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Abstract

CFD predictions of flame position, stability and emissions are essential in order to obtain optimized
combustor designs in a cost efficient way. However, the numerical modeling of practical combustion sys-
tems is a very challenging task. As a matter of fact, the use of detailed reaction mechanisms is necessary for
reliable predictions, especially for highly diffusive fuels. Unfortunately, the modeling of the full detail of
practical combustion equipment is currently prohibited by the limitations in computing power, given
the large number of species and reactions involved. The Flamelet Generated Manifold (FGM) method
reduces these computational costs by several orders of magnitude without loosing too much accuracy.
Hereby, FGM enables the application of reliable chemistry mechanisms in CFD simulations of combustion
processes. In the FGM technique the progress of the flame is generally described by a few control variables.
For each control variable a transport equation is solved during run-time. The flamelet system is computed
in a pre-processing stage, and a manifold with all the information about combustion is stored in a tabu-
lated form. In the present paper, the FGM model is implemented for the analysis of partially premixed
non-adiabatic flames, including the effects of differential diffusion. Subsequently, a computational analysis
of partially premixed non-adiabatic flames is presented. In this scope, a series of test simulations is per-
formed using FGM for a two dimensional geometry, characterized by a distinctive stratified methane/
air inlet, and compared with detailed chemistry simulations. The results indicate that detailed simulations
are well reproduced with the FGM technique.
� 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

In industry the development of clean and effi-
cient technologies for the combustion process is
http://dx.doi.org/10.1016/j.proci.2014.06.050
1540-7489/� 2014 The Combustion Institute. Published by El
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achieved by a combination of experimental and
numerical research. Experimental testing is in gen-
eral extremely expensive, and a great reduction of
the costs could be made by maximizing the usage
of simulations in the design phase. Unfortunately,
the modeling of the full detail of practical com-
bustion equipment is currently prohibited by the
limitations in computing power, given the large
sevier Inc. All rights reserved.
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number of species and reactions involved. The
Flamelet-Generated Manifold (FGM) [1] method,
also referred to as Flamelet Prolongation of
ILDM [2], reduces these computational costs by
several orders of magnitude without loosing too
much accuracy. Hereby FGM enables the applica-
tion of reliable chemistry mechanisms in CFD
simulations of combustion processes. The
approach is based on the idea that the most
important aspects of the internal structure of the
flame fronts should be taken into account. In
the FGM technique the course of the reaction is
defined in terms of a few control variables, for
which transport equations are solved during run-
time. And here lies one of the main strengths of
the FGM technique, which is that the number of
independent control variables can be increased
for a better description of the combustion phe-
nomena. This means that, starting with a single
reaction progress variable, the accuracy of the
method can be straightforwardly extended for
the inclusion of heat loss, mixture fraction and
differential diffusive effects, as shown in the fol-
lowing section. The flamelet system is computed
in a pre-processing stage, and a manifold with
all the information about combustion is stored
in a tabulated form. To this purpose a laminar
flamelet database is generated from a one-dimen-
sional flamelet calculation performed with full
kinetics and detailed transport. The FGM tech-
nique has proven to be very accurate for laminar
premixed Bunsen flames including heat loss effects
[1], highly stretched premixed counter-flow flames
[3] and confined triple flames [4]. This technique
performed well also in DNS of a turbulent
expanding flame [5], showing that a single control
variable can give accurate predictions on the local
mass burning rate. Recently the approach has
proven to be appropriate also for the computation
of turbulent partially premixed flames [6,7], also
with heat loss [8]. A large part of current combus-
tion models adopt a unity Lewis number assump-
tion, imposing that mass and heat diffuse at an
equal rate in the flame. On the opposite, when
Le is not equal to one, species and heat locally
redistribute. This phenomenon is also referred to
as differential diffusion [9]. The inclusion of this
effect is important especially in the case of laminar
flames. With the purpose of including every aspect
in the numerical modeling of differentially diffu-
sive flames, in this paper the FGM model is
extended for differential diffusion inclusion and
applied to cooled stratified premixed flames by
means of a 3D manifold where the control vari-
ables are represented by the progress variable Y,
enthalpy h and mixture fraction Z. The combined
inclusion of these effects represents a challenge. At
the best of the authors’ knowledge, the applica-
tion of FGM in combination with heat loss, mix-
ture fraction variations and differential diffusion
effects has never been studied in literature. Such
implementation of the FGM technique is there-
fore applied for two-dimensional test case flame
simulations with stratified inlet and accurately
compared with detailed chemistry computations.
The results of the present validation are supported
and further motivated by the detailed Le = 1 com-
parison given in [10] for the same geometry and
conditions. The fuel adopted for the simulations
is methane, because of its mild diffusivity. In fact,
the work presented in this paper represents a test
and validation of the method, as a first and neces-
sary step before considering highly diffusive fuels
such as hydrogen.
2. The FGM database generation

In the FGM technique the whole chemistry is
directly retrieved from a laminar flamelet data-
base generated from multiple one-dimensional
flamelet calculations performed with detailed
kinetics and transport. In this study cooled strati-
fied premixed methane/air combustion is consid-
ered, at atmospheric pressure conditions. The
FGM consists of a 3D manifold in which the con-
trol variables are represented by the progress var-
iable Y, enthalpy h and mixture fraction Z. The
minimal dimension of the manifold in the phase
space is determined by an accuracy assessment
[11], however several automated techniques have
been recently proposed, e.g. [12,13]. As described
in the introduction, differential diffusion results
in local changes in mass fraction and enthalpy.
In order to accurately predict such effect, mass
fraction and enthalpy must be included as control
variable of the FGM description. The progress
variable Y is defined as a linear combination of

species mass fraction: Y ¼
PNs

i¼1aiY i,where Y i is
the mass fraction of specie i and N s the total num-
ber of species. The weighting coefficients ai are
arbitrarily chosen, with the only restriction of
ensuring a monotonic profile of Y in the whole
interval between the unburned mixture and the
chemical equilibrium. For the calculations
described in this paper, it is chosen: aCO2

¼
M�1

CO2
; aH2

¼ M�1
H2
; aH2O ¼ M�1

H2O; aO2
¼ M�1

O2
; ai ¼ 0

8 i R CO2;H 2;H 2O;O2f g, in which Mi is the
molar mass of element i. Heat loss to the combus-
tion chamber walls cause enthalpy not to be con-
served throughout the domain. In order to take
this into account in the tabulation process, the
laminar flamelets have to be solved for different
values of enthalpy, introducing enthalpy h as a
control variable. The flamelets are computed as
steady, fully premixed, flat flames, for a given
pressure, composition and temperature of the inlet
mixture. At the burned side (chemical equilib-
rium) Neumann type boundary conditions are
imposed instead. The procedure for the creation
of enthalpy-decreasing set of flamelets might be
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performed in different ways, but the most straight-
forward are: (1) decreasing the enthalpy of free
adiabatic flamelets by simply diminishing step by
step the inlet temperature (therefore h�1), (2) cal-
culation of burner-stabilized flamelets, by impos-
ing a certain amount (step by step increasing) of
heat loss to the burner. Here both methods are
used in order to have a fairly complete manifold.
In fact burner-stabilized flamelets allow to impose
very high values of cooling. It has been proven
that the choice of the enthalpy-decrease method
for the tabulation procedure has negligible influ-
ence on the final result [1]. In partially premixed
flames fuel and oxidizer are not perfectly mixed,
therefore variations in local element composition
occur. This effect can be described by the mixture
fraction Z. Mixture fraction is expressed in terms
of element mass fractions Zj of element j [14]:

Z ¼ 2M�1
H ZH �ZH ;2ð Þþ 0:5M�1

C ZC �ZC;2ð Þ�M�1
O ZO �ZO;2ð Þ

2M�1
H ZH ;1�ZH ;2ð Þþ 0:5M�1

C ZC;1�ZC;2ð Þ�M�1
O ZO;1�ZO;2ð Þ

;

ð1Þ

where the subscripts 1 and 2 denote respectively
pure fuel and pure oxidizer. Z is defined as a linear
combination of element mass fractions, and it is
therefore conserved throughout the chemical reac-
tion. In order to take this into account in the tab-
ulation process, the laminar flamelets have to be
solved for different values of mixture fraction,
introducing Z as a control variable. The conve-
nience of this approach is demonstrated in previ-
ous studies on partially premixed flames, e.g.
[6,15]. A graphical representation of the mixture
fraction along the flamelets obtained with this
procedure is shown in Fig. 1. In this figure the
mixture fraction is not constant along the flam-
elets, as a direct result of differential diffusion.
The flamelet equations are solved with a special-
ized 1D flame code [16]), coupled with the GRI-
Mech 3.0 reaction mechanism [17] which consists
of 325 elementary reactions between 53 species
with hydrocarbons up to propane.
Fig. 1. Mixture fraction along the flamelets composing
the manifold, for h=hmax.
Flamelet solutions are mapped in such a way
that any thermochemical variable w is directly
described as w ¼ w Y; h; Zð Þ. The tabulation proce-
dure consists in storing all the thermochemical
variables w in a tabulated form, on a defined tri-
dimensional grid for which is divided the
Y � h� Z range. The number of points adopted
for the manifold created is npv ¼ 250 in the pro-
gress variable dimension, nh ¼ 40 for the enthalpy
and nZ ¼ 86 for the mixture fraction. The calcula-
tion of transport and thermodynamic coefficients
is performed by means of a mixture averaged
approach during the pre-processing stage, and
stored in the manifold together with the chemical
data in a tabulated form (although several storage
methods are available, e.g. [18,19]). An overview
of the resulting manifold can be seen in Fig. 2,
where various scalars w are represented as a func-
tion of the progress variable and equivalence ratio
for the highest enthalpy value. The highest
enthalpy levels essentially corresponds to the adi-
abatic flame conditions. The equivalence ratio is
chosen instead of Z for the sake of clarity in the
plots.
3. Implementation of differential diffusion effects in
FGM

The control variable equations describing
thermo-diffusive unstable low Lewis number
flames are directly following from the transport
equations of Y; h and Z, formerly derived (for a
different application) in [11]. However, in [11] only
2 control variables were used, and stretch was
applied to the flamelets. These equations, applied
to the present 3-D case read:

@ qYð Þ
@t
þr � quYð Þ � r � k

cp
rY

� �

¼ r � k
cp

XNs

i¼1

ai
1

Lei
� 1

� �
rY

 !
þ _xY ; ð2Þ

@ qhð Þ
@t
þr � quhð Þ � r � k

cp
rh

� �

¼ r � k
cp

XNs

i¼1

hi
1

Lei
� 1

� �
rY i

 !
; ð3Þ

@ qZð Þ
@t
þr � quZð Þ � r � k

cp
rZ

� �

¼ r � k
cp

XNs

i¼1

fi
1

Lei
� 1

� �
rY i

 !
; ð4Þ

in which q is the mass density, u the velocity, k the
thermal conductivity of the mixture, cp the specific
heat at constant pressure and _xY the progress var-
iable source term. The first term of the right hand
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side of these equation is the differential diffusion
term. This term has the same structure for all three
control variable equations, and it differs in the
coefficients only. Thus, a model for this term can
be first derived for the progress variable equation,
and then generalized for any control variable.
Given the FGM assumption Y i ¼ Y i Y; h; Zð Þ,
applying the chain rule the differential diffusion
term, and assuming that locally the controlling
variables Y; h; Zð Þ are as a function of Y solely
h; Zð Þ ¼ h1D; Z1D

� �
[11], the progress variable

equation may be recast in
(a)

(b)

(c)

Fig. 2. Representations of the 3D manifold at the
highest enthalpy level. Differential diffusion coefficient
profile along the manifold: (a) dC1

, (b) dC2
, (c) dC3

.

@ðqYÞ
@t
þr � ðquYÞ � r � k

cp
rY

� �
¼ r � dYrYð Þ þ _xY ; ð5Þ

with

dY¼
k
cp

XNs

i¼1

1

Lei
�1

� �
ai

@Y i

@Y þ
@Y i

@h
@h1D

@Y þ
@Y i

@Z
@Z1D

@Y

� �
:

ð6Þ
The coefficient dY is very convenient because it
can be calculated in the pre-processing stage and
stored in the manifold together with the other
thermochemical variables. The generic control
variable can be defined as Ck ¼ fC1; C2; . . . ; CNCV

g
with k 2 1;NCV½ �, where N CV is the number of con-
trol variables. For our case it is clear that with this
definition it results N CV =3 and C1 ¼ Y; C2 ¼ h and
C3 ¼ Z. Generalizing the derivation of Eq. (5), the
control variable conservation equation reads:

@ðqCkÞ
@t

þr � ðquCkÞ � r �
k
cp
rCk

� �
¼ r � dCkrYð Þ þ _xCk ; ð7Þ

in which dCk represents the differential diffusion
coefficient for the control variable Ck :

dCk ¼
k
cp

XNs

i¼1

1

Lei
� 1

� �
Dk;i

XNCV

i¼1

@Y i

@Ck

@C1D
k

@C1

" #
ð8Þ

The species diffusion coefficient value Dk;i is
depending on the control variable, as described
in Table 1. In Eq. (7) the term _xCk is the chemical
source, and it is non-zero only for the progress
variable transport, in which _xC1

¼ _xY . The differ-
ential diffusion coefficients for the control vari-
ables of our case are shown in Table 2.

During run-time the FGM is linked to a stan-
dard CFD code. Together with momentum and
continuity equations, the CFD code must solve
the conservation equation for the progress
Table 1
Species diffusion coefficient for the controlling variables.

Ck Species diffusion coefficient Dk;i

C1 ¼ Y D1;i ¼ ai
C2 ¼ h D2;i ¼ hi
C3 ¼ Z D3;i ¼ fi

Table 2
Preferential diffusion coefficients for the controlling
variables.

Differential diffusion coefficient dCk

dC1
¼ k

cp

PNs
i¼1

1
Lei
� 1

� �
ai

@Y i
@C1
þ @Y i

@C2

@C1D
2

@C1
þ @Y i

@C3

@C1D
3

@C1

� �
dC2
¼ k

cp

PNs
i¼1

1
Lei
� 1

� �
hi

@Y i
@C1
þ @Y i

@C2

@C1D
2

@C1
þ @Y i

@C3

@C1D
3

@C1

� �
dC3
¼ k

cp

PNs
i¼1

1
Lei
� 1

� �
fi

@Y i
@C1
þ @Y i

@C2

@C1D
2

@C1
þ @Y i

@C3

@C1D
3

@C1
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variable Eq. (2), enthalpy Eq. (3) and mixture
fraction Eq. (4).
4. Validation results

The tri-dimensional manifold obtained as
described in Section 2 and 3 is adopted for the cal-
culations of a bi-dimensional (in physical space)
premixed laminar methane/air flame with heat
loss to the wall and stratified mixture composition
at the inlet, and then directly compared with
detailed chemistry simulations. The geometry cho-
sen for the calculations is a 24 mm wide (2D) slot
burner [1,10], in which the inlet is 6 mm wide. The
inlet velocity profile is parabolic, going from a
minimum of 0 m/s at the wall to a maximum of
1 m/s at the centerline. The walls of both burner
and walls are kept at a constant temperature of
T w ¼ 298 K, and the pressure is atmospheric.
The inlet temperature is T u ¼ 298 K, and the pres-
sure is atmospheric. The inlet mixture fraction has
a parabolic profile as well, going from a lean mix-
ture of Z = 0.033 (/ ¼ 0:6) at the wall to a rich
mixture of Z = 0.0713 (/ ¼ 1:35) at the center of
the inlet. The chemical reaction mechanism used
for detailed calculations (as well as for the
FGM) is Gri-Mech 3.0 [17], and transport coeffi-
cients are calculated by a mixture averaged
approach. FGM results are directly compared
with detailed chemistry simulations for validation.
Detailed simulations are performed with a compu-
tational framework for combustion that has been
originally developed by Groth and co-researchers
([20–22]) and modified here for the configuration
under study. The equations are solved on a
body-fitted, multi-block, quadrilateral mesh with
adaptive mesh refinement (AMR) using a sec-
Fig. 3. Results of the FGM simulations. Magnification on the
variable (top left), enthalpy (top right) and mixture fraction. T
ond-order accurate finite volume scheme. The
refinement process is based on temperature gradi-
ents. The steady solution is obtained on a grid
with a minimum size of Dx ¼ 0:04 mm covering
the entire flame region. The effective grid size, cal-
culated applying the finest resolution to the whole
domain, consists of approximately 165,000 cells.
FGM simulations are performed with a general
purpose fluid-dynamics program [23], in which
the equations are solved by means of a conserva-
tive finite-element-based control volume method.
The algorithm of the software is implicit and pres-
sure-based, and the solver chosen for the compu-
tations of this work is incompressible. The grid
adopted for the FGM simulations consists of
approximately 60,000 quadrilateral cells, with an
adequate refinement in the entire central region.
The minimum grid size in this case is
Dx ¼ 0:06 mm. Figure 3 shows the r � dCkrYð Þ
terms in the FGM results, respectively for the
three control variables. A direct comparison
between FGM and detailed chemistry results is
shown in Fig. 4, in which the heat release profiles
is displayed on the flame zone. In this figure the
same iso-levels are used for detailed and FGM
computations. The flame stabilizes at the dump
plane, due to the combined effect of heat loss
and inlet velocity profile going to zero at the wall.
The flame height is represented rather well by
FGM, and quite dissimilar (approximately 25%
shorter) from the Le = 1 simulations [10]. The
flame is slightly shorter for the reduced model
simulation, and this effect is attributed to stretch
and curvature effects which become important at
the flame tip and are not included in the present
model. This effect is noticeable as well from the
different heat release at the tip. However, the
influence of the cooling walls is in very good
flame zone of the differential diffusion term for progress
he x and y axes are referring to spatial coordinates [m].



Fig. 4. Comparison between detailed chemistry (left)
and FGM (right) results. Isocontours of heat release [W
m�3]. The x and y axes are referring to spatial
coordinates [m].

Fig. 5. Comparison between FGM results obtained with
and without including the differential diffusive term: (a)
temperature [K]; (b) CO mass fraction. The x and y axes
are referring to spatial coordinates [m].
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agreement with detailed chemistry simulations. In
general the FGM results of both temperature and
mass fractions (not shown) demonstrate a good
agreement with detailed chemistry computations
from a qualitative and quantitative point of view.
Besides accuracy, an important consideration
about the calculation time needs to be done. The
FGM simulation presented in this paper resulted
in a CPU time which is approximately two orders
of magnitude shorter than the detailed chemistry
case. This difference is remarkable, especially con-
sidering the benefits given by the adaptive mesh
refinement adopted in the detailed chemistry case.
Furthermore, the calculation time and the stabil-
ity of the convergence of the detailed simulations
is highly affected by the flow initialization. Fig-
ure 3 describes the differential diffusion phenome-
non in essence. However this is not sufficient for
evaluating the differential diffusion effect on the
global flame structure. Estimating the global effect
of differential diffusion is in fact important in
order to determine the impact (and its signifi-
cance) given by its inclusion in the model. To this
aim, an extra simulation is performed by using an
FGM data-base computed with full transport
flamelets, but omitting the differential diffusion
terms in the transport equations during run-time.
Thereafter, a direct comparison is performed
between this simulation and the result previously
given in this Section, in order to highlight the con-
tribution of the differential diffusion terms. The
simulation is performed using the same methodol-
ogy, geometry, mesh, numerical methods and tab-
ulated chemistry as formerly described. The only
difference in the present case is the absence of
the differential diffusion term r � dCkrYð Þ in the
FGM equations (i.e. the first term on the right
hand side of Eq. (7)) during the calculation. The
results of this simulation are shown in the left side
of Fig. 5, in direct comparison with the ones of the
previous section, which are given in the right side.
This figure displays iso-contours of temperature,
progress variable source term, heat release and
CO mass fraction, magnified near the flame zone.
The results are noticeably similar. The registered
relative error on the flame height, calculated on
the basis of the maximum temperature gradient,
is approximately 1.5% (shorter with differential
diffusion inclusion). This difference is definitely
modest. This comparison is therefore indicating
that differential diffusion inclusion on transport
equations during the flame simulation does not
provide significant benefits for methane combus-
tion. A second important conclusion arises from
this comparison: for achieving the correct flame
height in FGM simulations of methane (or any
other type of low-diffusive fuel) it is sufficient to
produce a manifold with plain transport flamelets,
but then adopt the approximated unity Lewis
number FGM equations during run-time.
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5. Conclusions

The FGM technique is extended in order to
reduce the chemistry of stratified cooled flames
with the inclusion of differential diffusion effects.
The combined inclusion of these effects together
with differential diffusion represents an unprece-
dented challenge. In order to model such a sys-
tem, a manifold is generated by computing
flamelets with different mixture fraction and
enthalpy. A set of differential diffusion coeffi-
cients are calculated and stored in the manifold.
Three transport equations are solved during run-
time for the progress variable, enthalpy, and
mixture fraction. In order to validate the model,
a bi-dimensional stratified laminar methane/air
flame with heat loss to the wall and stratified
inlet is computed using FGM, and subsequently
compared with detailed chemistry calculations.
The FGM results are in good agreement with
detailed chemistry computations from a qualita-
tive and quantitative point of view. The diffusion
effects are well reproduced, albeit these are not
strong in methane flames. Results indicate that
differential diffusion inclusion on transport equa-
tions during the flame simulation does not pro-
vide significant benefits for methane
combustion. It is also shown that for achieving
the correct flame height in FGM simulations of
low-diffusive fuels it is sufficient to employ a
manifold constructed from plain transport flam-
elets, without including the extra terms of the
FGM equations during run-time. Moreover, the
FGM technique shows great benefits in terms
of calculation time and stability of the simula-
tion if compared to detailed chemistry. The
results obtained in this paper allow to perform
extensive investigations in more complex fuels,
such as hydrogen, in future works.
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