation
of turbulent hot and fresh air that in turn allows mixing and trans-
portation of burnt flamelets to the right spatial location (shear layer
regions); hence, heat is released in the right regions as close as
possible compared with the experimental data.

E. Flame OH spatial distribution
Figures 9(a), 9(b), and 9(c) show the comparative results

between the experimental OH (PLIF emission structure)
(Yuan, 2015), OH mass fraction from URANS-non-adiabatic-
FGM (present study), and OH mass fraction from the LES-CMC
by Giusti et al. (2016), respectively. Although the experimental
result is not symmetric due to technical difficulties involved in
the measurement and post-processing, according to Yuan (2015),
it is still reliable for semi-quantitative analysis purposes since the
regions where OH is present mark the regions of high temperature
and spatial flame propagation. From the experimental data, the
color contour used [Fig. 9(a)] varies from a vivid red to dark blue,
with red areas indicating the maximum presence of OH and dark
blue indicating the zero mass fraction; the same is mimicked via

FIG. 9. Flame OH spatial distribution. (a) Semi-qualitative experimental data from
the OH signal data in the study by Giusti and Mastorakos (2017), (b) URANS-
non-adiabatic-FGM numerical results using the mean mass fraction of OH from
the present study and (c) the mean mass fraction of OH LES-CMC results as
presented in the study by Giusti and Mastorakos (2017) (case “E1S1”). The images
[Figs. 9(a) and 9(c)] were reprinted from Giusti and Mastorakos, Proceedings of
the Combustion Institute, Detailed Chemistry LES/CMC Simulation of a Swirling
Ethanol Spray Flame Approaching Blow-Off 36(2), 2625–2632, Copyright (2017),
with permission from Elsevier.
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the color contour (blue to red) in the numerical results shown in
Figs. 9(b) and 9(c).

Regarding the overall flame shape, it can be observed that
the flame follows the so called “M” shape. Figures 9(a) and 9(b)
show that the OH presence has a higher concentration (vivid red
color) between y = 10 mm and y = 30 mm (region I) toward
the outer edge of the spray hollow cone where evaporated ethanol
is already mixed and the reaction has taken place. Overall, the
results in Fig. 9(b) are symmetric, which from both numerical
and experimental points of view are the desirable results since
the bluff-body burner is geometrically symmetric and so is the
spray hollow cone. Therefore, this result serves to complement
the experimental findings in defining the burning areas better.
There is a surprising tendency of forming a hook shape (the
whole red area in region I); since the problem is symmetric, it
appears as a mirrored shape in the right side of the burner; in
a three-dimensional view, it is revolved around the central axis.
From Fig. 9(c), the LES-CMC was able to predict the location
of region I; nevertheless, the shape is highly distorted, elongated,
and extended from the rim of the bluff-body, displaying a high
amount of OH at the edge of the bluff-body, which is unphysical
according to the flame phenomenology revealed in the experimen-
tal results and in our analysis; spray burners usually present the
bulk of the flame anchored (lifted-off from the bluff-body, which
can be better observed from instantaneous OH images), suggesting
that some modeling factors might be influencing the outcomes, such
as the evaporation sub-grid modeling as previously mentioned by
Giusti et al. (2016).

It is worth noting the differences in the performance of
the URANS-non-adiabatic-FGM method developed in this study
[Fig. 9(b)] and the LES-CMC work by Giusti et al. (2016)
[Fig. 9(c)]. In terms of the flame shape, both numerical meth-
ods connect region II at the central line Z = 0 mm (yellowish
shade); although it also occurs in the experimental data, this is
more pronounced in the numerical simulations. The “M” shape
(at the center of the CRZ) is not predicted at all in the simula-
tions by Giusti et al. (2016) [Fig. 9(c)]; instead, a thin ring shape
appears in region II. Overall, in region III (for which the experiment
showed an absence of OH), both the URANS-non-adiabatic-FGM
and LES-CMC predictions are satisfactory; however, there is still
some residual OH present in the LES-CMC results in the left side
of the flame [Fig. 9(c)], which is not explained in the studies by
Giusti et al. (2016).

The maximum flame height (achieved in region IV) can be
determined, from a numerical point of view, as the location where
the OH mass fraction produced is less than 10% of the maximum
OH mass fraction found in region I. In this case, the URANS-non-
adiabatic-FGM developed in this paper [Figs. 6–9] indicates that
the flame length ends at location y = 40 mm and does not touch
the lateral wall, which is consistent with the experimental findings.
Flame height and its spatial distribution are paramount parameters
in gas turbine engine design because they define the combustor
size, volume, and power with the goal of achieving higher airplane
power-to-weight as well as heat transfer management and pollu-
tant emission mitigation. Overall, the flame height in the LES-CMC
method, Fig. 9(c), is overestimated (going beyond y = 40 mm), which
might be associated with incorrect spray and inlet aerodynamics
boundary conditions. The results presented herein are generally

more accurate than those presented by Mohaddes et al. (2021) and
Paulhiac et al. (2020), thus reinforcing the adequacy of the developed
methods presented herein.

V. CONCLUDING REMARKS
In this paper, an FGM methodology, the URANS-non-

adiabatic-FGM, that accounts for the heat transfer between the
flame and liquid droplets and adopts a mixed homogeneous ignition
reactor that can be applied to both pre-mixed and non-pre-mixed
reactions has been developed and validated. Previous combustion
chemical reduction models have not considered these parameters.
The method was successfully applied to both forced ignition and
stabilized spray simulations.

Using the swirl-spray-combustion database presented in
Sec. I B, the combustion simulations were shown to be applicable,
and predicted results were more representative than results from
previously published LES based models. The FGM manifold results
indicated that the optimized species coefficients were appropriate
for modeling the progress variable for ethanol. The impact of heat
loss on the species mass fraction, especially under fuel-rich condi-
tions, demonstrated a reduction of 19% on CO and 26% on CH2O
compared with the adiabatic state. The computed flame mixture
fraction is predicted better with the URANS-non-adiabatic-FGM
method, especially at the center of the flame in the CRZ, than pub-
lished LES results, which underestimated these by a factor of up to
12. The spray flame regions where the URANS-non-adiabatic-FGM
method does not capture the experimental trend may be evaluated
in the future work using more sophisticated turbulence models, and
this may also require deriving new transport equations for the mix-
ture fraction and mixture fraction variance. The computed burner
power output was 90.37% of the reported experimental value while
the average flame lift-off height was computed to ∼89.6% of the
experimentally reported value. Overall, satisfactory agreement with
the measured OH-PLIF measurements was predicted considering
the flame shear layer, outer flame branch, and center of the CRZ,
and these were better than predictions from previous published
LES studies everywhere within the reaction zone. These indicate the
robustness and appropriateness of the URANS-non-adiabatic-FGM
approach, and these are important to the turbulent–chemistry inter-
actions in swirl-pray flame studies of aero engines powered with
biofuels.

The studies in this article can be extended to account for the
modeling of modern dual-fuel engines operating with methanol
or ethanol/diesel [i.e., Mahendar (2021), Wang et al. (2015), and
Huang et al. (2015)]. One of the challenges is that the alcohol
charge causes cooling effects that decrease the combustion tem-
perature, leading potentially to combustion knock, misfires, and
increased emissions of HC and CO. Exploratory solutions could
include the use of tri-fuel (Gadalla et al., 2021) where hydrogen is
added to extend the narrow ignition window generated by methanol.
Therefore, non-adiabatic effects with homogeneous reactors might
be considered in modeling such phenomena, mainly due to the
intertwining heat transfer and occurrence of pollutant formation
processes. Predicting the performance and the resultant pollutants
is crucial in designing and optimizing new environmentally friendly
reciprocating and aero engines.
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