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Abstract

The ability of flamelet models to reproduce turbulent combustion in devices such as diesel
engines or gas turbines has enhanced the usage of these approaches in Computational
Fluid Dynamics (CFD) simulations. The models based on turbulent look-up tables
generated from counterflow laminar diffusion flames (DF model) permit drastic reduction
of the computational cost of the CFD calculation. Nevertheless, for complex molecular
fuels, such as n-heptane, the oxidation process involves hundreds of species and the
calculation of the transport equations together with the ODE system that models the
chemical kinetics for the DF solution becomes unaffordable for industrial devices where
hundreds of flamelets are required. In this context, new hypotheses have to be introduced
in order to reduce the computational cost maintaining the coherence of the combustion
process. Recently, a new model known as Approximated Diffusion Flamelet (ADF) has
been proposed with the aim of solving the turbulent combustion for complex fuels in a
reduced time. However, the validity of this model is still an open question and has to be
verified in order to justify subsequent CFD calculations. This work assesses the ADF
model and its ability to reproduce accurately the combustion process and its main
parameters for three fuels with different chemical complexity and boundary conditions by
its comparison with the DF model. Results show that although some discrepancies arise,
the ADF model has the ability to correctly describe the ignition delay and the
combustion structure in the auto-ignition zone that is the most relevant one for industrial
processes.
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1. Introduction

During recent decades, the development of industrial combustion systems in terms
of efficiency and pollutant emissions has encouraged the analysis of these systems by
means of numerical simulations. In this context, the Computational Fluid Dynamics
(CFD) is a powerful technique that allows the researcher to obtain very valuable
knowledge of the turbulent combustion. Nevertheless, the models used for turbulent
combustion are based on a set of hypotheses whose suitability depends on the
combustion regime [1][2]. Together with the model hypotheses, the computational
cost is another important factor that determines the model capabilities for practical

applications.

Among the different models that can be found in the literature, the flamelet model
is reported to be one of the most powerful models for solving the turbulent
combustion [3][4]. For non-premixed turbulent combustion, the key underlying
assumption of this model consists of describing the local structure of the turbulent
flame by an ensemble of igniting and extinguishing laminar diffusion flames called
flamelets. Thus, this assumption requires the chemistry to be much faster than
physical processes such as the mixing process, corresponding to large Damkohler
numbers. However, despite seeming very restrictive, this is usually a suitable
description for non-premixed turbulent combustion in industrial devices and means

that combustion takes place in a very thin layer in which the flamelets are

embedded [2].

For non-premixed combustion systems, these flamelets usually follow a counterflow
diffusion flame (DF) configuration. With the proper mathematical operations and
simplifications, the flamelet can be described by a simplified 1D structure in the
mixture fraction space [5]. The transport equations for temperature and species
describing the flamelet evolution retain the transient, mixing and source terms.
Mixing terms include the scalar dissipation rate (y), which controls the diffusion
rate of species in the mixture fraction space and depends on the strain rate (a)
imposed by the flow [2] . Source terms for species transport equations are
particularly critical since they are calculated by solving the stiff non-linear ODE

system that models the chemical kinetics for each mixture fraction at each time



step. As the fuel increases in molecular complexity, its oxidation involves hundreds
or even thousands of species and reactions. Therefore, the number of transport
equations to be solved and the number of equations of the ODE system that models

the chemical kinetics accordingly increase.

In recent decades, the flamelet model has been implemented following different
approaches and it has been extensively applied especially in the field of the design

and analysis of internal combustion engines.

In the representative interactive flamelet (RIF) model approach and its variants,
the flamelet or set of flamelets required to reproduce the characteristics of the
turbulent combustion is solved during the CFD computation [6][7]. However, despite
the interesting results reported using this model, for instance in the field of diesel
engines [8], this interactive coupling presents some important drawbacks related to
the computational cost, i.e. the on-the-fly resolution of the set of flamelets,
especially for fuels with high molecular complexity. In those cases, only a few

flamelets are considered and the modeling of the turbulence-chemistry interaction

(T'CI) is partially lost [9].

In the approaches known as Flame Prolongation of Intrinsic Low-Dimensional
Manifold (FPI), Flamelet Generated Manifold (FGM) and their respective variants,
the set of flamelets required to reproduce the characteristics of the turbulent
combustion is pre-calculated and, consequently, decoupled from the CFD
computation. Results are stored in a look-up database in terms of thermochemical
parameters [10][11][12]. These models are gaining attention since once the database
is generated, the time required by the CFD computation for solving a given
turbulent combustion problem is very limited. However, for fuels with high
molecular complexity, the generation of the flamelet database is still too expensive
in terms of computational cost and sometimes becomes unaffordable when the
boundary conditions span over wide ranges of values and, consequently, a great

number of flamelets have to be computed.

Recently, the Approximated Diffusion Flamelet (ADF) concept was developed with
the aim of decreasing the computational effort required to generate the flamelet
database while keeping complex chemistry [13]. The ADF concept is based on
solving only the 1D flamelet transport equation for the progress variable, which is a
linear combination of selected species that accounts for the transient evolution of

the flamelet, in the mixture fraction space. Additionally, it decouples the mixing
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and the source terms of this transport equation. The chemical source term of the
progress variable is pre-calculated by solving the corresponding ODE system related
to the chemical kinetics. For this purpose, the temporal evolution of a set of
homogeneous reactors (HRs) for different mixture fractions is solved storing the
results in a look-up table used when solving the progress variable transport equation
[14]. It is important to note that since chemistry is decoupled from the diffusion
processes the ADF model permits the modeling of complex chemistry in completely

acceptable amounts of time.

The considerable reduction of calculation time gained with these simplifications
allow the application of this flamelet model when the boundary conditions
encompass a great variety of values, with flamelets belonging to the whole range of
strain rates, while managing complex chemistry. These capabilities are particularly
important in complex problems such as diesel engines where so many processes
interact and the proper modelling of the phenomena is critical for describing the

turbulent structure of the flame as well as predicting pollutant emissions.

Finally, these required modeling capabilities argue for the use of comprehensive
mechanisms instead of reduced mechanisms that, certainly, would permit the
application of the DF model but with losses that are not admissible for the previous

modeling objectives.

In this context, the analysis of the flamelet steady-state conditions and their
transient temporal evolution for both DF and ADF models are evaluated in the

present investigation.

In a previous published study, the validity of the ADF assumptions was
preliminarily investigated by directly comparing with the DF model keeping the
same boundary conditions [13]. This analysis focused on evaluating the differences
between DF and ADF related to the ignition delay, the initial ignition propagation
across the flamelet and the steady-state reacting equilibrium conditions. In this
research, despite the fact that noticeable discrepancies were clearly identified in all
of the three characteristic flamelets investigated, the observed differences were
considered acceptable. Nevertheless, the information reported was not sufficient to
understand the extent of the differences between ADF and DF and/or how to
decrease them since only very few flamelets (few strain rates) were considered [13].
The ADF concept was integrated into two similar flamelet combustion models,

known as ADF-PCM (ADF Presumed Conditional Moment) and ADF-PCMy
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(ADF-PCM with probability density function in y.), and for both models the

flamelet database was generated using this simplification.

These models have been applied during the last years to different problems such as
lifted methane flames in a vitiated coflow [14], diesel-like sprays [15][16], diesel
engines [17] and furnaces [18] and, in all cases, results were very promising.
However, the validity of the ADF concept is still an open question nowadays under

evaluation and more research effort is required.

In this framework, this investigation has the objective of evaluating in detail the
ADF concept for reproducing the characteristics of the counterflow diffusion
flamelets in the full range of strain rates until reaching the flamelet quenching
conditions. Following the conventional approach, the analysis focuses on the key
combustion characteristics including the ignition delay, the ignition propagation
across the flame and the steady-state reacting equilibrium conditions. Additionally,
the study also includes a dedicated discussion about the effect of the definition of
the progress variable on the accuracy of the results provided by the ADF concept.
Finally, three fuels (hydrogen, methane and n-heptane) are considered in this work
in order to identify the impact of the fuel molecular complexity and to

systematically analyze the validity of the ADF assumptions.

2. Description of the Diffusion Flamelets and Approximated Diffusion

Flamelets

The scope of the present work only includes diffusion flamelets in an axisymmetric
opposed-jet configuration. Assuming equal mass diffusion coefficients and heat
capacities for all chemical species (constant with temperature) as well as unity
Lewis number (equal thermal and mass diffusivities) the flamelet structure is
completely defined by mixture fraction (Z) and time (t), so it can be described in
the Z-space for each species by eq. (1) [2][19].

%= %(?:TYZR+ Wy, k=1,...,N (1)

where N is the total number of species of the chemical mechanism and Y, is the



mass fraction of the species k. In eq. (1), y = 2D|VZ|* is known as the scalar

o . . . oy - 2%y,
dissipation rate. This model considers a transient term (a_tk)’ a mixing term ()2—( azzk)

and a chemical source term (w,). With the previous assumptions, the flamelet
equation can be written in terms of temperature or mass fractions keeping exactly

the same mathematical structure [5].

The steady flamelet equation is obtained by removing the transient term in eq. (1)
and it is the basis of the Steady Flamelet Model (SFM), while retaining this
transient term is the basis of the Unsteady Flamelet Model (UFM) [2].

The SFM model was used for a long time and is still valid when the chemical time
scales are much smaller than the physical time scales (diffusion and convection) so
Damkohler number tends to infinity and local equilibrium can be assumed [20]. This
model provides the advantage of greatly simplifying the complexity of the problem,
especially that related with chemistry modeling [21]. Nevertheless, it cannot
reproduce the chemical impact of some species that are not in equilibrium, such as
CO or NOx, and the local quenching/ignition is not properly described. Therefore,
this model is not appropriate for those problems where auto-ignition or local

quenching/ignition are critical, such as the lifted flames [10][22].

These shortcomings can be mitigated by including the transient effects in the
computations, i.e. UFM approach, for a more accurate description of the relevant
phenomena involved in combustion. However, the better description of the processes
is accompanied by a significantly higher computational cost, especially when dealing
with fuels of complex chemistry. This justifies considering additional assumptions
for the flamelet equation leading to the Approximated Diffusion Flamelet (ADF)
model. This ADF model will be compared to the conventional Diffusion Flamelet
(DF) model in the present work. In the following a description of the models used

for this paper is given.

The DF model solves the flamelet equation in the Z-space, eq. (1), for each species
accounted by the chemical kinetics mechanism. The steady-state scalar dissipation
rate profile for laminar counterflow diffusion flames in the Z coordinate, given by

eq. (2), is assumed [2]

¥ (@2) = = expl=2(erfe ™ (22))?] (2)

In eq. (2), a is the strain rate and only depends on the flow characteristics.



Due to unity Lewis number, the total enthalpy is approximated as h(Z) = Z - he +
(1—2) - hyy, where h; corresponds to the fuel enthalpy and h,, to the oxidizer
enthalpy. Then, the temperature is obtained from the total enthalpy and the
chemical composition. In order to obtain the reaction rates for the species, a
chemical balance considering the mechanism reactions for each species is solved at
each time step. In this work, eq. (1) is solved in its steady and unsteady forms by
means of the DDASSL solver [23], as in previous works [24]. Attending to the
characteristics of the problem, a fine grid in the mixture fraction direction is defined
in order to reduce numerical uncertainties especially at low strain rate values. The

solutions for the DF model are obtained using LFLAM code developed at CIEMAT.

For the final tabulation of the transient thermochemical path followed by each
mixture fraction, a variable that uniquely defines each state is required. For this
purpose a progress variable Y., understood as a linear combination of species mass
fractions, is used. This one-to-one relationship between time and Y, (together with
the continuity of Y,) implies that Y, is monotonous with time. Conventionally, Y, is

chosen increasing with time.

The ADF model also solves the flamelet equation in the Z-space, eq. (1), but only
for the progress variable. As in the DF model, the steady-state profile for the scalar
dissipation rate shown in eq. (2) is assumed. In order to simplify the chemical
source term, it is not computed at each time step as in the DF model, but it is pre-
calculated by solving the auto-ignition of a set of homogeneous reactors for each
mixture fraction before the flamelet calculation is carried out. Thus, for each
mixture fraction, the reaction rate of the progress variable is determined once the
value of the progress variable is known independently of the strain rate. The
flamelet equation can be rewritten as eq. (3) [13]

oY,  x(a,2)d%Y,
at 2  9Zz2

+ wfR(Z,¢) (3)

The dependences of the terms with the corresponding variables have been explicitly
introduced in eq. (3) where c is the normalized progress variable. The independence
of the reaction rate from the strain rate (no diffusion in homogenous reactors)
points out that some diffusion contributions may not be reproduced by the model
insofar as the chemical source term may be affected by these. The same progress
variable solved in eq. (3) is also used for the final tabulation of the transient

thermochemical path followed by each mixture fraction. By virtue of the



monotonically increasing relationship between time and Y, it is deduced that

iR (Z,Y.) = 0.

The definition of the progress variable is a crucial step because, in any tabulated
flamelet model that considers transient evolutions, the information retained depends
on the relationship of the progress variable with the chemical evolution.
Consequently, if for example, the progress variable does not change during an
interval of the chemical process the chemical information is partially lost. In the
case of the ADF model, the progress variable definition is even more critical because
the capabilities of the model rely on its dependence with the chemical evolution

from the very beginning.

To avoid these losses, it is advisable that the progress variable definition includes
species related to the low and high temperature chemistry even though excellent
results can be achieved if only intermediate species, such as CO, and final products,

such as CO., are considered, as will be shown in this work.

For solving the ADF model, first, the HRs should be calculated and, in this work,
this is carried out using the commercial software Chemkin [25]. For each mixture
fraction the auto-ignition of a HR is solved with no heat losses and constant
pressure as boundary conditions. The initial conditions are obtained from the
adiabatic curve that is calculated from the composition and the temperature of the
oxidizer and fuel streams. For avoiding uncertainties related to the discretization,
the HRs transient evolutions are saved in increments of temperature equal or less
than 0.5 K. Subsequently, the variables used in following calculations are stored in a
table with the mixture fraction and the progress variable as inputs. For simplicity,
the mixture fraction and the progress variable (normalized to chemical equilibrium)

discretizations define a regular mesh.

For solving the steady regime of eq. (3) a Newton-Raphson algorithm is used. The
profile for another strain rate, in general close to the one that is desired to solve, is
provided as the initial solution for iteration. As the left hand side of eq. (3) vanishes

for the steady calculation the following convergence criterion is imposed

bs < x(a,2) %Y, (4)

S+ (Z Yc)> <10¢ vz

where abs is the absolute value and its argument corresponds to the right hand side

of eq. (3). For the derivative, a second order discretization is used and the chemical



source term is obtained with a linear interpolation.

Finally, eq. (3) (transient regime) is solved for each strain rate using an implicit
numerical scheme with adaptive time step and second order in mixture fraction and
first order in time derivatives. As for the steady state calculation, a linear
interpolation is used for retrieving the chemical source term. In order to minimize
the impact of numerical uncertainties a fine mesh in mixture fraction and progress
variable directions is chosen, as for the DF model. The rest of variables
(temperature and species) are determined from the tables, also calculated from the
auto-ignition of the corresponding HR, by means of linear interpolations. Note that
the solutions for the temperature and the mass fractions of the species (except the
progress variable) can be obtained during the post-processing and, therefore, reduce

the computational time.

In Figure 1 and Figure 2, flowcharts show the steps required for solving both

models.

— ay, xo%v, |
Specification of —f = Eﬁ+ @y

oxidant and fuel Ideal mixing Adiabatic curve at
streams (boundary (initial condition)
conditions)
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ODE chemical system

Chemical mechanism WZ)=Z -hg+(1—Z) hyy

X (@7) = = expl-2(erfc 1 (27))°]
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Figure 1. Flowchart for solving the DF model.
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Figure 2. Flowchart for solving the ADF model.



Comparing DF and ADF models, it should be noticed how in the DF model the
progress variable is only used for the final tabulation of the variables but not for
computations as in the ADF model. Additionally, both models give the same
solution when there is no diffusion in Z-space (a = 0) since the mixing term in eq.
(1) and eq. (3) vanishes. The identical behavior of both models when a — 0
explains why the chemical source terms and the rest of variables are retrieved from
the HRs solution database for the ADF model, that is, that the DF model in the

limit of low strain rates behaves as a set of HRs.

3. Methodology

The aim of this work is to determine the extent of applicability of the ADF model.
To achieve this objective, a systematic analysis has been carried out which consists
of the comparison of the steady and unsteady solutions between DF and ADF
models for three fuels which comprise a range of hydrocarbon chemical complexity,
namely hydrogen (H.), methane (CH.) and n-heptane (C-Hig). Additionally, a study
of the influence of the progress variable definition in the ADF results completes the

work.

The specific boundary conditions for the set of flamelets resolved applying the DF
and ADF methods for each fuel investigated are included in Table 1 (H:), Table 2
(CHs) and Table 3 (C:His). With these conditions, the stoichiometric mixture
fraction is 0.479 for H,, 0.176 for CHs and 0.062 for C;His. Additionally, the H, and
the CH, flames develop in atmospheric conditions, so pressure equals 1 atm, whereas

the pressure in the case of the C;Hi¢ flame is 42.1 bar.

Table 1. Boundary conditions for the H2 set of flamelets.

Fuel (Z =1) Hot coflow (Z = 0)
Temperature 305 K 1055 K
Mole fractions Xms = 0.25 Xozox = 0.1474
Ko = 0.75 Xx2ox = 0.7537
XHQ0.0X - 00989

Table 2. Boundary conditions for the CHu set of flamelets.
Fuel (Z =1) Hot coflow (Z = 0)

Temperature 320 K 1350 K




Mole fractions Xozs = 0.15 Xozox = 0.12
XN’_)‘f = 052 XN?,(\X - 073

Xcuer= 0.33 Xum200x = 0.15

Table 3. Boundary conditions for the C7His set of flamelets.

Fuel (Z =1) Oxidant (Z = 0)
Temperature 373 K 1000 K
Mole fractions Xerre = 1 Xozox = 0.21
XNZ‘OX = 079

These fuels and boundary conditions correspond to three experimental
configurations, namely the lifted hydrogen and methane jet flames in a vitiated
coflow from the University of Berkeley and the spray H from the ECN (Engine
Combustion Network), for C:His [26][27][28], extensively used for combustion

validation.

For H, fuel, the chemical kinetics mechanism includes 9 species and 21 reactions
[29]. For CHa the well-known GRI chemical kinetic mechanism was selected, which
involves 53 species and 325 reactions [30]. Finally, for C:His the chemical kinetics
mechanism developed by Zeuch et al. considers a total of 110 species and 1170

forward and backward reactions [31].

Since fuels of different molecular complexity are chosen for comparing the DF and
the ADF models, the analysis starts with the simplest fuel (H:), follows with the
simplest hydrocarbon (CHs) and finally ends with a complex hydrocarbon (Cr;His),

which is usually used as a chemical surrogate for diesel fuels.

The definition of the progress variable for hydrogen is Y, = Yy,, + 10 Yy, + 3 Yy,
which has been used by Naud et al. for the simulation of the aforementioned lifted
hydrogen jet flame in a vitiated coflow experiment from the University of Berkeley
[24]. For methane and n-heptane, two progress variables are considered. The first
(PV1) is defined as Y, =Y., + Y., [13] and the second (PV2) is defined as Y, =
Yoo + Yoo, + Yoo + 10 Yy, + 3 Yy, which is the sum of PV1 plus the progress

variable used for hydrogen.

PV1 is a progress variable definition that has been often used for the SFM

approaches and, lately, its use has been extended to USFM computations. It is
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observed that this definition is based on an intermediate species, such as CO, and a
final product, namely CO,, of the combustion. Consequently, it is suitable for the
tabulation of steady flamelets. Given that the transient evolution of the flamelets
becomes essential when studying the auto-ignition and the pollutant emissions in
turbulent reactive flows it is interesting to maintain an accurate description of the
process of the unsteady ignition prior to the main combustion. For that purpose,
intermediate species, such as HO., weighted with different coefficients are included
in the PV2 definition. The sum of PV1 plus the progress variable Y, =Yy,, +
10 Yy, + 3 Yy,, used for the simulation of hydrogen, is proposed as an alternative

definition of the progress variable (PV2) for the methane and the n-heptane fuels.

It has been checked that these definitions for the progress variable provide in all
cases a one-to-one relationship between them and time, fulfilling the main constraint

imposed on a progress variable definition.

In principle, PV2 is used for CH. calculations while PV1 is used for C-His unless

otherwise indicated.

To determine the capabilities of the ADF model a fair comparison between DF and
ADF models avoiding numerical uncertainties is considered a priority. For that
purpose, fine grids have been selected in the mixture fraction and progress variable
directions although for practical calculations, i.e. CFD computations, satisfactory

results can be achieved using coarser meshes.

In the tabulation of the HRs 201 points equally spaced in the mixture fraction
direction were selected for H, and 251 points for CHs while 338 points were chosen
for C:Hi¢ with a distribution depending on the fuel equivalence ratio. The
distribution in the (normalized) progress variable direction is common for all the
fuels with 504 points equally spaced except for low values of the progress variable
where the mesh is finer. In the case of the DF model, 201 points equally spaced in
the mixture fraction direction were selected for the H, and 501 points for both CH,
and CrsHis. As a final remark, all flamelet calculations for both DF and ADF models
were performed keeping the mixture fraction boundaries at their natural limits, 0 in

the oxidizer side and 1 in the fuel side.

4. Results and discussion

The discussion of the results provided by the DF and ADF models is carried out

sequentially and, therefore, as a first step, the analysis starts for the steady-state
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regime, where the models are compared by observing the structure of the so-called
S-curves. As a second step, the analysis is completed with the study of the unsteady
(or transient) solutions, where the models are compared in terms of the ignition

delay and ignition propagation across the flamelet.

Since the scalar dissipation rate (x) is directly related to the strain rate (a),
considering eq. (2), both parameters will be used to characterize the strength of the

mixing in the flamelet.

Steady regime

After obtaining the steady-state solutions for the entire range of strain rates (or
scalar dissipation rates) where the laminar combustion develops, it is possible to
draw the tridimensional surface, in the variables (Z, y, Y.), containing all the
possible states for the steady-state regime. One of the most important properties of
these surfaces is that they define the physical limits of the unsteady solutions, which
fill the inner space of the surface created by these steady-state solutions. Such
surfaces are shown for the DF and ADF models and the three fuels in Figure 3.
Each color is related to a different branch of the S-curve, as explained later. Scales

are common for figures corresponding to the same fuel.

T 1000 2000 3000 4000 L 500 1000 1500 2000
z x z b1

\ \
z1 0 1000 2000 3000 4000 Z1 0 500 1000 1500 2000 3 10
x x

x 10"

Figure 3. Steady-state flamelets solved with the DF (top) and ADF (bottom) models. Solutions for
H: (left), CHa (center) and CrHie (right).

The most important qualitative divergences observed comparing DF and ADF

solutions are related to the maximum y attainable before reaching the quenching
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conditions (y4), represented by the line joining the blue and the red surfaces. As a
common trend independent of the fuel, y, is significantly higher for DF than for
ADF and, consequently, the DF model sustains the combustion in more highly
strained flows compared to the ADF model. Thus, considering that increasing flow
turbulence reflects in higher local values of y, the ADF model is expected to predict
quenching at high flow turbulence levels where the DF model would predict that it

is sustained.

A second difference observed in these steady-state solutions, though only for the
CrHis case, is related to the second peak generated by the ADF model in the right
side of the surfaces (at high x and low Y, values) joining the black and the green
surfaces. The DF model does not generate this second quenching point and it seems
to be unrealistic considering the physics of the problem. Note how in the case of
C7Hi¢ it is around three times higher than the physical y,. Therefore, it seems that
the chemical kinetics of the fuel has influence on the generation of this second
quenching point as well as on its magnitude. A further detailed discussion on this

topic is later exposed.

Once the DF and the ADF steady-state solutions have been compared, more
quantitative information is obtained by observing the well-known S-curve for the
progress variable. This S-curve is generated by cutting the surface of steady-state
solutions at a given Z value. As is known the S-curve is composed of different
branches which define the stability of the solution to small perturbations of the
strain rate in the flame. Generally speaking, the S-curve is composed of three
branches that are identified with an upper stable branch close to the chemical
equilibrium (blue surface in Figure 3), an unstable branch at high strain rates and
intermediate progress variable values (red surface in Figure 3) and a lower stable
branch (black surface in Figure 3) that at high strain rates overlaps with the inert
curve. However, as previously indicated, the n-heptane shows two unstable branches

when solved with the ADF model.

The S-curves for three different values of Z corresponding to lean, stoichiometric
and rich conditions are shown in Figure 4 (H.), Figure 5 (CHi) and Figure 6
(C7His). For simplicity, the strain rate (a) is used to plot the S-curves instead of the

scalar dissipation rate (y).

Figure 4 corroborates how for H; the DF model gives a greater a value for the

quenching point (a,=10365 1/s) than the ADF (a,=6550 1/s). The same
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consideration is also valid for the maximum auto-igniting strain rate (a,;), which is
the strain rate that corresponds to the left side peak at low Y, observed in the S-
curve. This point is important since it corresponds to the highest value of a or ¥y,
namely a,; or yai at which the flamelet can evolve from the inert conditions until
reaching the upper steady-state branch, and then, it limits what is known as the
flamelet auto-ignition range. The rest of the domain corresponds to the ignition-

extinction range.

Whereas in the DF model a,; equals 2000 1/s, in the ADF model it only reaches
850 1/s. This means that the diffusion processes in Z-space affect the evolution of
the chemical kinetics and these processes are not taken into account in the ADF
model because the chemistry path comes from the auto-ignition of homogenous
reactors. Note how in the auto-ignition range with strain rates below a,;, differences
in the S-curve are not as important as in the ignition-extinction range with strain
rates over a,;. This limits the validity of the ADF concept in the ignition-extinction

range even for low molecular complexity fuels.

Figure 5 shows the corresponding S-curves for CHjy. Consistently, the DF model
increases the quenching strain rate (a,=5550 1/s) compared to the ADF model
(a;=3200 1/s). However, contrary to results with H., in this case the maximum
auto-ignition strain rate is lower for the DF model (a,,=360 1/s) than for the ADF
model (a,, =570 1/s). Results corroborate the key two ideas extracted from the H,
analysis, namely the validity of the ADF assumptions in the auto-ignition range and

the discrepancies observed in the ignition-extinction range.
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Figure 4. S-curves obtained for H2 with the DF and ADF models for lean (left), stoichiometric

(center) and rich (right) mixtures.
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Figure 5. S-curves for CH4 obtained with the DF and ADF models for lean (left), stoichiometric

(center) and rich (right) mixtures.
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Figure 6. S-curves for C7His in linear (top) and logarithmic (bottom) x-axis obtained with the DF

and ADF models for lean (left), stoichiometric (center) and rich (right) mixtures.

To close the analysis of the steady-state conditions, Figure 6 shows the S-curves for
CrHis. Due to the wide range of strain rates, figures have been represented using
linear and logarithmic scales on the abscissa axis. As observed in Figure 6, the
solutions for DF and ADF are close in the auto-ignition range (clearly seen in
figures with logarithmic scales). Nevertheless, as it was pointed out before, a second
non-physical quenching point at low Y, values, which is shown with a zoom in
Figure 6 top right for better visibility, is observed in the ADF S-curves for this fuel.
The physical quenching strain rate keeps the trend of being higher for the DF model
(ag=155550 1/s) than for the ADF model (a,=120000 1/s). The maximum auto-
ignition strain rate, a,;, is lower for DF (a,;=2990 1/s) than for ADF (a,,=13400
1/s) showing the same trend than that observed for CHa.



The geometry of the S-curves for the C:His, with the two quenching points, is
explained by looking at the contour plots included in Figure 7. These contour plots
represent the chemical source terms given by the auto-ignition of the homogeneous
reactors for each mixture fraction. The axes are the mixture fraction and the

normalized progress variable defined by eq. (5), where Y,

c,inert and Y,

cequil correspond

to the inert and chemical equilibrium values of the progress variable.

Yc (Z' t) - Yc,inert (Z) (5)

c(Z,t) =
Yc,equil (Z) - Yc,inert (Z)

Due to the monotonic increasing evolution of the progress variable it is deduced

that ¢ €[0,1].

Only for C;His, two maxima at relatively low and high values of ¢ can be observed
in the contour plot, directly related to the complexity of the ignition process of long
chain alkanes, while H. and CH4 only show one maximum at relatively high values
of c. Considering eq. (3) and removing the transient term due to the steady-state
regime condition, and having in mind that the whole set of steady solutions covers
all the possible states between the inert and the equilibrium solutions, it is deduced
that an increase of the chemical source term must be compensated by an increase
(in absolute value) of the mixing term. This term is the product of the second
derivative of Y, with respect to Z and the diffusion coefficient represented by
x(a,Z). However, the increase of the chemical source term around the maxima is
not fully compensated by the second derivative, forcing the increment of x( a, Z),
and particularly of a. This generates the two quenching points in the S-curves

clearly observed for the C7Hi¢ fuel in Figure 6.
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Figure 7. Chemical source terms obtained from the HRs for H2 (left), CHa (center) and CrHis (right).



This behavior can be clearly observed in Figure 8 where some steady solutions
(Z,Y.) obtained with the ADF model are plotted together with different level curves
corresponding to the chemical source term @® for the n-heptane. It is evident that

the change of branch takes place in the vicinity of a local maximum/minimum of
2
the chemical source term. The low values that the term O Ye / 72 takes (if this term

is identified in a first approximation with the curvature it is seen that the curvature
is very low for some curves as those drawn in red) imply that the chemical term has
to be compensated with the strain rate value, that appears in the mixing term,
generating the different branches of the S-curve. In general, the number of local
maxima, of the chemical field @R (Z,Y,) coincides with the number of pairs of stable-

unstable branches of the S-curve.
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Figure 8. Steady solutions (Z, Yc) for the ADF model superimposed on the level curves of the
chemical source field (black lines) for the C7His. Each type of line corresponds to a different branch
of the S-curve. The values of the legend indicate the strain rate (1/s) values of the solutions plotted.

In conclusion, although C-His is the fuel with the most complex chemistry of those
under investigation, even in this case, the ADF model assumptions are still valid in
the auto-ignition range. However, considering the set of three fuels, it is observed
that the ADF assumptions are less acceptable in the ignition-extinction range

independent of the chemical complexity of the fuel.

Effect of the progress variable definition

In the ADF model the definition of Y. has intrinsic impact on the results because
this parameter is the tracer of the combustion process and thus, only the chemical
kinetics information retained by Y, can be retrieved later. It is evident that in the
DF model the choice of Y, cannot affect the results because all the species are solved

and Y, is calculated during the post-processing.



Thus, in order to determine the impact of the definition of Y,, two definitions, PV1
and PV2, described in the Methodology section are used for comparing the S-curves
of the ADF steady-state solutions for CHy and for C;Hi in Figure 9 and Figure 10,
respectively. Again for Figure 10 linear and logarithmic scales are used on the
abscissa due to the broad range of a. Because of the different definition of Y, they
cannot be compared directly and so, to overcome this problem, the comparison is

carried out using the temperature instead of the progress variables.
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Figure 9. S-curves for CHs obtained with the ADF model using PV1 and PV2 for lean (left),

stoichiometric (center) and rich (right) mixtures.

Expected differences are confirmed by the results and, although both Y, definitions
present relevant differences in the ignition-extinction range the auto-ignition range
is similarly reproduced. Additionally, for a given a value these differences are more

evident for rich mixture fractions than for stoichiometric or lean conditions.

In Figure 10, two quenching points appear in the S-curve for C:Hi¢ with both Y,
definitions. The main difference between the curves is found in the region close to
the second low peak (high a and low Y,). Excepting this zone, the rest of the curve

is similarly reproduced by PV1 and PV2.

Thus, for fuels like CH, the S-curves obtained with ADF can be reasonably adjusted
to those obtained with DF by a proper Y. definition. However, for long chain alkane
fuels like C7His the second non-physical quenching point (at low Y, values) can be
decreased but not fully avoided since, as discussed previously using Figure 7 and

Figure 8, it basically depends on the ignition chemical characteristics of the fuel.

In conclusion, it can be stated that although non-negligible discrepancies arise in the

ignition-extinction range, the auto-ignition range is correctly described and,

therefore, differences are acceptable in this range. This is an important conclusion
because in a great number of industrial applications, such as diesel engines, the

turbulent combustion develops in a turbulent flow basically matching the auto-
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ignition range (lower strain rates than a, ) and the ignition-extinction range is
much less relevant, and most times negligible. Thus, in the field of diesel engine
combustion modeling, good results have been reported in the literature using the
ADF model only in the auto-ignition range, sustaining the assumption that it is

mostly the range affecting the problem and validating the ADF model [16][17].
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Figure 10. S-curves for C7Hie in linear (top) and logarithmic (bottom) x-axis using PV1 and PV2 for

lean (left), stoichiometric (center) and rich (right) mixtures.

Unsteady regime

In this section DF and ADF models will be compared in unsteady conditions for Ho,
CHs and CsHis. First, a comparison of the computational cost for transient
calculations between both models is carried out. Later, a discussion about fitting the
first tabulated values of the chemical source term required for recovering the auto-
ignition of the HRs when reconstructed is presented. The section continues with the
comparison of the ignition delays and the structure combustion given by both
models. Finally, a discussion of the effect of the progress variable definition is

included.

Comparison of the computational cost

In this subsection, a comparison of the time spent for solving flamelets at different
strain rates for both models is provided. Only results for n-heptane are included
since it is the most representative fuel of those examined in this work having in

mind that the ADF model is conceived for being used when complex chemistry is
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mandatory. In the case of the C7Hig, the time spent for solving a given flamelet with
the DF model is in the order of tens of minutes, nevertheless, the ADF model allows
the computational cost calculation for a flamelet to be decreased to a few minutes.
Table 4 gathers the computational time required for solving several flamelets with
different strain rate values for both models and the time spent for calculating the

HRs database.

Table 4. Comparison of the computational time for DF and ADF models for CrHis. Strain rate units
in 1/s. Computational time units in minutes. Machine characteristics: RAM memory of 64 GB, clock

frequency of 2.5 GHz. All the calculations launched at one core.

HRs a=1 a=10 a =150 a =100 a = 200 a =1000
DF - 107 74 55 48 39 23
ADF 45 6 8 3 3 2 2

From Table 4 it is observed that the ADF model reduces the computational time
required for each flamelet by at least one order of magnitude. Additionally, it is

clear that the computational cost is reduced when increasing the strain rate.

Consequently, if a flamelet database is composed of 30 flamelets considering an
average computational time per flamelet of 55 minutes for the DF model it takes
1650 minutes (=55%30). Nevertheless, using the ADF model and considering an
average computational time per flamelet of 4 minutes and 45 minutes for the HRs

calculation this time is reduced to 165 minutes (=45+4%30).

Thus, when considering complex problems such as the ignition in diesel engines,
where due to the boundary conditions several hundreds or even thousands of
flamelets are computed, the computational time required when using the DF model

becomes prohibitive while using the ADF model is still feasible.

Discussion about the integration of the chemical source term

Before solving the transient flamelet equation, some considerations about the
chemical source term may be established. It is known that in tabulated methods,
such as the ADF model, a fine discretization in the progress variable direction is
needed when taking the chemical source term directly from the chemical HRs
database [32]. In this section, a method based on the linear interpolation of the

chemical source term is discussed in order to obtain a good description of the
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ignition delay and the auto-ignition of the HRs with coarser meshes in c.

A piecewise linear interpolation in the progress variable direction is used for all the
variables, including the chemical source term, when retrieving the HRs information
for the ADF calculations. In general terms, the first tabulated value for the
chemical source term of the progress variable (that is @y = wy(c =0)) is very low
and small errors introduce artificial delays in the HR ignition when reconstructed.
Consequently, it is important to calculate this first value accurately in order to
retrieve the profile Y. = Y,.(t) given by the solution of the HR. Additionally, for
avoiding numerical perturbations for the transient calculations it is recommendable
that the chemical source term is described by a continuous function. For this
purpose, the following method, that fulfills the previous requirements and gives
excellent results in the reconstruction of the HRs from the tabulated chemical

source terms, is presented.

Consider the solution of a HR for a given mixture fraction Z and let wy = wy(c =
0), that is unknown, and w, = wy(c =c;) and t; = t(c = c;) the values obtained
from the HR solution for the first non-null tabulated value of the ¢ mesh, where c is
normalized with the chemical equilibrium. For the moment, it is supposed that
these values at ¢ =c¢; are known. The aim is to obtain the value wy needed to

reach a value ¢; in a time t; when the HR is reconstructed.
As a piecewise linear interpolation is used, the w, values for c € [0,c;] can be
written in the form w, = m*c+ wy where m is the slope of the straight line and

its value is —2—Y0 Tp this way, the following equation can be posed

€1
. t c
o = Wy _%_)Jl dt _Jldc (6)
C - - - .
Yc,equil - Yc,inert dt 0 Yc,equil - Yc,inert 0o Wy
and solving

ty fcl dc 1 I <m * Cq + d)y0> Cq1 (i)y1 (7)

= — . =—in . =" . n—

Yeequit — Yeinert 0o M*xc+wy, m Wy, Wy, — Wy, Wy,

which can be rewritten as (calling L for simplicity as t;")

c,equil — Yc,inert

t t
e 1 Yq ec Yo (8)
t,’ 1
Y. Y,
Cl 1 C1 0



etz_lmyl t,' .
and = ——, eq. (8) takes the final form

wY1 1

With the notation A =

~Bavy, 9)

i —Bwy e
This equation is of the form M = ze? where M is known (in eq. (9) it corresponds to
- B/A) and z is unknown (in eq. (9) it corresponds to —Bwy ). The solution to this
equation is given by the inverse of the function f(x) = xe* which is called the
Lambert W function and is shown in Figure 11. The W function is a multivalued
function (except at 0). If W(x) is restricted to real values it is defined for — 1/e <x
and is composed of two branches (solutions), Wy and W_;. If x >0 the only real
value solution is given by the branch 0 (W;). For —1/e <x <0 the solutions are
given by the branch 0, with W, > —1, and the branch -1 (W_,), with W_; < —1, as

can be observed in Figure 11.

xe",-
w
—1/e| /
W
= -1 —2
0 W

Figure 11. Function f(x)=xe* and its inverse Lambert W function defined for real values. The two

branches Woand W.1 are also indicated.

As A, B > 0 the left hand side of eq. (9) is negative and due to

B t," —Ei‘l—d)y B 1

1= —?a)yle ¢ 't € Im(xe¥) - 7 = —3
where Im is the image of the function. It is deduced that —iS —§< 0 so the
problem has solution and is given by W, or by W_,. Note that eq. (8) has two
solutions, the trivial @y, solution (replacing wy by @y, in the right hand side it
gives the identity) and the non-trivial wy, solution. Therefore, the solutions to eq.
(9) are —Bwy, and —Bwy although only the solution —Bw, is retained. (Note:

—Bwy is not a valid solution to the problem because in eq. (7) it is implicitly

supposed m # 0.)



In this way, the solutions —Bwy, and —Bw, are given one by Wj and the other one
by W_;. Considering that W, = —1 and W_, < —1, it can be established that if
—Bw, = -1 the trivial —Bwy,_ solution is given by W, and so —Bwy is defined by

W_, and vice versa. So, finally, the solution is

([ w _B (10)
G if —Bay, <—1
: 4 B
wyo = B
I W—1(_Z) . .
\- 5 if —Bay, =-1

In the case that the values t; and wy, for ¢; are unknown (not enough resolution)
the same reasoning can be applied to the first ¢ tabulated value with available
information and w, is linearly interpolated for the c¢ tabulated values between ¢ =

0 and this first ¢ tabulated value with information.

Finally, note that with a piecewise linear interpolation for w, = w,(c) the
reconstructed profile ¢ = c(t) for the HR correspond to piecewise exponential curves
(as it is observed writing eq. (7) as a function ¢ = c(t)) which provide a very close
curve to the solution ¢ = c(t) provided by the HR tabulated solution, especially

before the auto-ignition.

In conclusion, if the first value of the chemical source term is adjusted with this
method it is not necessary to use a very fine discretization at low c¢ values and the
reconstructed ignition profile is very close to the real evolution of the HRs.
Additionally, as was pointed out before, the use of a piecewise linear profile allows
modeling the chemical source term with a continuous function, which is useful for

further calculations.

Ignition delay and combustion structure

The study of the unsteady regime starts by the analysis of the ignition delay curves.
The ignition delay curve for a given auto-igniting flamelet is obtained from the time
spent by each mixture fraction to reach a predefined value of the normalized
progress variable, cg, calculated according to eq. (11):

Yc (Z' a, t) - Yc,inert (Z) (11)

cz(Z,a,t) =
F Yc,steady (Z' a) - Yc,inert (Z)

where Y, inert

(Z) and Y, (Z,a) correspond to the inert and the steady values of

,Steady
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the progress variable, respectively.

As c¢p measures the advancement of the flame referred to its steady state, in this
work, two values of ¢, for measuring the ignition delay have been chosen, namely
0.05 and 0.3, corresponding respectively to the very beginning of the combustion
process and to a more developed stage [13][33]. In this way, the behavior for low-
temperature and high-temperature chemistry, with a notable different evolution
especially for long chain alkanes as n-heptane, is analyzed with these two values of

CF-

Thus, the ignition delay curves for the flamelets calculated with DF and ADF
models at three different a values belonging to the auto-ignition range are included
in Figure 12 for H, and in Figure 13 for CHi. Scales are common for figures

corresponding to the same strain rate value.

Results show how both DF and ADF models take into account diffusive processes in
the Z-space since the ignition delay curves are sensitive to changes in the strain
rate. For the two fuels, the shape of the curves provided by the DF and ADF
models is similar, however the models progressively diverge as a increases. Hence, it
is observed that the ADF model provides satisfactory results for all the cases shown

in Figure 12 and Figure 13 except for the highest strain rate, that is, close to a,;.

As previously explained, by definition both models give the same solution when
there is no strain rate, a = 0, and the ignition-extinction zone is not well-reproduced
by the ADF model. Consequently, it is expected that the divergence between models
appears in a progressive way in the vicinity of a,, as shown in the figures.
Therefore, there should be an excellent agreement for low a values while for high a
values, close to the a,; limit, the ability of the ADF model to predict the ignition

delay is compromised.

0.054 ~-"~ADF 0.01q ~--"ADF x107
—DF —DF o
5004 50008
> >
©
£0.031 5 0.0064
© o
5 0.021 50.004
5 5
20.014 200029 .
0 0




0.054 0.01-
5004 5 0-008
) )
50.034 T0.006
© o
5 0.024 5 0.004
£ g
20.011 2 0.002
G T T T T 1 G
0 02 04 06 08 0 02 04 06 08 I 0 02 04 06 08 I

Figure 12. Ignition delay time for H2 until reaching cr=0.05 (top) and cr=0.3 (bottom) at strain rates
a=10 (left), a=100 (center) and a=600 (right) 1/s.
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Figure 13. Ignition delay time for CHi until reaching c¢r=0.05 (top) and c¢r=0.3 (bottom) at strain
rates a=1 (left), a=50 (center) and a=250 (right) 1/s.
Comparing the ADF model with the DF model, it is known that for long chain
alkanes, such as C;His, and high a values, the rich mixture fractions are more
reactive with much shorter ignition delay times [13]. This does not occur in the
other fuels that have been analyzed. Two facts that are interrelated seem to explain

this artificial reactivity in the case of the CrHig:

- Due to the boundary and initial conditions (adiabatic curve) and the value
of the stoichiometric mixture fraction, Z,, which is very low for C:His (0.062) while
for H, has a high value (0.479), the combustion starts in the stoichiometric and

slightly rich mixture fractions in the case of the C;His. Unlike C7Hig, for the H, and
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CH. cases the first stages of ignition take place at very lean mixture fractions.

- The chemical source term for rich mixture fractions in the case of C;Hig
shows a very important increase at very low ¢ values. This increase was shown in
the color map of the chemical source term in Figure 7 and is the cause of the non-
physical quenching point of the S-curve that was explained in the previous section.
This behavior does not occur in the case of H, and CHs where the value of the
chemical source term for rich mixture fractions is markedly low even for high ¢

values.

The combination of these facts point out that the rich mixtures may act as artificial
ignition kernels when low Y, quantities are transported. Consequently, the ADF
model does not have the ability to reproduce the combustion structure properly,
especially at rich mixtures for the C:Hig, if no correction is introduced. To moderate
this behavior, a new limitation of the reactivity of the mixture, based on that
suggested by Michel et al. [13], is imposed over the chemical source terms. For the
definition of this limitation, first, a threshold value of ¢ is chosen. In this work this
value is fixed at ¢* =5 % 107*. Then, a time t*(Z) can be univocally defined as the
time spent for each mixture fraction Z before reaching this ¢* during the auto-

ignition process of the HRs. The limitation is then defined as

(12)

t * - FPI - *
b 20— (t*(Z)) &,"F1(Z,c(t) if t<t'(Z)
o, "1 (Z, c (b)) if t=>t"(2)

where t is the value of the current flamelet instant and @ is a non-negative constant
that has to be adjusted. Note that if @ = 0 no limitation is introduced and if ¢ = o
the limitation becomes

| (0 if t<t*(2) (13)
a)Y(Z,t) _{Q}YFPI(Z,C(t)) iftZt*(Z)

For retaining the continuity of the chemical source term field and avoiding
numerical perturbations it is recommended to assign a finite value to a. In this

work the limitation is imposed over the whole range of mixture fractions values.

The proposed limitation is based on the Livengood and Wu approximation [34]. It is
clear that t*(Z) can be conceived as an ignition delay for each mixture fraction. In
this way, the reactivity related to each mixture is decreased or even cancelled

during this ignition delay or, equivalently, while eq. (14), which expresses the
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Livengood and Wu integral, is fulfilled.

j‘t dt (14)

<1
©(Z,T(®), Y, ()

In general, the ignition delay T depends on the local conditions during the ignition
process, that is, temperature (T) and mass fractions of the species (Y,) for each
mixture fraction. If it is supposed that the local conditions for a mixture fraction do
not strongly change until its ignition during the flame combustion then a zero order
approximation can be assumed. Therefore, T only depends on the mixture fraction
and the initial conditions (adiabatic curve) and, consequently, it can be defined as

the time spent to reach a value of ¢* during the HRs auto-ignition (that is

7(Z,T(0),Y,(0)) = t*(2)). Then, it follows that the limitation is applied while

Jt a <1 - ——<1 (15)
o T(Z,T(0),Y,.(0)) t*(2)

Eq. (15) is equivalent to the interval where the limitation is applied in eq. (12) and

(13).

a
As was mentioned before, the potential function (( t/t*(Z)) ) that multiplies the

chemical source term in eq. (12) is suggested as a way to avoid discontinuities in the
chemical source term as for example may appear if eq. (13) is applied. In this way,
since both the potential function and the chemical term d)yF PI(7, ¢) are continuous

FPI) their product is continuous too.

(if a piecewise linear interpolation is used for @y
Consequently, unphysical and numerical perturbations in the solutions of the ADF
equation are eliminated with the application of this definition for the limitation.
Additionally, parameter a provides a degree of freedom to adjust and optimize the

behavior of the ADF solutions.

For n-heptane, the ADF model has been calculated with different values of the
exponent a and the solutions have been compared with the DF solutions. The
ignition delays are shown in Figure 14 and Figure 15 for ¢ = 0.05 and ¢ = 0.3,

respectively.

As expected greater values of the exponent diminish the reactivity of the mixture
fractions and, consequently, the ignition delay increases. Additionally, it is observed
that when the strain rate becomes higher the effect of the limitation is more
pronounced. Likewise, it becomes apparent that for high strain rates the limitation

is needed even for lean and stoichiometric mixture fractions.



It is observed that with a value of a =2

excellent results are obtained when

comparing the ADF solutions with the DF results, even for high strain rates close to

aAI )

retrieving, consequently, the profile of the ignition delay provided by the DF

model. Hence, @ = 2 is considered the most suitable value for parameter a.
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solutions with the following legend: circles for no limitation, asterisks for a=1, crosses for a=2,
squares for =3 and diamonds for a=10.

With the proposed limitation, results are considered satisfactory and it is observed
that the ability of the ADF model to reproduce the ignition delay time has been

significantly improved.

For analyzing the internal combustion structure, Figure 16 and Figure 17 show the
transient profiles of Y, for H. and CHi, respectively. In both figures, the top plots
correspond to flamelets in the auto-ignition range while the bottom plots correspond
to flamelets in the ignition-extinction range. In this representation, the transient

profiles correspond to the same value of the parameter c2 defined according to eq.

(16).

Jy (Ye(Z,0, ) = ¥, inere (D)) dZ (16)
fol (Yc,steady (Z' a) - Yc,inert (Z) )dZ

c2(a,t) =

By definition, ¢2 ranges between 0 and 1 and, for a given flamelet, the
correspondence from c¢2 to time is univocal. Variable ¢2 measures the global
advancement of the whole flamelet. Note how the profiles defined by the same value
of ¢2 between DF and ADF models do not necessarily match the same time instant.
Hence, this comparison focuses on the analysis of the geometry of the (Z, Y,) profile
during the ignition propagation across the flamelet to check if the physics associated

to this process is similarly reproduced by both models.
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Figure 16. Profiles of (Z, Y¢) for H2 and ¢2=0.1, 0.3, 0.5, 0.8 at strain rates ¢ =10 (top left), a =100
(top right), a=1000 (bottom left) and a=5000 (bottom right) 1/s. Inert (¢2=0) and steady-state

(c2=1) solutions are included in bold.

As observed, DF and ADF models give very similar (Z, Y,) profiles for a given c2
value for both fuels. This confirms how, despite the additional simplifications
introduced by the ADF model, the structure of the ignition propagation across the
flamelet, traced by the morphology of the (Z, Y.) curve, is well-reproduced even for
a values belonging to the ignition-extinction range as 1000 or 5000 1/s for H, and
800 or 2000 1/s for CH4. Note how when a increases, the slope of the curves is softer
due to the diffusion processes in Z-space and this phenomenon is also correctly
reproduced by the ADF model. At high a values the differences between DF and
ADF profiles in the figures are partially caused by the discrepancy between the
steady-state regimes between both models and the fact that curves have been

plotted at iso- c2 (see eq. (16)).
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(c2=1) solutions are included in bold.

Figure 18 shows the profiles (Z, Y,) for the fuel C;His with the solutions given by
the DF model and the ADF model defined with @ = 2. All the flamelets shown in
the figure correspond to flamelets in the auto-ignition range. It is observed that the
limitation avoids the chemical generation of progress variable at rich mixture
fractions and so the profiles given by the ADF model are similar to those provided
by the DF model. It is concluded that, in general terms, the DF solution can be
accurately predicted with the ADF model if a limitation, as that proposed in this

work, is imposed in the auto-ignition range.

Additionally, it is very interesting to compare the evolution of the Y, ,, variable

(& in eq. (3)), which represents the temporal variation of Y, including both mixing

at

and chemical source terms. For that purpose, the contour plots for Y, ,, at given Z
values and for the whole set of strain rates are represented in Figure 19 for H: and

Figure 20 for CHs. For each figure scales are common.

0.25- 0.25-
----- ADF

0.2 —DF 0.2

0.154 0.154
O (*]
> ] >

RETEE 0.1

0.054 | | 0.05

0+- i T T Y 0

0 04 06 08 1 0




0.254
0.2

0.157
o

Y

0.14/ |

0.05[:

Figure 18. Profiles of (Z, Y¢) for C7His and ¢2=0.1, 0.3, 0.5, 0.8 at strain rates a=1 (top left), a=10
(top center), a=50 (top right), a=100 (bottom left), a=200 (bottom center) and a=1000 (bottom
right} 1/s. Inert (¢2=0) and steady-state (¢2=1) solutions are included in bold.

Both DF and ADF models correctly reproduce the physics since for lean mixture
fractions maximum Y_,,, is observed for low a values. For these flamelets, the lean
mixture fractions are especially reactive due to the boundary conditions in
temperature, which implies that the combustion process starts in the lean mixture
fraction range and it propagates later towards richer mixture fractions. When a is
low the production of Y, by the chemical source term is mainly used for increasing
Y. for that mixture fraction and a very low fraction of Y, diffuses to the adjacent

mixture fractions.

Nevertheless, when increasing a, the diffusion in Z-space promotes the transfer of
higher fractions of the Y, generated by the chemical source term to the surrounding
mixture fractions. Consequently, Y, ;,, decreases in the lean mixture fractions and
increases in richer mixture fractions. Therefore, in these richer mixture fractions the
maximum Y, ;.. is observed for higher a values. This propagation of Y, from lean to
rich mixture fractions favors a more balanced advance of Y, for all mixture fractions
and avoids a profile with high gradients in the reactive zone for Y. as observed in

Figure 16 and Figure 17 for low a values.
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Effect of the progress variable definition

The influence of the Y. definition in the results generated by the ADF model was

already discussed in steady-state conditions, so here, the impact on the results in

the unsteady regime is investigated following a similar approach. Thus, the results

using the two Y, definitions, PV1 and PV2, for CH, and C:His flames are compared

with the aim of determining the extent of the differences. In the C;His case,

34



computations for both progress variable definitions have been carried out with a

limitation defined in the whole range of mixture fractions and a = 2.

Note how, as in the steady-state regime, the (Z, Y,) profiles cannot be directly
compared because they correspond to different Y. definitions. To avoid this problem,
a variable such as the temperature is used. The scope of this comparison is to show
how the geometry of the (Z, T) profiles is affected by the definition of Y,. Then, as
in the DF-ADF models comparison, in this case, imposed values of c2, defined by
eq. (16), are used instead of time and, therefore, the curves plotted in the following

figures do not necessarily correspond to the same time instant.

Figure 21 contains the curves (Z, T) for CHs and Figure 22 for C;Hie. For CHy the
top plots correspond to flamelets in the auto-ignition range while the bottom plots
correspond to flamelets in the ignition-extinction range. For C;Hi¢ all flamelets are
located in the auto-ignition range since the shape of the S-curves on the ignition-

extinction range is distorted, complicating the analysis of this range.
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Figure 21. Profiles of (Z, T) for CHs using PV1 and PV2 and ¢2=0.1, 0.3, 0.5, 0.8 at strain rates
a=10 (top left), a=100 (top right), a=800 (bottom left) and a=2500 (bottom right) 1/s. Inert (¢2=0)
and steady-state (c2=1) solutions are included in bold.

According to the figures, in the auto-ignition range the two Y, definitions, PV1 and
PV2, provide very similar profiles. Even in the ignition-extinction range (only
shown for the case of the CHi) the shape of the profiles is similar during the

transient evolution. The differences between the curves shown in the figures are
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mainly caused because the steady state is slightly different for the two progress
variable definitions and these curves have been represented at iso-c2 values.
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Figure 22. Profiles of (Z, T) for CrHis using PV1 and PV2 and ¢2=0.1, 0.3, 0.5, 0.8 at strain rates
a=10 (top left), a=50 (top right), a=200 (bottom left) and a=1000 (bottom right) 1/s. Inert (c2=0)
and steady-state (c2=1) solutions are included in bold.

Summarizing, solutions do not strongly depend on the selection of the progress
variable definition, especially in the auto-ignition range and, in any case, differences
are acceptable. This is expected since the differences between the two progress
variable definitions increase as the strain rate becomes higher and when the strain
rate equals to 0, no diffusion in Z-space, both progress variable definitions provide

the same solution considering the ADF model assumptions.

5. Conclusions

The high computational cost of the DF model for solving flamelets for complex
chemistry fuels encourages research to find additional simplifications. Among the
different possibilities for tackling this problem, the ADF model is chosen because it
allows a drastic reduction in the computational cost while managing complex
chemical mechanisms. This computational time reduction is especially critical when
flamelet models are applied to complex problems, such as the simulation of diesel
engines, where boundary conditions span over wide intervals and, additionally,
complex phenomena interact. Pollutant emissions modelling arise as one of these
complex phenomena for which the use of complex chemistry in the calculations is

mandatory and, consequently, it is necessary to use models that are able to manage
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the corresponding chemical mechanisms.

The two main hypotheses of this model consist of solving the transport species
equation only for one variable, denoted as the progress variable, and assuming that
the progress variable chemical source term does not depend on the diffusion in Z-
space. The validity of these hypotheses is analyzed by the direct comparison of this
simplified ADF model with the DF model.

In the steady-state regime the auto-ignition range is in general terms well-
reproduced by the ADF model independently of the fuel characteristics, but
noticeable divergences were detected in the ignition-extinction range which increase
with the fuel chemical complexity. For all the fuels investigated it was observed how

the quenching point has a greater strain rate value for the DF model than for the

ADF model.

Additionally, the definition of the progress variable has no marked effect on the

ADF solutions in the auto-ignition range.

For computing the ADF unsteady solutions from the HRs database, the chemical
source terms corresponding to low progress variable values have to be carefully
calculated. Additionally, it is important to define the chemical source term with a
continuous function for avoiding numerical perturbations. In order to fulfill these

requirements, a method is proposed in the present paper.

Comparing DF and ADF models in the unsteady regime, it can be concluded that
the ignition delay time is well-reproduced. For the C:His fuel, excellent ignition
delay results can be achieved, even for high strain rates, if the newly developed
limitation in the chemical source term is imposed. Likewise, for all the fuels the
ignition propagation across the flamelet is well described by the ADF model even
for high strain rates. Therefore, it has been shown how the ignition propagation
across the flamelet does not strongly depend on the assumptions taken in the ADF

model.

In the unsteady regime, the progress variable definition has low impact on the
ignition propagation across the flamelet and then, results are independent (with

acceptable differences) of the progress variable definition.

For concluding the research, although non-negligible deviations appear when the
ADF hypotheses are applied to the ignition-extinction range, the ADF model

enables the auto-ignition range to be properly modeled with acceptable
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discrepancies in comparison with the DF model with a very low computational cost.

Thus, the ADF model should be considered for CFD modeling when the turbulent
combustion is mainly dominated by auto-ignition processes and ignition-extinction
phenomena are not relevant. This mainly depends on the fuel chemical properties
and the boundary conditions imposed by the flow and in a great variety of
industrial devices correspond to the usual thermo-fluid dynamics work conditions.
Important examples of these devices are diesel engines and diesel-like sprays, which

match these conditions and, then, the ADF model is suitable for their simulation.
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