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Abstract

In the present investigation the Spray A reference configuration defined in the frame-
work of the Engine Combustion Network (ECN) has been modeled by means of an Un-
steady Flamelet Model (USFM) including detailed parametric studies to evaluate the
impact of ambient temperature, oxygen concentration and density. The study focuses on
the analysis of the spray ignition delay, the flame lift-off length and the internal structure
of the spray and flame according to the experimental information nowadays available for
validating the results provided by the model.

Promising results are obtained for the nominal case and also for the parametric vari-
ations (temperature, oxygen...) in terms of liquid and vapor penetration, ignition delay
(ID) and lift-off length (LOL). The model permits to predict the ID and the LOL which
constitute two parameters of key importance for describing the characteristics of transient
reacting sprays. Valuable insight on the details of the combustion process is obtained from
the analysis of formaldehyde (C'H20), acetylene (CoHj) and hydroxide (OH) species in
spatial coordinates and also in the so-called ¢ —T maps. Important differences arise in the
inner structure of the flame in the quasi-steady regime, which is closely linked to soot for-
mation, when varying the ambient boundary conditions. Additionally, the auto-ignition
process is investigated in order to describe in detail the spatial onset and propagation of
combustion. Results confirm the impact of the ambient conditions on the regions of the
spray where start of combustion takes place, so the relation between the local scalar dis-
sipation rate and mixture fraction variance is also discussed. This investigation provides
an insight of the potential of the USFM combustion model to describe the physical and

chemical processes involved in transient spray combustion.
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1 Introduction

During the last decades the increasing interest for improving combustion efficiency and decreas-
ing pollutant emissions in diesel engines highlighted the needs of achieving a better understand-
ing of the combustion process in transient sprays. However, due to the great variety of physical
and chemical phenomena involved in these complex problems, with so different time and length
scales, this is still a challenging topic. Experimental measurements have historically provided
the cornerstones of the knowledge on basic processes that occur in diesel sprays. In addition
to experimental data and more recently, Computational Fluid Dynamic (CFD) modeling has
arisen as a very powerful tool that enables to investigate the inner structure of diesel sprays
providing valuable knowledge that has lead to important progress in applied combustion science
([ 2 3]).

Nevertheless, practical reasons sometimes impose strong hypotheses in the models in order
to maintain a limited computational time that introduce additional uncertainties along the
modeling workflow. In this sense both experimental and modeling activities are complementary
and permit together to figure out the different aspects of the problem.

Following this approach, the Engine Combustion Network (ECN) ([4]) provides a large
database with high-quality experimental results generated at different international institutions
([5, 6, [7]). One of the most valuable aspects of these experiments is that they are carried
out under well-defined and controlled conditions, discarding a great amount of the inherent
uncertainties related to measurements in industrial devices.

Together with the experimental database great modeling effort has been devoted to evaluate
and improve the CFD combustion models by performing numerical experiments. These simu-
lations have the ability to reproduce the internal processes of the spray, providing in general
good qualitative and in some cases also quantitative results in terms of ignition delay (ID) and
lift-off length (LOL) compared to the available experimental data ([8, 0]). Additionally, the
structure of the flame in terms of temperature, species and velocity fields has been a matter
of interest in the modeling area and has encouraged the comparison of different models for

providing suitable descriptions of the flame ([I0} 1T}, 12]).
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In the last times attention has been focused on the so-called spray A where n-dodecane is
used as a diesel surrogate fuel. Boundary conditions span over a wide range and special empha-
sis is devoted to those conditions related to low temperatures and moderate EGR corresponding
to the framework of combustion in modern diesel engines. Such boundary conditions are chal-
lenging for modeling because of the strong turbulence-chemistry interaction (TCI) ([10]).

Global parameters of the reactive flow such as ignition delay (ID) and lift-off length (LOL)
together with the spray penetration and liquid length are indicators of major relevance that
are systematically analyzed in reactive spray simulations in order to determine the predictive
performance of models. Together with these parameters optical techniques, such as planar
laser-induced fluorescence (PLIF) and high-speed schlieren imaging, permit to describe the
transient evolution of the reacting spray and its internal structure by tracing the species spatial
position during the combustion onset and development ([I3]). This provides new data for
validating qualitatively the models in terms of their capability for reproducing the temporal-
spatial reacting spray structure.

Several institutions have experimentally characterized spray A with different facilities that
can be classified in constant-volume pre-burn (CVP) combustion vessels and constant-pressure
flow (CPF) rigs ([6]). A CPF experimental facility is available at CMT-Motores Térmicos and
the database generated in this facility is used along this research ([0}, 14, [15]).

Although spray A boundary conditions permit to investigate the internal flame structure
and check the capability of the models, diesel engine simulations encompass a great variety
of conditions and it is a requirement for the models to have the ability to yield acceptable
results in these conditions with limited computational times. Between the different models
that provide good results for industrial configurations the flamelet model in conjunction with
tabulated chemistry has demonstrated to be one of the most powerful for premixed and non-
premixed turbulent combustion modeling ([16, 17, 18, 19]). In such models flamelet look-up
tables, which save the chemistry evolution in laminar flames, are generated previous to the
CFD computation reducing drastically the computational time. Based on the satisfactory
results provided for diesel engines by the Unsteady Flamelet Model (USFM) ([20, 21]) together
with Intrinsic Low Dimensional Manifolds (ILDM), a similar approach has been adopted for
this work.

In particular, the Approximated Diffusion Flamelet (ADF) model ([22]) proposed some

years ago for managing complex chemical mechanisms keeping a low computational cost has
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been used in this work to generate the laminar flamelet manifolds. The ADF model has been
extensively validated including non-premixed laboratory flames ([23, 24]) and diesel engine
simulations ([25, 20]), providing satisfactory results in all cases. The major advantage of the
ADF model is then its suitability for generating the laminar flamelet manifolds in a very short
time (few hours) even using complex chemical mechanisms.

As a main objective, this work investigates the spray A auto-ignition and combustion pro-
cesses for the reference boundary conditions and also for parametric variations of ambient
temperature, oxygen concentration and density. This study includes the description of the
trends followed by the ID and LOL and additionally the analysis of the most relevant species
fields in spatial coordinates and also in the intrinsic non-premixed combustion coordinates de-
fined by the local equivalence ratio (¢) and temperature (7°), which define the so-called ¢-T
maps widely used in spray combustion analysis. The modeling results will be compared with
the available experimental data to evaluate the performance of the model. Thus, the paper
starts by the methodology section, where the different spray and combustion models and the
parametric studies carried out are described. The final model setup is defined and validated by
comparing with experiments in non-reacting and reacting conditions. The next results and dis-
cussion section include the analysis of the global parameters, such as ID and LOL, followed by
a dedicated discussion about the auto-ignition process and finally the reacting spray structure
is described in detail. To close the paper the last section summarizes the main conclusions of

the present investigation.

2 Methodology

2.1 Description of the model

The model was implemented in the open tool-box OpenFoam environment. A RANS (Reynolds
Averaged Navier-Stokes) approach was used and cylindrical symmetry was supposed, i.e. the
solution was obtained on a plane that corresponds to a meridian cut of a cylinder with a radius
and a height equal to 54mm and 108mm, respectively. The mesh was structured with a constant
cell size of 0.25 (radial direction) x0.5mm (axial direction) in the whole domain as suggested
in [27].

A standard £ — ¢ RANS turbulence model was selected adjusting C;, = 1.52 in order

to correct the well-known round jet spreading overestimation of k& — e type models ([28]),
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which provides good results in spray simulations (J29]). The other constants were kept at their
standard values (C, = 0.09, C,, =1.92, C., = —0.33, 0y, = 1, 0. = 1.3).

The DDM (discrete droplet method) modeling approach has been adopted in this research
work. The DDM comprises different sub-models that define the evolution of the spray liquid
phase and its interaction with the gaseous carrier phase. In this work the atomization and
breakup processes are described by modeling the Kelvin-Helmholtz/Rayleigh-Taylor instabil-
ities. The values of the constants for the breakup and atomization models adopted for this
work are By = 0.61, By = 40, C, = 1, CBU = 3 as suggested in [27]. Additionally, the
Ranz-Marshall model was selected for droplet evaporation with a multiplicative factor of 0.6
and exponents 0.5 and 1/3 for Reynolds and Prandtl numbers, respectively. Neither collisions
nor coalescence models were included for the simulation of the spray. The number of parcels
was chosen to be 5.4 x 107 parcels/s.

The chemical mechanism used in this work to describe the dodecane chemistry corresponds
to the Narayanaswamy et al. mechanism with 255 species and 2289 reactions ([30]).

In the following the combustion model is briefly described. The theoretical background of
the model is based on locally describing the turbulent non-premixed combustion as an ensemble
of laminar diffusion flames called flamelets. This hypothesis is suitable for flows with high
Damkohler numbers (Da >> 1) as those found in diesel engine or gas turbine combustion
systems. Only gradients in the normal direction to the flame surface are retained leading to
the diffusion flamelet (DF) model ([31], 32]).

The DF model solves, for all the N, species considered in the chemical mechanism, the 1-D

diffusion flamelet equation that reads ([32])

3Yk_X82Yk . o
5—58224—&)]@ k—l,,Nk (1)

where Z is the mixture fraction, which ranges from 0 to the saturation mixture fraction (Zsu),
and x is the scalar dissipation rate defined as y = 2D|VZ|%. In general, a steady profile for

the scalar dissipation rate is adopted leading to the following expression ([32])
@ —1 2
x(a,Z) = ;Zsatemp[—Q(ech (2Z/Zsat))] (2)

where the strain rate is termed as a. It is useful to split a and Z dependencies in equation ([2)
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and reparametrise a with the stoichiometric scalar dissipation rate, y4, leading to

X(Xst7 Z) = Xst% (3)

where Z, is the stoichiometric mixture fraction.

The chemical source term wy, that appears on the right hand side of equation ({1)) is calculated
from the ODE system defined by the chemical mechanism.

Solving the complete system of equations for complex mechanisms that involve hundreds
of species and thousands of reactions becomes not feasible in a reasonable time specially when
performing engine simulations that require the calculation of sets of flamelets with boundary
conditions spanning over wide ranges of values.

The ADF model ([22]) adopted in this work was proposed with the aim of decreasing
drastically the computational cost for the generation of the flamelet manifolds required by the
USFM combustion models applied to industrial devices simulations. In this model equation
(1) is only solved for the progress variable Y., which is defined as a linear combination of
species mass fractions. Mathematically, the key condition for the progress variable is that its
definition has to assure a strictly monotonous evolution with time during the auto-ignition of
the homogeneous reactors (HRs). Conventionally, Y, is chosen to be increasing with time. The
chemical source term of the progress variable transport equation is calculated from a set of
HRs whose thermochemical evolution from fresh to burnt gases for a given mixture fraction
is described by the progress variable value. For these calculations the HR database has been

calculated at constant pressure and adiabatic conditions. The transport equation for Y, reads

Y, x(a,2) %Y.
o 2 072

+wlR(Z,Y,) (4)

For the sake of clarity explicit dependencies have been written. This decoupling between

x(a,2) 9%y,
2 922

chemical (w(Z,Y,)) and convection-diffusion ( ) terms permits to manage complex

chemical mechanisms in reduced amounts of time. The chemical source term w% in equation
is always positive by virtue of the strictly increasing relationship between Y, and time. Note
that when reducing the strain rate to zero the DF, ADF and HRs solutions tend to converge
(no diffusion in Z-space). A comparison between DF and ADF models can be found in [22] [33].

In this work, the progress variable Y. is defined as Y. = Yoo + Yco,, which is a widely used

definition ([22,134]). For practical reasons it is also interesting to define the normalized progress
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variable ¢, which ranges between 0 and 1,as

inert
Y, - Y,

C = -
equil _ rinert
Yoy,

(5)

where Yt and Y9! are the corresponding Y, values at the inert and equilibrium conditions
of the HR, respectively.
For the following calculations the initial values for CO and C'O, are zero so equation

becomes

Y.
C = W (6)

A flamelet database is generated where reactive variables ¢ lay on a surface (low dimensional
manifold) that depends on (7, Z, x) input parameters, so ¢ = (7, Z, xs) where T corresponds
to the flamelet time. Following [35] only flamelets that belong to the auto-ignition range, i.e.
the x4 interval where flamelets can evolve from inert to steady conditions, are considered in
the flamelet database.

The initial conditions (temperature and species mass fractions) for the calculation of the
HRs are given by the adiabatic mixture between air and fuel. For the present study around 160
mixture fractions (depending on the value of Z,;) have been computed between 0 and Z,; with
a finer mesh resolution in the stoichiometric and slightly rich mixtures (AZ = 0.001 for these
range of mixture fractions). Because this work focuses on the analysis of the capabilities of the
combustion model and also in order to reduce numerical uncertainties a fine mesh is imposed
in the progress variable direction with 504 points with higher resolution for low ¢ values. Both
Z and c grids define a regular mesh. The HRs database contains the w#%(Z, c) as well as the
species and temperature evolutions from the HRs calculations.

For solving equation , first, the steady solutions of the flamelet equation are computed
by means of a Newton-Raphson algorithm with a second order discretization for the diffusion
term. Once the possible states of the flamelet are known (bounded by the inert and the steady
profiles for the progress variable) the transient regime is calculated with an implicit numerical
scheme with second order discretization for the diffusion term and first order for the time
derivative. When solving steady and transient equations all variables are retrieved by means
of linear interpolations from the HRs database.

Turbulent fluctuations are accounted for by means of presumed probability density functions
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(pdf). Statistical independence is assumed for probability density functions leading to

. - oo Zsat —
¢(7—7Za Sa%v 0-) - / / ¢(T, Za Xst)PZ(Z7 Z?‘S)PXst(Xstam? 0) dZdXst (7)
0 0

In equation (7)) a delta Dirac function is assumed for the progress variable pdf. Mixture fraction
fluctuations are defined by the average mixture fraction (Z) and its variance (/Z\’E) that for
convenience is parametrized with the segregation factor S. A beta function is assumed for Py
([31]), while a log-normal function with average equal to Y5 and fixed variance o2 is assumed
for P,,,. In this work ¢® = 2 has been imposed for all calculations ([36]). Additionally, a
reparametrization of the input parameters is introduced to switch from the flamelet time 7 to
the progress variable 170 getting 7:/; = @Z(E S, Xsts 170), where the dependence with o is omitted
because it takes a fixed value.

Expression can be difficult to evaluate because of the asymptotes that can appear for
the beta function or other numerical difficulties so for accelerating the convergence process
when iterating the integral is split in different intervals. Normally the integrand of equation
shows strong variations in located intervals so it is useful to integrate these intervals, which
have few points and require a lot of iterations, separately.

In this work, for the final tabulation around 32 values have been considered for Z (depending
on the Z,, value) with a finer discretization for slightly rich mixtures, 17 values for S spanning
from 0 to 0.3 and around 35 values have been saved in the X direction (depending on the
extension of the auto-ignition range). Finally, 51 values following a parabolic distribution,
which enables high resolution for low progress variable values that are critical for not distorting
the ignition delay, have been stored in the progress variable direction.

Additionally, the y profile is integrated too

" oo Zsat F Z —
X = / / XstAPZ(Zv Za S)szt(Xstaﬁa U) dZdXst
0 0 F(Zst)
Zsat F(Z) - _ (8)
= Xst ; mPZ(Z7Z,S>dZ:XStJ(Z,S)

where function J(Z, ) links ¥ with .
Species chemical source terms for species transport equations are retrieved from the turbu-

lent database with the set of parameters (Z S, Xsts 370) Transport equations for the mixture
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fraction and its variance are solved and the value of X is algebraically obtained from the equation

~ €=
=027 ©)

where C), is a model constant to be calibrated as described in next section, while k£ and € are
the turbulent kinetic energy and its dissipation rate, respectively. Then, X is obtained from y
by means of J. A more detailed description of this USFM combustion model and its coupling
with the CEFD solver can be found in [37].

This approach can be extended for solving compressible reactive flows with evolving bound-
ary conditions, such as in diesel engines, retaining the TCI with reduced computational times
([34]). In the case of the spray A the well-defined and constant boundary conditions permit to

reduce the input parameters to those explained previously.

2.2 Parametric study description

The boundary conditions of the parametric study correspond to those experimentally measured
at CMT-Motores Térmicos in the CPF facility ([6]), where the ambient gas thermochemical
conditions are controlled by supplying an oxygen and nitrogen mixture compressed and pre-
heated before entering into the open combustion chamber in which the fuel is injected.

The nominal case is defined by setting the ambient conditions at 7' = 900K, X, = 0.15 and
p = 22.8kg/m? and four parametric studies were considered. The first two vary the temperature
from T' = 750K to 900K for Xp, = 0.15 and 0.21 keeping the density at the nominal level. The
third simulates the effect of different dilution levels (for instance by introducing EGR, exhaust
gas recirculation, in a diesel engine), so the oxygen concentration ranges from Xo, = 0.13
to 0.21 with temperature and density at the nominal levels. Finally, the fourth spans in the
density (ambient pressure pgm,p) direction with values ranging from p = 7.6 to 22.8kg/m3. All
the studies have been carried out with a constant injection pressure, p;,;, equal to 150/ Pa and
a long injection rate has been imposed (> 4ms) ,shown in figure|l}, for enabling the study of the
quasi-steady state. The injection rate was obtained from the virtual injection rate generator
that can be found in [38] and the profile is accepted in the ECN community for calculations.
The different boundary conditions and the stoichiometric mixture fraction Z,; are summarized
in table 1l

The injector has a nominal diameter of 90um, with nozzle code 210675 ([4]), and discharge
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coefficient equal to 0.98. The fuel temperature is assumed constant at 363 K.

Table 1: Definition of the spray A parametric studies.

Xo2 Tamb(K) pamb(kg/m3) pamb(MPa) Pinj (MPG’) Zst

0.13 900 22.8 5.98 150 0.040
0.15 750 22.8 4.97 150 0.046
0.15 800 22.8 5.3 150 0.046
0.15 850 22.8 5.63 150 0.046
0.15 900 7.6 1.99 150 0.046
0.15 900 15.2 3.98 150 0.046
0.15 900 22.8 5.96 150 0.046
0.21 750 22.8 4.93 150 0.063
0.21 800 22.8 5.26 150 0.063
0.21 900 22.8 5.91 150 0.063

injection rate [g/s]
[
1

0.5 A

time [ms]

Figure 1: Injection rate as a function of time.

3 Results and discussion

3.1 Set-up of the model

A detailed comparison between the modeling and the experimental results for both the inert
and the reactive cases for the nominal case is shown in this section. For modeling results the
liquid length is defined as the distance to the nozzle where 95% of the injected liquid is found
and the vapor penetration as the maximum distance from the nozzle outlet to where mixture
fraction is 0.001.

Figure |2 shows liquid lengths and vapor penetrations, where shadowed regions delimit the
uncertainty of the measurement. It is observed how the liquid length (~ 9.7mm for the exper-
iment) is well-captured by the model and the difference between its value for the inert and the
reactive cases is negligible due to the existing spatial isolation between the evaporation and the

combustion regions.
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The modeled vapor penetration for the inert case falls well inside the experimental uncer-
tainty until the very last instants. In the reactive case it is slightly overestimated as a result of
the difficulties for correctly modeling the thermal expansion of the jet when switching from in-
ert to reacting conditions, but nonetheless the model provides the high quality results required
to proceed with further analysis.

1204
—inert experimental

—reactive experimental
100+ —=inert simulated
—reactive simulated

804

60

S [mm]

404

20

0 T T
1

2
t [ms]

Figure 2: Vapor penetration and liquid length for inert experimental (blue), reactive experimental (red), inert simulated (black)
and reactive simulated (green) conditions. For experiments measurements uncertainty is delimited with shadows.

A much deeper insight is provided by comparing the average and rms (root mean square)
mixture fraction profiles and also the normalized axial velocity profile on the spray centerline,
together with average and rms mixture fraction radial profiles at different axial positions. In
general, very few measurements are available for the reactive case so the comparison mainly
focuses on the inert case. Because average and rms mixture fractions as well as velocity fields
were measured with different nozzles, 210677 for mixture fraction ([4, 89]) and nozzle 210678 for
velocity profiles ([4, 40, 41]), coordinates have been normalized with the equivalent diameter
defined as d., = do\/m where d is the nozzle diameter and py, p, are the fuel and air
densities, respectively.

Figure |3| top left corresponds to the Z and the normalized axial velocity ((7 / fU;) on the
centerline for the inert and reactive cases. Focusing on the mixture fraction profiles it is
evident how the simulation shows an excellent correspondence with the measured profile in inert
conditions. Additionally, due to the acceleration of the flow caused by the thermal expansion,
the mixture fraction value at a given axial position downstream the LOL is expected to be
higher for the reactive case and the model captures this trend correctly. The normalized
velocity profiles also show excellent agreement for both inert and reactive cases, so the model
provides similar quality performance than that observed for the mixture fraction.

In addition to the centerline mixture fraction profiles two cuts at 50 and 90 d., (that ap-

11
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Figure 3: Comparison between simulated and experimental mixture formation results at very advanced instants. Top left: A

and normalized U on the centerline. Top right: 7 radial profiles at 50 and 90 deq. Bottom left: Z,,,s on the centerline. Bottom
right: Z,ms radial profiles at 50 and 90 deq. Experimental uncertainties are shown with shadowed regions while simulated profiles
with different C'y are included in rms plots.

proximately correspond to 25 and 45mm, respectively) for the inert case are included in Figure
top right. The radial distance is normalized with the equivalent diameter and the experi-
mental uncertainties are delimited by shadowed zones. By virtue of the imposed cylindrical
symmetry only one half of the spray is represented. Modeling results show a good agreement
with measurements as expected after the previous discussion, although the simulation slightly
underestimates the measured profiles.

The rms mixture fraction (Z,,,s) profiles for the inert case are represented in Figure
bottom left and bottom right. Figure |3| bottom left shows Z,.,,s on the centerline and Figure
bottom right shows Z,,,s radial cuts at axial distances equal to 50 and 90 d.,. The experimental
measurements together with their uncertainties are depicted as well as different simulated cases
with values of C), = 2, 2.5, 3, 3.5 (see equation @) Zrms is used to adjust the C, constant,
which has a great influence for determining X value and indirectly the Y73; flamelet manifold
input parameter. From these results it is observed that C) = 2 provides the best fitting so this
value will be adopted for the following reactive calculations.

Thus the model provides very good results for spray mixture formation in inert and reactive

12
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conditions in terms of mean field values and also mixture fraction fluctuations if calibrating

properly the C, (= 2) constant.

3.2 Analysis of the reactive spray macro-parameters

This section is dedicated to the analysis of the trends followed by the two most relevant macro-
parameters used to characterize transient reacting sprays, the ignition delay and the lift-off
length.

Experimentally ID and LOL are both determined by chemiluminescence, ID as the time
spent to reach a 50% of the high-temperature chemiluminescence level and LOL as the location
where a 50% of the leveling-off value of OH* chemiluminescence is observed ([4]).

For modeling results the ID is defined as the time spent from start of injection (SOI) until
the maximum rise of maximum Favre-averaged temperature takes place ([4]). However, some
discussion about the most suitable definitions for the modeling LOL results and their influence
can be found in the literature ([42]). Promoted by this lack of consensus several definitions
for the LOL have been evaluated in this work. More specifically, two criteria defined as the
minimum axial distance to the nozzle where 2% and 14% of the maximum value of }7(;{ in the
domain is reached as well as a third criterion defined as the minimum axial distance to the
nozzle where the ambient temperature plus 400K is reached ([4], 43, [44]).

Tables |2 and |3| gather the ID and LOL values for the modeled cases corresponding to the
parametric studies together with the experimental results and their related uncertainty ([14]).

Figures [ [B] [6] and [7] show the ID and the LOL with different criteria for temperature,
oxygen and density parametric variations, where the uncertainties of the measured values are
represented by error bars. In the temperature parametric variations none of the simulated LOL
values for the Ty, = 750K cases stabilized during the long injection (> 4ms) and therefore no
value is assigned.

With regards to both temperature parametric variations the trends followed by both pa-
rameters are well-captured, however, ID is overestimated specially for low temperatures. In
the case of X, = 0.15, LOL value shows excellent agreement with the 14% %max criterion.
It was observed that the 2% ?;;max criterion was related to very low temperature increments
above the ambient temperature (around ~ 50K) suggesting that this percentage value is too
low for being representative. The T,,;, + 400K criterion, unlike the previous low temperature

criteria, corresponds to very high temperatures for tracking the LOL and in general it provides
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Table 2: 1D values for experiments (including uncertainty) and simulations for the parametric spray A variations.

Xo2 Tamb(K) Pamb(kg/mg) IDeacp + IDunc(”"LS) IDsim(mS)

0.13 900 22.8 0.529 £ 0.039 0.6094
0.15 750 22.8 2.342 £ 0.073 3.2309
0.15 800 22.8 0.994 £ 0.035 1.6218
0.15 850 22.8 0.666 £+ 0.032 0.8549
0.15 900 7.6 1.938 + 0.129 1.3908
0.15 900 15.2 0.701 £+ 0.04 0.739
0.15 900 22.8 0.435 £ 0.036 0.5533
0.21 750 22.8 2.172 £ 0.045 3.0005
0.21 800 22.8 0.853 £ 0.05 1.3715
0.21 900 22.8 0.316 + 0.031 0.4715

Table 3: LOL values for experiments (including uncertainty) and simulations for the parametric spray A variations.

X02  Tamb(K)  pams(kg/m3)  LOLegp £ LOLunc(mm)  LOLgip 29, (mm)  LOLgim 14%(mm)  LOLgim 400k (mm)

0.13 900 22.8 20.58 £ 2.27 18.577 20.6 23.6
0.15 750 22.8 46.03 £+ 1.22 - - -

0.15 800 22.8 28.35 £ 0.51 25.294 28 31
0.15 850 22.8 22.8 £ 0.6 20.75 22 24.6
0.15 900 7.6 69.35 £+ 4.03 31.634 34.2 40.6
0.15 900 15.2 27.94 £ 2.43 20.99 22.8 26
0.15 900 22.8 17.73 + 0.48 17.25 18.6 20.8
0.21 750 22.8 39.59 £ 1.14 - - -

0.21 800 22.8 22.23 £ 1.02 23.75 26 26.8
0.21 900 22.8 12.61 £ 0.42 15.25 16.6 17.2

sz too high values as it is shown in all cases. When passing to a higher oxygen concentration,
313 Xo, = 0.21, the three criteria slightly overestimate LOL although the relation between them
s is preserved (LOLgy, < LOLyyy < LO Lygok)-

3.5 50+ ]
——experimental —s—experimental
3 ——simulated 45 —=-2% YOH
——14 % YOH
—v—To + 400 K
2.51 404
— E 354
g 2 £ 35
~ i
9 1.51 O 30+
3
14 254
0.5 20
0 T T T T 15 T T T T
750 800 850 900 750 800 850 900
T [K] TIK

Figure 4: ID and LOL with different criteria for the parametric temperature variation with Xp, = 0.15 and p = 22.8k’g/m3.
Left: ID for experimental (black) and modeled (blue). Right: LOL for experimental (black), modeled with 2% You ¥ (blue),
14% YOHmax (red) and Tyump + 400K (green). In both figures error bars indicate the experimental uncertainty.
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Figure D: ID and LOL with different criteria for the parametric temperature variation with X, = 0.21 and p = 22.8kg/m3.
Left: ID for experimental (black) and modeled (blue). Right: LOL for experimental (black), modeled with 2% %maz (blue),
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Figure 7: ID and LOL with different criteria for the parametric density variation with T, = 900K and Xpo, = 0.15.
Left: ID for experimental (black) and modeled (blue). Right: LOL for experimental (black), modeled with 2% ?g;[maz (blue),
14% YOH"LM (red) and Tymp + 400K (green). In both figures error bars indicate the experimental uncertainty.

Analyzing the oxygen parametric variation the model correctly predicts the trends although
the sensitivity is slightly lower than that observed in the experiments. The ID is overestimated
in the three cases but the prediction is clearly better at low-intermediate oxygen concentration.
Concerning the LOL, when increasing oxygen concentration the slope of the modeled curve
decreases overestimating the corresponding LOL experimental value independently from the
criteria. Nevertheless, for low oxygen concentrations the LOL value given by both criteria
based on }%;mam is within the interval defined by the experimental uncertainty.

Finally, for the density parametric variation acceptable results are achieved for the medium
and high density cases for both ID and LOL values. Nevertheless, for the low density case the
ID and the LOL are underestimated as reported in the literature ([9]).

Additionally, valuable information is obtained when establishing the relationship between
the ID and the LOL values for the whole set of points that define the parametric study. This is
shown in figure [§| that includes all the points of the parametric matrix. It is well-known that, in
general, shorter ID produces shorter LOL (45l 46]) in correspondence with experimental and
modeling results shown in figure [§] It seems that a linear relationship with positive slope exist
between each group of points (experimental and simulated with different criteria) specially for
points with 1D < 1ms. Nevertheless, for points with high ID the linear relationship vanishes
and the dispersion of the points indicates that no apparent correlation can be established
(the relation between ID and LOL not only depends on these variables but on the ambient

conditions too). The fact that this dispersion exists in all the represented cases (experimental
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and simulated) seems to suggest that it is not only attributable to error measurements or
uncertainties of other nature but a real existing dispersion is related to high ID (alternatively
LOL) values. Table[4]includes the defining coefficients of the linear fit for the different cases. It is
interesting to observe that all simulated criteria even providing different (ID, LOL) pairs follow a
very similar behaviour what it is denoted by the parallelism of the lines. Summarizing, it can be
stated that, in general, the existing relationship between ID and LOL for the different boundary
conditions points out that the LOL is deeply linked with the auto-ignition phenomenon as the

stabilization flame mechanism (45, [47]).

Table 4: Linear regression coefficients defined as LOL(mm) = bg + b1 * I.D(ms) for experimental and simulated cases following
different LOL criteria.

Case bo b1

Experimental 10.4 18.6
=, — makT

2% Yom 12.2 10
TmaT

14% Yonm 13 11.1

Tomp + 400K 14.4 12.6

| @ experimental
707 & 2% YoH i
A 14 % YOH
607 v To + 400 K
—. 504
£
= 40
Q
30+
20
10
T T T T 1
0 0.5 1 1.5 2 2.5

ID [ms]
Figure 8: Relationship between ID and LOL for experimental (black circle) and simulated values with different LOL criteria:

2% ?ovaaz (blue squares), 14% ?o\;lmaz (red upward-pointing triangles) and Tg,,p +400K (green downward-pointing triangles).
With the corresponding color linear regressions are included for each cloud of points.

3.3 Analysis of the auto-ignition process

This section provides first a description of the auto-ignition process of the mixture by means of
the mixture fraction and temperature spatial fields for different ambient conditions and later a
discussion of the ignition in terms of the mixture fraction fluctuations and the scalar dissipation
rate. The aim of this section is to study how this transient phenomenon spatially occurs and

the relationship with the key characteristics of the turbulent flow field.
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For that purpose three representative points belonging to the parametric variations have
been selected showing their ignition sequence process in figures [] and [11} In general,
for better visibility the length of the axis for the distinct cases does not coincide but the
corresponding values of the contour lines of the equivalence ratio and temperature fields have
been kept the same for all cases. For the fuel-air equivalence ratio (plotted in blue) the chosen
values are 1, 1.5 and 2 while for the temperature (red) the values are 1200, 1500, 1800, 2000
and 2250K. Due to the transient nature of the problem it is obvious how in these figures the
assigned temperatures are not always reached and consequently the corresponding lines are
not plotted. The position of the lines is not explicitly indicated but the structure of the flame
makes it clear.

The auto-ignition process for the nominal case is first shown in figure [0} As it can be
observed the ignition kernels (for intermediate temperatures) appear first at rich mixtures,
(Z ~ 2, and when advancing in time the highest temperature is found at leaner mixtures, what
will be pointed out later in the ¢ — T maps shown in next section ([48]). Due to the low related
ID when ignition starts the spatial location for ignition is limited to the radial region at the
head of the spray that is left between contour lines corresponding to 5 = 1 and 2. The heat
release and consequent density decrease provokes an instability in the flow that is reflected in
a radial expansion of the spray ([I5]). The enthalpy diffusion together with chemical reactions
permit that higher qz values reach intermediate temperatures spreading the zone of temperatures
> 1200K to a wider region that includes part of the axis when time advances. Nevertheless,
ignition kernels were first observed in a radial position as it is experimentally confirmed ([13]).

oo oo

0
0 0.01 0.02 0.03 0.04 0.05 0.06 0 0.01 0.02 0.03 0.04 0.05 0.06
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Figure 9: Ignition process for T, = 900K, Xo, = 0.15 and p = 22.8]€g/m3 in spatial coordinates for instants 600 (top left),
700 (top right), 800 (bottom left) and 1000us (bottom right). Fuel-air equivalence ratio contour lines for 1, 1.5 and 2 (blue) and
temperature contour lines for 1200, 1500, 1800 and 2000K (red) are shown.

Figure shows the auto-ignition process for the Ti,,, = 900K, Xp, = 0.21 and p =
22.8kg/m? case, which is more reactive than the reference case due to the higher oxygen con-
centration. Qualitatively, the process is very similar to the nominal case basically changing the

maximum temperature reached in the domain and the characteristic chemical time. Again in
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this case ignition kernels appear at very early time instants when the contour lines 5 =1 and
2 are still very close. In this way, ignition kernels are observed in a radial position and the
enthalpy diffusion together with chemical reactions rapidly spread the zone with intermediate

and high temperatures in a very similar way to that indicated in the nominal case.
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Figure 10: Ignition process for Ty, = 900K, Xo, = 0.21 and p = 22.8kg/m? in spatial coordinates for instants 500 (top left),
600 (top right), 700 (bottom left) and 900us (bottom right). Fuel-air equivalence ratio contour lines for 1, 1.5 and 2 (blue) and
temperature contour lines for 1200, 1500, 1800, 2000 and 2250K (red) are shown.

Nevertheless, the igniting sequence for the case T.,, = 800K, Xp, = 0.15 and p =
22.8kg/m?, that is gathered in figure , is quite different from those shown previously due
to the lower reactivity as a consequence of the reduction of the ambient temperature. In this
case, the time evolution of the mixture fraction field is similar to that corresponding to the
nominal case (at least during the first stages of the ignition), nonetheless, the characteristic
chemical time has notably increased by the reduction of the ambient temperature. As a con-
sequence, when the first steps of ignition at intermediate-high temperatures occur the mixture
field is stabilized for 5 contour lines of 1.5 and 2. Ignition kernels originate in the head of the
spray spreading in a zone that cuts the centerline in a region whose gg values range between
1 and 1.5. The heat release and consequent acceleration of the flow tend to displace high

temperature regions to further radial positions as it is observed for instants like 2500us.
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Figure 11: Ignition process for Ty, = 800K, Xp, = 0.15 and p = 22.8kg/m3 in spatial coordinates for instants 1500 (top
left), 1600 (top right), 1700 (bottom left) and 2500us (bottom right). Fuel-air equivalence ratio contour lines for 1, 1.5 and 2 (blue)
and temperature contour lines for 1200, 1500, 1800 and 2000K (red) are shown.

In summary, it is concluded that the spatial location of the ignition depends on the bound-
ary conditions which determine characteristic mixing and chemical times and the relationship

between them establishes the spatial onset process.
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Completing the description of the ignition onset by means of the analysis of the spatial
mixture fraction and temperature fields an insightful depiction is provided by the start of
combustion in terms of parameters that account for turbulence. For this purpose figures|12| and
show the mixture fraction variance, 2\’5, and the normalized progress variable, ¢, as a function
of the stoichiometric scalar dissipation rate, Yy, during the first steps of the ignition along
specific mixture fraction contour lines. More specifically, two cases of those shown previously,
selected as paradigmatic of different ignition processes, that correspond to 800K, Xp, = 0.15,
p = 22.8kg/m? (low reactivity ignition) and 900K, Xo, = 0.21, p = 22.8kg/m? (high reactivity
ignition) are shown. For the sake of brevity, the first one is named low reactivity (LR) case
and the second one high reactivity (HR) case.
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Figure 12: Relationship between Z (solid lines) and ¢ (dashed lines) with Xg; for LR case (blue) and HR case (red) along

contour lines ¢ = 1 (left) and 6=2 (right). Selected instant is 1100us for LR case and 400us for HR case. A logarithmic scale is
used for Xg¢.

Figure |12|shows that ignition kernels (low ¢ values) emerge at low 2" values (the maximum
7" is 5.5 103 in the whole domain) together with low X3 values. Then, as confirmed in
figure the increase of reactivity when passing from LR case to HR case shifts not only the
mixture fraction (see figures and but also the Z” and the Xst Where ignition starts
towards higher values. Consequently, combustion can be sustained at higher Y; values when
the reactivity of the mixture is increased ([49]).

Figure[13|shows the relation between the aforementioned variables for a more advanced time
instant. Compared to the earlier ignition times shown in figure [12] it arises that higher values
of Y& can be sustained in the combustion process due to the propagation of the combustion to
wider regions as it was observed previously in figures [10] and Nevertheless, a strong fall of
the ¢ variable persists when increasing Y; values, specially for LR case. As it was pointed out
before, an important difference in the Y values where combustion is observed is still conserved
between LR and HR cases. Note that in the LR case when passing from (E =1 to gg = 2 the

¢ value notably decreases what is explained by the displacement of the combustion region to
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26 leaner mixture fractions in comparison with the HR case (see figure where it is observed
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for the HR case). This fact is confirmed by the ¢ — T" maps included in next section.
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Figure 13: Relationship between 7z (solid lines) and ¢ (dashed lines) with sz for LR case (blue) and HR case (red) along

contour lines ¢ = 1 (left) and é=2 (right). Selected instant is 1500us for LR case and 500us for HR case. A logarithmic scale is
used for Xsz.

As a final remark the model results evidence the impact of 7" and the Xst on the ignition
process, traced by the ¢ levels, and consequently ignition is not observed in flow regions with

high Y as discussed in the literature ([49]).

3.4 Analysis of the flame structure in quasi-steady regime

In this section a detailed description of the inner flame structure in physical space and in equiv-
alence ratio-temperature space is carried out focusing on the effects of the ambient conditions.
Three different species have been selected as representative tracers of the combustion process
and soot formation: formaldehyde (C'H,0) as a tracer species of the low-intermediate reaction
temperature region, hydroxide (OH) as a tracer of the high temperature reaction zone and
acetylene (CyH3) as a soot precursor.

Figure [14] shows a first qualitative comparison carried out for the reference case by means
of the C'H,O and soot precursors mass fraction fields for both experimental ([50]) and simu-
lated cases. Experimental fields were measured with nozzle 210678 so spatial coordinates are
normalized with the equivalent diameter. No scale is included in none of the figures due to the
difficulty of establishing maxima values for the experimental fields and so values are normal-
ized with the maximum value of the field although experimental results have been saturated
for better visibility. In this sense the comparison tends to be only qualitative depicting the
spatial regions related to each species. The LOL values for experimental and simulated cases

following different criteria are also included with vertical dashed lines. Additionally, in the
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corresponding simulated case the stoichiometric contour line is represented for delimiting the
spatial zone where combustion is sustained. Both cases correspond to advanced instants in
which quasi-steady regime is ensured in the spray region of interest.

C' H,O appears both in experiment and simulation in a region close to the LOL, although in
the experimental case the C' H50 field seems to extend upstream of the LOL. Due to the probable
interference of PAHs (polycyclic aromatic hydrocarbons) the experimental field is saturated
downstream 50d,, for better visibility although the exact starting point of such interference is
difficult to define. Furthermore, the extent of the laser sheet is limited to 92d.,, approximately.
In the case of the modelling results, C H,O extends from 35d., to 65d.,, with a small overlap
with the CyH, field, which extends further downstream. Taking into account the uncertainty
in the definition of the extent of the species from the experiments, the main structure of the
reactive spray reproduced by modelling in terms of remarkable species is consistent, with a

small shift in the downstream direction.

0 50 100 150

1 1
50 “d ] 00 50
eq

Figure 14: Top figure: experimental C HoO PLIF measurements. Bottom figure: on top CH20 and on bottom CgoHs species

fields. LOL values are represented with vertical dashed lines: experimental (white), 2% You ¥ (red) and 14% You ¥ (green).
Additionally, for the simulated case the stoichiometric line is shown (solid white).

In the following, a comparison with the spatial fields for the aforementioned species is
carried out for different representative parametric variations. Figure [L5|shows in matrix format
the species CH,0, CyHy and OH mass fraction fields for the temperature parametric variation
(750, 800 and 900K) with Xo, = 0.15 and density 22.8kg/m3. Advanced instants with a similar

penetration have been selected and quasi-steady regime in the near-nozzle region is ensured.
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Only simulated cases are included so a quantitative comparison is performed.

As discussed in the previous section the LOL is shortened when increasing the ambient
temperature due to the reduction of the chemical time scales. Although there exist some
common points in the behavior of all cases, as for instance that the relative position of C'H5O,
CsHy; and OH is preserved, intrinsic differences in the flame structure arise comparing the
different temperature cases. As expected the higher reactivity of the mixture resulting from
the increment of the temperature displaces upstream the quasi-steady C'H,O and C5H, fields .

In the case of 750K the reactivity of the mixture is so low that even for the very advanced
simulated instant (4000us) the fields are not still fully developed and the quasi-steady region is
not still well established yet. Probably, that is the reason why C'H,0O does not fall in the inner
region defined by the stoichiometric contour line.

Additionally, a noticeable fall of the peak value of soot precursors, represented by CyH,, is
observed when decreasing ambient temperature closely linked to an increase of the LOL and
the characteristic chemical times as reported in the literature ([51]). In the case of the 750K
the low peak value of the CyH,y supports that no noticeable amounts of soot precursors are
produced ([50]).

With regards to the OH field, it is observed downstream the LOL and in the vicinity of the

stoichiometric contour line where the maximum temperature is reached.
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1 . Species mass fractions fields o 2 eft), Co Hy (center) an right) for top), middle) an
Figure 15: s f fields of CH20 (left), Co H: d OH (right) for 750K 800K (middle) and 900K
(bottom) with X, = 0.15 and density 22.8kg/m? in matrix format. LOL values are included with dashed lines: experimental

(white), 2% ?Jlmal (red) and 14% %maz (green). Additionally, the stoichiometric line is shown (solid white).

A deeper description is achieved by representing the flame structure in terms of combustion
related parameters such as the equivalence ratio and the temperature to identify the location

of the most relevant species. This is carried out by plotting the so-called ¢ — T" maps, shown
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in figure for the temperature parametric variation (750, 800 and 900K) with X, = 0.15
and p = 22.8kg/m? for advanced instants. In order to only include the representative regions
where CH,O, CyHy and OH can be found only points with Y; > 0.3 - Y;"** are shown, where
i represents the species (CH20, CyH,, OH) and superscript maz refers to maximum value in
the domain.

As it was indirectly observed in the spatial fields the C'H5O is observed in the region of low-
intermediate temperatures, CyH, is found at lower equivalence ratios (but still rich mixtures)
and higher temperatures and OH dominates the zone of lean, stoichiometric and slightly rich
mixtures with very high temperatures. As the reactivity of the mixture increases the chemical
time scales are shorter and CH,O and CyH, appear at higher equivalence ratios. Hence, the
stretching of the region of influence of these species reduces the overlap between them. For the
three ambient temperatures OH fills a very similar area because it only appears in the vicinity
of stoichiometric values where very high local temperatures are reached.

It is interesting to notice how the maximum equivalence ratio in reacting conditions sharply
decreases by lowering the ambient temperature, so it ranges from approximately 4 for T,,,, =
900K to a value around 2 for T,,,;, = 750K as it was alternatively pointed out in figures @ and
This fact is related with experimental observations that show that the decrease of the LOL,
due to the variation of the boundary conditions, is linked with an increase of the equivalence
ratio at the LOL ([51]).

Additionally, the Thuw = Tmm(g) relationship (where T is the maximum Favre averaged
temperature in the whole domain) during the ignition process has been included for giving an
idea of the ignition evolution. In general, it can be stated that with the increase of the ambient
temperature the first stages of the combustion at intermediate temperatures take place at higher
equivalence ratios which is a consequence of the reduction of the chemical time scales. Later
the process moves to lower equivalence ratios approaching to the stoichiometric or slightly rich
mixtures where maximum temperature is reached. An exceptional behavior is observed for the

750K case, where the most reactive mixture fraction is displaced to slightly lean regions.
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Figure 16: ¢ — T maps for 750K (left), 800K (center) and 900K (right) with Xo, = 0.15 and density 22.8kg/m? for advanced
instants. Species locations are included: CH2O (blue squares), CoHa (red upward-pointing triangles) and OH (green downward-

pointing triangles). The relation Tmax = Tmax(qz) during the ignition is plotted with solid black line. Scales are common for all
cases.

Analogously, a similar comparison is discussed in the following for the oxygen parametric
variation. Figure shows in matrix format the species C H,O, C5Hy and OH mass fractions
fields for the oxygen parametric variation (Xo, = 0.13, 0.15 and 0.21) with 7}, = 900K and
p = 22.8kg/m3. Advanced instants with a similar penetration have been selected and quasi-
steady regime is ensured in the near-nozzle region. As previously, only simulated cases are
included to carry out a quantitative comparison.
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Figure 17: Species mass fractions fields of CH20 (left), C2Ha (center) and OH (right) for Xp, = 0.13 (top), 0.15 (middle)
and 0.21 (bottom) with Ty, = 900K and density 22.8kg/m3 in matrix format. LOL values are included with dashed lines:

—~—mazx ——max
experimental (white), 2% Yonu (red) and 14% Yopu (green). Additionally, the stoichiometric line is shown (solid white).

The higher reactivity resulting from increasing the oxygen concentration displaces upstream
the fields that reached the quasi-steady regime. There is a slight increase of soot precursors
when increasing oxygen concentration as reflected by the CyHy peak value. Additionally, there
is a significant rise of the OH maximum value when passing from Xp, = 0.15 to 0.21.

The variation in the oxygen concentration changes the stoichiometric value of the mixture

and consequently this has an effect in the zone, specially in the radial direction, where species are

25



536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

found due to the fact that stoichiometric contour line encloses the region where combustion takes
place. As a consequence, OH disappears on the axis when decreasing oxygen concentration.

The ¢ — T maps shown in figure [I§| provide a complementary description of the combustion
process for the oxygen parametric variation. Again only points with ¥; > 0.3 - Y;*** are shown
for species CH,0, CyHy and OH. The region of influence of each species is preserved when
varying the oxygen concentration in relative terms. The different species are approximately
observed in the same equivalence ratio interval mainly changing the temperature range for the
distinct cases.

With regards to the relation fmax = fmam(gg), the curve is similar in all the cases starting
the ignition in rich mixtures (5 > 2), since it is the region with the most suitable combination
in terms of mixture fraction variance and stoichiometric scalar dissipation rate as discussed
in the previous subsection, and it subsequently displaces towards leaner mixtures. Finally,
the dependence exhibited by the maximum temperature reached during the whole combustion

process with the change in oxygen concentration is clearly reproduced by the model as seen in

these maps.
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Figure 18: ¢ — T maps for X0, = 0.13 (left), 0.15 (center) and 0.21 (right) with T,,,, = 900K and density 22.8kg/m3 for
advanced instants. Species locations are included: CH20 (blue squares), CoHa (red upward-pointing triangles) and OH (green

downward-pointing triangles). The relation Tmaz = Trmaz (¢) during the ignition is plotted with solid black line. Scales are common
for all cases.

4 Conclusions

In this work, the spray A laboratory configuration has been modeled combining a discrete
droplet (DDM) approach for the spray simulation with an unsteady flamelet combustion model
(USFM), that includes the additional approximated diffusion flamelet (ADF) simplification,
and accounting for the turbulence-chemistry interaction (T'CI) by means of presumed proba-

bility density functions (pdf). This combustion model was selected because it accounts for the
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TCI with noticeable low computational cost becoming suitable for diesel engine calculations
where boundary conditions span over wide ranges. A setup of the model for the inert and
reactive nominal cases was first performed comparing results with those measured at different
institutions in terms of penetration and mixture fraction and velocity fields. Although reac-
tive vapor penetration was slightly overestimated results are on the state-of-the-art and then
suitable for performing further analysis. Additionally, the constant of the algebraic model of
the Favre averaged scalar dissipation rate was calibrated to a value of C, = 2 by comparing
modeling and experimental rms mixture fraction fields.

The conclusions related to combustion global descriptors (ID and LOL) are summarized in

the following points:

e The model correctly describes the trends followed by both ID and LOL parameters. For
the LOL several criteria were compared in order to clear up the impact of the LOL
definition based on values that trace the low or the high temperature reaction zones.
According to the results the criterion based on the 14% %max provides the most rea-
sonable estimation. Nevertheless, some discrepancies were revealed between experimental
and modeling results, partially due to the not equivalent definitions used in both cases,
which resulted in an overestimation of the ID and a lack of sensitivity of the LOL for the

oxygen parametric variation.

e A linear fit seems to exist between ID and LOL for low ID (and equivalently short LOL)
confirming the intrinsic relation between the two parameters and the relationship between
the LOL and the auto-ignition phenomenon. However, at high ID (and then long LOL)

the relation between those variables is not so straightforward.
The description and analysis of the auto-ignition process lead to the following conclusions:

e A high mixture reactivity induces the ignition kernels to be radially displaced from the
spray centerline and placed close to the head of the spray. Decreasing reactivity shifts
the auto-ignition to take place still at the head of the spray but at closer positions to the

centerline.

e Additionally, start of combustion is located at low 7" values as well as low Xst- An
increase in reactivity without varying the spray mixing conditions results in a combustion

onset at higher Y; values.
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e Ignition kernels are first observed at higher fuel-air equivalence ratios when ambient tem-

perature is increased.
With regards to the quasi-steady regime it is concluded that:

e A similar qualitative spatial morphology of the spray is provided by the model in com-

parison with the experimental results.

e Comparing different cases an increase in reactivity displaces upstream the regions where
CH>0 and CyH, fields reach their maxima values in the quasi-steady regime although
their relative distribution is hardly affected. C'H50 zone of influence always precedes that
of CyHy since C H,0 is an intermediate species during the auto-ignition close to the LOL
and CyH, is an intermediate species observed in zones with rich equivalence ratios and

moderate-to-high temperatures.

e A noticeable fall of the CyH, peak value is observed when passing to the 750K, Xp, =
0.15, p = 22.8kg/m3 case with regards to other temperature cases which points out to very
reduced values of produced soot precursors. Likewise, 900K, Xp, = 0.21, p = 22.8kg/m?

shows an important increase in OH peak value compared to other oxygen cases.

Finally, this research work provides a detailed insight on the performance of the unsteady
flamelet combustion models for reproducing the characteristics of igniting transient reacting
sprays. Traditionally, these models have been applied to transport applications or gas turbine
simulations, but in the last decade they are gaining interest for being also applied to simulate
the mixing-controlled combustion process characteristic of compression ignition engines which

are so relevant in industrial applications.
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