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Abstract

The role of nozzle diameter on Diesel combustion is studied by performing CFD calculations
of Spray A and Spray D from the Engine Combustion Network (ECN). These are well-
characterized single-hole sprays in a quiescent environment chamber with thermodynamic
conditions representative of modern Diesel engines. First, the inert spray evolution is described
with the inclusion of the concept of mixing trajectories and local residence time into the
analysis. Such concepts enable the quantification of the mixing rate, showing that it decreases
with the increase in nozzle diameter. In a second step, the reacting spray evolution is studied
focusing on the local heat release rate distribution during the auto-ignition sequence and the
quasi-steady state. The capability of a well-mixed based and a flamelet based combustion model
to predict Diesel combustion is also assessed. On the one hand, results show that turbulence-
chemistry interaction has a profound effect on the description of the reacting spray evolution.
On the other hand, the mixing rate, characterized in terms of the local residence time, drives the
main changes introduced by the increase of the nozzle diameter when comparing Spray A and
Spray D.
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1 Introduction

Fuel and thermal efficiency in internal combustion engines (ICE) relying on compression
ignition (CI) are still attractive features for industries focused on diverse sectors such as
automotive, road transportation and marine applications. Despite its operational advantages,
pollutant emissions from CI combustion systems can potentially deteriorate local air quality
and therefore human health. As a consequence, the latest advancements in CI combustion

systems are driven by stricter regulations predominantly oriented to reduce permissible limits
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for particulate matter emissions. The challenge of improving the understanding of turbulent
combustion, hence pollutant formation, remains crucial for the development and enhancement

of CI combustion systems.

In particular, the nozzle size is a geometrical parameter that brings about differences in
combustion behavior between light and heavy-duty engines. From the experimental point of
view, changes in nozzle orifice diameter have been observed to greatly influence the amount of
soot formed in Diesel flames. In this direction, Pickett and Siebers!? conducted experiments
using a single-hole nozzle in a constant-volume vessel with pressure and temperature conditions
representative of direct injection (DI) Diesel engines. Authors concluded that under the same
operating condition decreasing nozzle orifice diameter increased the air-entrainment rate
(relative to the amount of fuel injected) upstream of the lift-off length (LOL). As more air is
entrained the average equivalence ratio at the LOL location (¢, ) decreases. The authors found
that the decrease in ¢, at the flame base also decreases the total amount of soot formed,
proving the feasibility of mitigating soot emissions by decreasing the nozzle orifice diameter.
Chengjun et al.? also observed the influence of the nozzle orifice diameter on the average value
of ¢, hence on soot formation, in single-hole Diesel sprays in a constant-pressure vessel.
The authors also found that a reduced value of ¢, ,, induced by the reduction of nozzle orifice
diameter caused an increase in the OH zone thickness (based on OH* chemiluminescence
imaging) and a consequent reduction of the maximum soot volume fraction zone. Pastor et al.*
approached the study of different nozzle diameters based on the analysis of spray dynamics and
mixing field in a constant-pressure vessel. Experiments were carried-out to measure spray tip
penetration, LOL and ignition delay time (ID). Under the same operating conditions,
differences in results among different nozzles were explained by spray dynamics (in agreement
with momentum-driven gas jets theory) and the state of the mixing field prior to the start of

combustion retrieved with a 1D model.

It is worth mentioning that the study of reacting sprays with different nozzle orifice diameters
is not limited to fundamental studies as the aforementioned cases. It can also be extended to
applications in which two different nozzles are used for pilot and main injections as in the case
of marine engines. In that field, Ishibashi and Tsuru® studied Diesel spray and gas injection
combustion in a rapid compression machine with a 160 um nozzle for a pilot injection and a

500 um for a main injection.
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From the simulation point of view Pang et al.® conducted a numerical study on reacting sprays
in a combustion vessel with nozzle orifice diameters of 100 um, 180 um and 363 um. Results
are in line with experimental observations with shorter LOL and average leaner mixtures at this
location with smaller nozzles. As fewer computational studies comparing different nozzle
diameters are available, the present work aims to use computational fluid dynamics (CFD) to
study the role that the nozzle orifice diameter plays on Diesel combustion. The Engine
Combustion Network (ENC)’ Spray A will be used as the main reference case for this work.
The Spray A experiment, a single-hole nozzle injecting into a quiescent environment with
thermodynamic conditions representative of CI engines, has allowed the development of an
extensive database of experimental results.®*2 On the simulation side, the single-hole nozzle
experiment has enabled the comprehensive validation of the two-phase turbulent spray using
both Lagrangian-Eulerian*" and Eulerian'®!® approaches.

Within the scope of the present work, different approaches to model the sub-grid flame structure
will be also evaluated. Results from a detailed chemistry solver based on the well-mixed (WM)
assumption and results from a model based on the flamelet assumption are compared. These
two different approaches for combustion modeling allow to assess the importance of
turbulence-chemistry interaction (TCI). Comparisons of such combustion models have been
reported in the literature assessing the capabilities of well-mixed based models and a
representative interactive linear eddy model,? transported probability density function (TPDF)
based models?* 22 or flamelet based models.?*-2° From this last group of works, Lucchini et al.?8
assessed various assumptions for the flame structure to model a single-hole reacting spray in a
constant-volume vessel. Assumptions included well-mixed and flamelet based combustion
models. Capabilities of these models were evaluated for low and high-temperature and ambient
density conditions in terms of global combustion parameters. From all these group of works it

is consistently evidenced that combustion results heavily depend on TCI.

The study of TCI in this work is not limited to the analysis of global combustion parameters
and is extended to the description of local phenomena during the ignition sequence and the
quasi-steady state of the reacting spray. The work is organized as follows. First, the
experimental target Diesel spray setups are described under the “Methodology” section along
with the computational setup used to carry-out CFD calculations. The “Inert spray evolution”
section comprises the validation of the computational setup for the nonreacting condition. Next,
the validation and description of results for the reacting condition are included in the “Reacting

spray evolution” section. Finally, concluding remarks are drawn in the “Conclusions” section.
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2 Methodology

2.1 Target Diesel spray setup

Target conditions for the present study are based on ECN standards. Fuel injection and
thermodynamic conditions studied are summarized in Table 1. Liquid n-dodecane is injected
into a quiescent environment through a single-hole nozzle. For the inert condition pure N, is
present in the ambient. Meanwhile, 15% molar fraction of 0, is present (in addition to N,) for
the reacting condition. The only varying parameter for this study is the nozzle orifice diameter.
Computations are carried-out for ECN Spray A and Spray D which correspond to single-hole
nozzles with diameters of 89.4 um (nozzle reference number 210675) and 190.3 um (nozzle

reference number 209135), respectively.

The results presented in this study are validated using experimental data measured at CMT
Motores Térmicos, Sandia National Laboratories or IFP Energies Nouvelles. All measurements
are done under the same operating conditions in a constant-pressure vessel (CMT) or in a pre-
burn constant-volume vessel (Sandia and IFPEN). The experimental data is available through
the ECN.’

Table 1. Injection and thermodynamic conditions.

Injection conditions

Fuel n-dodecane
89.4 um — Spray A
190.3 um — Spray D

Nozzle diameter

Injection pressure 150 MPa
Fuel temperature 363 K
Thermodynamic conditions

Ambient temperature 900 K
Ambient density 22.8 kg/m?3

Xo, = 0 —nonreacting condition
Ambient 0, composition _ -
Xo, = 0.15 —reacting condition

2.2 Computational setup
Computations were carried-out using the CFD solver CONVERGE?° following the traditional
Lagrangian-parcel Eulerian-fluid approach. The CFD code uses a cut-cell cartesian method for

grid generation. The computational domain is a cylinder with 50 mm radius and 102 mm
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length. The base mesh cell size is 2 mm for both Spray A and Spray D cases. A truncated cone-
shaped fixed embedding is used near the nozzle region to improve accuracy around this critical
zone. The fixed embedding adds 250 wm and 500 wum cells for Spray A and Spray D,
respectively. In addition, adaptive mesh refinement (AMR) allows for grid resolution to be
added just where is needed based on velocity, temperature and fuel mass fraction gradients. As
a consequence, the minimum cell size reached due to AMR is 125 um for Spray A and 250 um

for Spray D cases.

The Eulerian fluid description is based on the Favre-averaged Navier-Stokes equations solved
within a RANS framework. The standard k — & model is used with C,; = 1.55 to account for
round jet correction.®1? On the other hand, the liquid-phase is described using the Lagrangian-
parcel approach in conjunction with sub-models for droplet breakup, collisions, drag, and
evaporation. The Kelvin-Helmholtz (KH) and the Rayleigh-Taylor (RT) models are used for
the estimation of droplet breakup. Droplet collisions are accounted for by the no time counter
(NTC) model. Droplet drag is predicted with a model that considers variations in the drop shape
using a distortion parameter. Lastly, the droplet radius rate of change due to evaporation is

estimated based on the Frossling correlation.®

The combustion modelling approach is based on detailed chemistry, for which a chemical
mechanism with 54 species and 269 reactions®* has been used. A detailed analysis of this
chemical mechanism based on homogeneous reactor calculations can be found in the work by
Pérez.% In terms of turbulence-chemistry interaction, two approaches have been compared. On
the one hand, the well-mixed SAGE detailed chemical kinetics solver® (referred to as WM
model from this point), which is available in CONVERGE. On the other hand, the unsteady
flamelet progress variable (UFPV) model, which has been implemented by the authors.
Regarding the WM model, the net production rate of any species k as derived from the chemical
mechanism is used to solve the corresponding source term w; for governing equations at every

cell in the domain, namely mass and energy conservation equations.

As for the UFPV model, it is based on the description of a turbulent flame as a set of strained
laminar flamelets.®” The concept is based on the assumption that the chemical characteristic
time is small compared to the physical characteristic time (i.e. a high Damkohler number flow
as in the case of Diesel-like combustion applications). In such scenario, turbulence cannot

modify instantly and locally the thin layer where combustion is sustained, hence remaining



146
147

148
149
150
151

152
153
154

155
156
157
158

159
160
161
162

163
164
165
166

167
168

laminar.® Flamelets in counterflow configuration are then solved for any species k in mixture

fraction (Z) space according to the equation:
aYk _ )(azYk
at 2 0Z2

Under this formulation, the chemical source term w,, is obtained by solving the corresponding

+ Wy )

reaction rates as defined by the chemical mechanism, meanwhile the strength of convective and
diffusive processes is accounted by the scalar dissipation rate (), assumed to follow a steady

profile®® defined by:

a 2

x(a,Z) = —exp [—Z(erfc‘l(ZZ)) ] )
Equation (2) can then be re-written in such a way that it becomes independent of the strain rate
(a) by normalizing the profile using the value of the scalar dissipation rate at stoichiometric

conditions (ysr):

)
XUst: Z) = Xst FZy) 3)

The time evolution of the flamelet is stored as a so-called flamelet manifold parametrized in
terms of a progress variable (Y,), which describes the transition of the mixture from inert to
fully burned state as function of a linear combination of species. In this work the progress

variable is defined according to:

Y, = 0.75Y¢0 + Yeo, + Yu,0 (4)
At this point, the manifold generated by solving the PDE system is laminar. TCI is then
accounted using a presumed Probability Density Function (PDFs) approach for the mixture
fraction and the scalar dissipation rate assuming statistical independence between these two

variables.® For the first of these variables a beta function defined by the mean value of Z ()
and its variance (ZTZ) yielding to PZ(Z; Z, S), where S is the so-called segregation factor
calculated as S = 2% /(Z(1 — Z)). As for the scalar dissipation rate, a log-normal function
with o = v/2 is used* fielding to P, (Xs¢; Xst, o). Once PDFs have been defined as functions of

the independent variables Z and y.,, any average value (i) in the manifold is defined by:

© rZ
I»T’(Z:S:)’(\s/t' f) = f J Y(Z, Xst» E)PZ(ZF Z,S)PX()(“;)’(;}, o)dZdys (5)
o Yo

Considering the re-parametrization of the laminar solution in terms of the progress variable, the

average values in the manifold can be expressed as ¢ ={(Z,S, 7z Vz). This re-
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parametrization is possible under the assumption that ¥, increases monotonically such that there
is a bijective relationship with £.4° Equation (6) is then used for the integration of y (where J
only depends on Z and S) and relates j, recovered from the CFD calculation according to
Equation (7), and y5; used to query the manifold.

L «© o 1 z 5 5
¥= ( fo xstPX(xst,xst,a)dxst> (—F(Zst) fo F(Z2)P,(Z; Z, S)dZ> =) (Z,5) (6)

F=C,—2" )
X = X
It is worth mentioning that the manifold is constructed independently from the CFD calculation
by creating lookup tables where mean species mass fractions and the mean progress variable
source term can be queried as ¥{**(Z, S, is ¥.) and cBYCtab(Z, S, ¥+t Yz ), respectively. The
lookup tables are discretized with 41 points for Z, 17 points for S, 27 points for i5; and 51

points for Y.

Coupling of the UFPV model within the CFD framework is achieved through the chemical

source term of the species transport equation (wy), which is calculated as:
Tt (2,8, o Vet + 88)) — Tl ()

w
k At
tab

In Equation (8), At is the CFD time-step, Y,¢¢! is the species mass fraction at the cell and ¥

(8)

is the species mass fraction tabulated in the manifold in the subsequent timestep, defined in

terms of Y.(t + At), which is calculated as:

V(t+At) = 7.(6) + @Y, (2,5, 7w V(1)) At (9)

To advance in the manifold using Equation (9), Y. (t) is calculated following the definition in
Equation (4) and @Y, (generic nomenclature for aY./at) is retrieved from the manifold. @, is

then used in the transport of species.

Finally, there's an additional aspect of the UFPV model formulation worth mentioning. In this
work a variant named UFPV-0 is introduced. For this variant, the manifold is constructed
following the same structure as for the UFPV case, but no presumed-PDF integration is taking
into account, i.e. this should correspond to a tabulated laminar flamelet model. This variant
seeks to facilitate the analysis of differences induced by the sub-grid flame structure

formulation, namely the well-mixed and the flamelet-like structure.
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3 Inert spray evolution

3.1 Validation of the computational setup

The validation of the computational setup is carried-out by comparing global and local
quantities with experimental data available within the ECN. Following ECN guidelines, spray
tip penetration is defined as the axial distance to the furthest location where the mixture fraction
Z reaches a value of 0.001. Figure 1 shows the experimental spray tip penetration value plotted
with a solid black line with a gray shadow around the 95% confidence interval and CFD
predictions for Spray A and Spray D (spray tip penetration and liquid length). The same
computational setup and model settings have been used for both nozzles. An excellent
agreement is observed for Spray A tip penetration, while a slight underprediction is observed
for the larger nozzle. Given the fact that no change has been made in the modelling setup for
both nozzles the agreement is satisfactory.

- Experimental
==CFD Spray A
=—=CFD Spray D

0.1

0.09 4

0.08 1
_.0.07-
= 0.06-
=
B
20.05-
= 0.04-

0.03 4

0.02 1

0.01

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Time [ms]

Figure 1. Spray tip penetration and liquid length for inert Spray A and Spray D.

In terms of local quantities, the computational setup is validated for Spray A (no experimental
data available for Spray D). Mixture fraction Z and its root mean square (Z,,,s) and axial
velocity fields are validated by comparing axial and radial profiles. Radial and axial coordinates

have been normalized by the equivalent diameter (d,,) of each nozzlei.e.v* = r/d., and x* =

x/d.q. The equivalent diameter is defined as a function of the nozzle effective diameter (d,)

and the ratio of fuel density (o) and air density (p,) and is calculated as d.q = do\/ps/pPa-

Different nozzles have been used for experimental and CFD work. As previously mentioned,

nozzle 210675 (same nozzle used for the experimental measurement of spray tip penetration,
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ignition delay and lift-off length) has been modeled for the Spray A case. Meanwhile, nozzle
210677 has been used for the experimental work to measure Z and nozzle 210678 has been
used to measure axial velocity. Nominal diameters for the three nozzles are 89.4 um, 83.7 um
and 88.6 um for the 2010675, 210677 and 210678 reference numbers, respectively.
Normalization of spatial coordinates allows for a better comparison of experimental and CFD
results. Figure 2 and Figure 3 show axial and radial profiles for the above-mentioned local
quantities. From the left-hand panel in Figure 2 the computational setup is seen to be successful
in predicting Z (solid line) and Z,.,, (dotted line) within the limit of the 95% confidence interval
of the experimental observation along the spray axis. These two variables are inputs for the
UFPV combustion model. Similarly, the right-hand panel in Figure 2 also shows good
agreement with experimental data in terms of axial velocity. Differences for x* < 60 are
expected due to the measurement uncertainty in that region corresponding to the limit of the

laser sheet used in the P1V experiments.*®

02 . 120
—Experimental
—CFD Spray A
100
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801
i
o ~
] a2
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Figure 2. Inert Spray A axial profiles for mixture fraction (solid line) and mixture fraction rms (dotted lines) at 5
ms and axial velocity at 1.5 ms.

Further validation is shown in terms of radial profiles for Z and Z,.,,,; at two axial locations in
Figure 3 and Figure 4. At 50 d, the profiles predicted by CFD for both variables (left-hand
panel) agree well with the experimental observations. As expected from the axial profiles, at 90
deq both Z and Z,.,s CFD results show slightly narrower profiles although in general terms the

predictions still agree well with experiments.
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Figure 4. Mixture fraction rms radial profiles for inert Spray A at 5 ms.
3.2 Local residence time
To provide an additional local indicator of mixing intensity, a local residence time has been

defined based on mixing trajectories (Appendix A. Mixing trajectories) as the time spent per

unit of equivalence ratio (¢) according to:

* * -1

(et + o) 5 10)
The physical meaning of this parameter is the time needed to change a unit value of equivalence
ratio along a mixing trajectory or, in other words, the time spent at a given ¢ value. This
parameter is made up of the product of two terms. First, the rate of residence time per length
unit (dt*/dl) is solved considering convective and diffusive contributions (Equation (12) and
Equation (13)). Second, dl/d¢ is obtained from the spatial gradient of ¢ as projected along the
direction defined by the velocity field (i.e. a mixing trajectory). To the best of the authors’

10
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knowledge, this is the first time that an attempt has been made to analyze the mixing process in

terms of local residence time for spray applications.

Figure 5 shows local residence time for both Spray A and Spray D under inert conditions. The
definition of the residence time in terms of the change of equivalence ratio enables a direct
comparison between both nozzle orifices. The analysis of local residence time is then made at
4 ms, time at which the spray is already at quasi-steady state. A sample of mixing trajectories
(solid lines) and the iso-contour for ¢p = 1 (dashed line) are also shown. For visualization
purposes the color map is adjusted to logarithmic scale. It can be observed how the structure is
similar for both sprays with increasing values of residence time along any trajectory when
moving downstream from the orifice. Among trajectories at the same axial normalized
coordinate (consequently at a similar equivalence ratio) there is also an increase of dt*/d¢
with a local maximum near the spray radius. In summary, residence time grows when moving

away from the orifice, both in axial and radial direction.

Due to the fact that the mixture fraction (hence equivalence ratio) is a conservative scalar, one
can state that the convective plus diffusive flow of this variable remains constant between two
mixing trajectories and develops with an almost constant angle compared to the axis. By
integrating both the mixing trajectories and the residence time concepts, the mixing field created
by the spray can be viewed as a set of mixers starting close to the nozzle, which then move
away from it entraining air and spending more time on a given equivalence ratio, as farther

locations are reached.
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Figure 5. Local residence time for inert Spray A (top) and Spray D (bottom). Spatial coordinates have been
normalized by d.,.

To enable further comparison between both nozzles, the upper part of Figure 6 shows spray
radius with a solid line and iso-contours of ¢ = 1 (dashed line) and ¢ = 2 (dotted line). It is
then confirmed that the normalization of spatial coordinates of the two different nozzles by d.,
results in the same value of ¢ for a given value of (x*, r*). Additionally, if dt*/d¢ is studied
along the reference iso-contours of ¢ (bottom part of the figure) it is then verified that this
parameter increases with axial distance, in agreement to the contours shown in Figure 5.
Furthermore, for the same value of ¢, Spray A is characterized by shorter local residence time
(thus faster mixing) compared to Spray D. Going back to the previous description of the spray
as a set of mixers defined by the mixing trajectories and leaning out while moving away from
the nozzle, the time spent on a given equivalence ratio will be always longer for the larger
nozzle by a factor around 2, i.e. approximately equal to the nozzle orifice increase. This has an

effect on combustion development, as the following sections will prove.
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Figure 6. Top: Spray radius R, and iso-contours of ¢ = 1 (dashed line) and ¢ = 2 (dotted line) for Spray A and
Spray D. Bottom: Corresponding local residence time along iso-contours of ¢ = 1 and ¢ = 2. Profiles of

dt* /d¢ have been smoothed with a moving average algorithm. Spatial coordinates have been normalized by
deq-

To conclude the description of the inert spray evolution, Figure 7 shows the scalar dissipation
rate at stoichiometric conditions and mixture fraction rms for Spray A and Spray D, which are
input parameters for flamelet models such as the UFPV model. These variables are plotted
along the same reference iso-contours of ¢ shown in the top panel of Figure 6. Results show
that higher ygr is predicted for Spray A for a given ¢, in line with faster mixing occurring for
the smaller nozzle, which creates more important gradients. On the contrary, there are virtually
no differences among the nozzles in terms of mixture fraction rms. The implications of these
last observations will be further discussed in the description of the reactive spray in the next

sections.
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Figure 7. Scalar dissipation rate at stoichiometric conditions and mixture fraction rms along iso-contours of ¢ =
1 (dashed line) and ¢ = 2 (dotted line) for Spray A and Spray D.

4 Reacting spray evolution

4.1 Validation of the computational setup

The computational setup validated for inert conditions is used to simulate reacting Spray A and
Spray D according to the conditions summarized in Table 1. Both the WM model and the
flamelet-based UFPV model are used. Figure 8 compares results for spray tip penetration. As
in the validation for the inert setup, here the spray tip penetration is defined as the axial distance
from the nozzle where Z reaches a value of 0.001. The experimental result is plotted with a
black solid line with gray shadow to indicate measurement uncertainty. Excellent agreement
between CFD and experimental results is observed for Spray A, meanwhile for Spray D a slight
over-prediction is observed for both combustion modelling approaches, while the agreement is
better for UFPV. Differences between both predictions are linked to the differences in ignition
delay, which triggers an acceleration of the flow.*! In addition to spray tip penetration, the setup
is also validated for axial velocity with available PIV measurements for Spray A.1° Figure 9
compares results for this variable along the spray axis. It is shown that both models predict

similar results which match well the experimental data.
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Figure 9. Axial velocity along spray axis for reacting Spray A at 1.5 ms.

After the validation of the reacting flow evolution, global combustion parameters are analyzed

here. Hence, CFD results for ID and LOL are quantitatively compared to experiments. On the

experimental side,

ID and LOL are the result of analyzing schlieren and OH*
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chemiluminescence images, respectively. On the CFD side, ID and LOL are obtained following
ECN guidelines. ID is defined as the time from start of injection at which dT,,,,/dt is
maximum, with T,,,, being the maximum temperature in the domain. For LOL, the definition
is based on OH mass fraction. At each time after the start of combustion LOL is marked at the
closest position to the nozzle to reach 14% of the maximum OH mass fraction. Then, an average

value is obtained once LOL has stabilized.
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Figure 10. Ignition delay and lift-off length for Spray A and Spray D.

Figure 10 shows differences in predicted values compared to experimental results represented
with black dots (vertical lines on top mark the standard deviation of the measurement). A slight
underprediction of ID and an overestimation of LOL is observed when the WM model is used
for both nozzles. Differences decrease with the use of the UFPV model. In this case, ID matches
well with the experiment for Spray A with a slight underprediction for Spray D. As for LOL
maximum deviation from the experimental values is less than 7%. The detailed analysis of both
quantitative parameters will be related to the autoignition sequence and steady flame structure

in the following sections, so that observed differences among nozzles can be understood.

4.2  Spray A auto-ignition sequence

In this section, a detailed analysis of the ignition sequence of Spray A is made comparing results
from the WM model and the UFPV model. The analysis makes use of the mixing trajectories
concept, which enables bridging a link between combustion development in the physical space

and in the equivalence ratio-temperature (¢ — T) maps.
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First, the auto-ignition sequence predicted using the WM model is presented in Figure 11. The
contour of the local heat release rate (HRR) is plotted along with the spray radius. A dashed
green line is plotted at the location of the iso-contour of the most reactive equivalence ratio
(édmr)- This parameter indicates the mixture composition showing the fastest ignition process
when considering homogeneous reactors (HR) calculations starting from the inert adiabatic
mixing condition. The HR 0D calculations done for this particular case and chemical
mechanism show that the shortest ID corresponds to ¢z = 1.32 and is in line with findings
already published in the literature.*? The last panel of the figure shows the spatially integrated
HRR with black dot markers to highlight the time instants at which the local HRR was depicted.
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Figure 11. Time and spatially resolved local HRR for Spray A using the WM model. Dashed green line drawn at
¢ur. Bottom plot shows the integrated HRR, where markers indicate the timings of the local HRR contours.

The sequence depicted in Figure 11 shows how the first-stage of ignition starts taking place at

around 0.21 ms near the spray radial periphery and locations close to ¢,,z. This observation
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agrees well with the idea that ignition requires a certain degree of mixing of the injected fuel to
reach reactive enough equivalence ratios and temperature conditions, as well as some residence
time for chemistry to progress. The location of this low-temperature heat release near the spray
border is consistent with longer residence time at the spray radial periphery, as described in the
“Local residence time” section. Starting at 0.21 ms some sort of low-temperature heat release
wave starts progressing towards richer mixtures (with a consistent increase in the integrated
HRR in the last panel of the figure) in the spray core followed by a quasi-homogeneous state
of heat release at 0.3 ms. Next, an abrupt decrease in heat release throughout the spray cross
section is observed between 0.33 ms to 0.36 ms to then make way to the second-stage ignition
occurring around the most reactive equivalence ratio iso-surface. The penultimate row in the
panel shows the situation at the ID timing based on dT,,,,,/dt, which occurs at 0.39 ms, with
the start of an intense heat release zone around the most reactive equivalence ratio location.
After this point, a diffusion flame is established and the integrated HRR is controlled by mixing

as seen in the last row of the figure.

The onset time for the appearance of low-temperature heat release at around 0.21 ms, the
consequent propagation towards the spray core followed by a quasi-homogeneous state of heat
release and finally the decrease in chemical activity prior to the second-stage ignition are all
features that are in line with experimental observations and supporting modelling results
presented in the work by Dahms et al.!! At the time of the second-stage ignition (penultimate
panel in Figure 11) there are two distinctive heat release zones in the spray: a first cone-shaped
structure associated with low-temperature heat release that was already present at 0.3 ms, and
a high-temperature heat release zone near the spray radial periphery along the ¢,z contour. It
should also be emphasized that this high-temperature heat release zone confined around ¢y
is in disagreement with the above-mentioned experimental observations (supported by

modelling results)** where main ignition takes place over a wide range of equivalence ratios.
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Figure 12. Time resolved local HRR in spatial coordinates (panels on the left) and in ¢ — T coordinates (panels
on the right) for Spray A using the WM model. Dashed green line drawn at ¢,,. Blue markers to highlight the
low-temperature heat release zone.

Finally, to analyze the post-ignition sequence Figure 12 shows on the left panels HRR contours
in spatial coordinates and on the right panels HRR contours plotted in ¢ — T coordinates.
Mixing trajectories are included in both representations, with the purpose of linking spatial and
¢ — T coordinates. At ID timing (top part of Figure 12) two distinctive characteristics
mentioned in the analysis of the auto-ignition sequence can be confirmed. On the one hand, the
occurrence of second ignition at ¢, is clearly observed on the ¢ — T map. The intense HRR
spot observed in spatial coordinates near the spray radial periphery corresponds to the highest
temperature in the ¢ — T map, which at ID time takes place at the vertical dashed line drawn at
¢ur. On the other hand, low-temperature heat release is observed to occur over a wide
equivalence ratios range, when represented in ¢p — T coordinates. The farthest point from the
nozzle at around x = 20 mm on the first mixing trajectory (closest to the spray axis)
corresponds to the point at ¢ = 5, the next two points at ¢ = 4 and ¢p = 3 correspond to blue
round markers on the second and third mixing trajectories, respectively. Furthermore, for all
three trajectories a second low intensity heat release front occurs just downstream of the initial
one at a slightly higher temperature (around 1200 K). This zone will later result in the LOL
stabilization region. Both low and medium temperature heat release regions remain essentially
steady for the remaining part of the reacting spray evolution, as they are located in the quasi-
steady part of the spray.

20



406
407
408
409
410
411
412
413
414
415
416
417
418
419

420
421
422
423
424
425
426
427
428

429
430
431
432
433
434
435
436
437
438

A noticeable feature of the autoignition sequence for the WM model is that, beyond 0.39 ms,
the high-temperature heat release spot observed in spatial coordinates splits into two fronts.
One of the fronts progresses in upstream direction, towards the position at which LOL will later
stabilized. The other front moves downstream towards the spray head. The progress of this
second heat release front in spatial coordinates can be linked to ¢ — T space through the mixing
trajectories, starting from the axis towards higher radial coordinates in the physical space, which
corresponds to lines from richer to leaner values in the ¢ — T space. At 0.5 ms the heat release
front has not yet reached the two trajectories closest to the axis. Consequently, on the ¢ — T
map these two mixing trajectories have still not reached the maximum temperature on the map
(evidenced by the almost horizontal temperature between ¢ = 2 and ¢ = 3). At 0.6 ms the
heat release front has just passed through the second mixing trajectory closest to the axis,
causing it to reach the maximum temperature on the ¢ — T map for any equivalence ratio value.
Lastly, at 0.7 ms the heat release front has reached the spray axis and all mixing trajectories

have reached the maximum temperature for any equivalence ratio value.

In an attempt to establish an intermediate situation that enables a better understanding of the
changes when moving from WM results to UFPV results, Figure 13 shows the auto-ignition
sequence for the modified version of the UFPV model, denoted as UFPV-0, where the flamelet
manifold has been built without any PDFs integration (neither for mixture fraction nor for scalar
dissipation rate) to be able to capture spatial details that otherwise are softened by the presumed-
PDF integration as later seen in Figure 14. In this way, WM to UFPV-0 (Figure 12 vs Figure
13), shows the effect of changing the sub-grid description of the flame structure (from a WM
to a flamelet formulation) while UFPV-0 to UFPV (Figure 13 vs Figure 14), evaluates the
influence of TCI by means of presumed-PDF integration.

Figure 13 shows initial heat release occurring from the spray radial periphery towards the spray
axis before reaching a stabilized cone-shaped low-temperature heat release front at 0.34 ms.
The evolution is more volumetric than for the WM model, where a well-defined low-
temperature reaction front was observed in the initial stages (0.24 ms). Furthermore, reactions
tend to be located further downstream compared to WM results already from the start, probably
due to the inhibiting effect of scalar dissipation rate in locations close to the nozzle (Figure 7).
The quasi-homogeneous heat release state already observed for the WM model at 0.3 ms seems
to be occurring also for UPFV-0 at 0.38 ms, although spatially limited to a region closer to the
spray tip and near the spray axis. After that, heat release decreases within this reaction zone,

which slightly recedes upstream and towards the spray radial periphery. Then, high-temperature
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439  ignition takes place (last contour plot in Figure 13). In agreement with the whole spray ignition
440  sequence, the high-temperature heat release starts at around 27 mm, further downstream than

441  for WM results (slightly upstream of 25 mm).
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Figure 13. Time and spatially resolved local HRR for Spray A using the UFPV-0 model. Dashed green line
drawn at ¢,,z. Bottom plot shows the integrated HRR, where markers indicate the timings of the local HRR
contours.

The same image layout used to depict the auto-ignition sequence for WM model results has
been used for UFPV model results. Consequently, Figure 14 shows HRR contours accompanied
by the spray radius and the ¢,z iso-contour (green dashed line). Several time instants are
included up until ID time at 0.44 ms (penultimate row in Figure 14). Aside from the differences
in timing, some features in ignition will be discussed to evidence the differences in ignition

description.
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453 Figure 14. Time and spatially resolved local HRR for Spray A using the UFPV model. Dashed green line drawn
454 at ¢,,z. Bottom plot shows the integrated HRR, where markers indicate the timings of the local HRR contours.

455 Inasimilar way as observed in WM model results, first-stage ignition starts taking place near

456  the spray radial periphery. Nonetheless, unlike predictions using the WM model, the UFPV
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model predicts this first-stage ignition as taking place in a much broader area in the spray and
not only around the most reactive equivalence ratio as derived from HR results. Keeping in
mind that the color scale is the same, the intensity of this initial ignition is lower for the UFPV
model (as also seen in the integrated HRR plot at the bottom of the figure), which will be a
constant feature through the whole ignition sequence. Next, heat release progresses towards the
spray core with richer mixtures and reaches a quasi-homogeneous reaction state at around 0.32
ms close to the spray head, comparable to WM model results at 0.3 ms. However, the low-
temperature heat release front is not confined to a concrete region in the spray as it was predicted
in the latter model. Additionally, not such an abrupt decrease in chemical activity throughout
the spray cross section prior to second-stage ignition is observed with the UFPV model (0.36
to 0.4 ms) as was the case for WM (0.33 ms). At 0.4 ms an increase in HRR level is visible
near the spray radial periphery close to the spray tip, where second-stage ignition eventually
takes place at 0.44 ms. This observation is consistent with high residence time and low ygr,
both favorable for auto-ignition.** Compared to WM results, where the main ignition was
observed slightly upstream of 25 mm (penultimate panel on Figure 11), UFPV tends to produce
a main ignition site slightly downstream of 25 mm. As in the WM case, the ID time coming
from the analysis of dT,,,,/dt matches the timing of high-temperature HRR (last row of Figure
14)

Observed differences between WM and UFPV results obey to two factors. First, UFPV makes
use of reaction source terms based upon the flamelet formulation, compared to the
homogeneous reactors in the WM model. Second, UFPV uses a presumed-PDF approach to
account for turbulent fluctuations, which are neglected in the WM model. Regarding differences
between UFPV-0 and UFPV (Figure 13 vs Figure 14), the effect of presumed-PDF becomes
quite apparent. The main effect is the smoothing of gradients that results in a more volumetric
description of the ignition event of the spray. A second important feature is the decrease in heat
release seen both in the spray HRR contours and in the integrated HRR plot. Finally, while the
spatial location of all such events is pretty similar, the timing becomes slightly advanced for

UFPV. All these results are a consequence of the averaging of the different igniting flamelets.

Based on the conceptual descriptions and experimental observations reported in the literaturet?
the UFPV model successfully captures auto-ignition key features of ECN Spray A. Low-
temperature reactions are seen to be starting at the spray radial periphery and then move towards
the spray axis. The quasi-homogeneous state of low-temperature heat release and the
subsequent decrease in chemical reactivity before the main ignition event are also captured by
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the model. Finally, the model predicts second-stage ignition as taking place in a broader range
of mixtures and not being confined around ¢,z. Diffusion phenomena induced by the scalar
dissipation rate as well as the presumed-PDF approach allows the UFPV model to capture this
last feature that is not reproduced in a well-mixed approach. Finally, the inclusion of such sub-
grid diffusion effects by means of ys delays the overall temporal sequence of auto-ignition in
around 0.1 ms compared to the well-mixed approach, while the presumed-PDF approach

advances back the timing of events in approximately 0.05 ms.
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Figure 15. Time resolved local HRR in spatial coordinates (panels on the left) and in ¢ — T coordinates (panels
on the right) for Spray A using the UFPV model. Dashed green line drawn at ¢ .

The post-ignition sequence predicted by the UFPV model is shown in Figure 15. As already
seen in the spatial representation of the HRR contour, the second-stage ignition takes place in
a broader range of equivalence ratios and not just around ¢,,z. Compared to WM results (Figure
12), where a defined steady low-temperature reaction zone was observed to be established
upstream (10-20 mm) with another intermediate reaction layer close to the axis (around 22
mm), and the diffusion flame stabilization occurred by the propagation of two fronts along the
stoichiometric surface, UFPV shows a much less intense low-temperature front over a wide
spray region (15-25 mm), with the main heat release over the whole spray cross-section at
around 20-25 mm. No transient front evolution can be observed around the stoichiometric
surface, as was the case for the WM model. An important feature, however, is the very different

appearance of the heat release at the LOL location, which will be analyzed in the next section.
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4.3 Spray A quasi-steady state description

In spite of the almost quasi-steady appearance of the reacting spray at 0.7 ms in the previous
section, the analysis of LOL for all modelling approaches is made for a later time, in which the
spray head does not interact with the flame base. Figure 16 shows the contour of local HRR
results for WM (top) and UFPV model (bottom). The spray radius is plotted with a gray solid
line and the location of the stoichiometric equivalence ratio is plotted with a dashed green line.
Both models predict heat as being release from three distinctive areas i.e. a low-temperature
structure (zone 1) at the flame base as a result of first-stage ignition, a diffusion flame front
(zone I111) around the stoichiometric equivalence ratio and an intermediate partially-premixed
flame front (zone 11) around the LOL location. While zones | and Il are quite similar in both
models, except for the fact that both fronts are narrower for the well-mixed model due to the
absence of both sub-grid flamelet diffusion and presumed-PDFs integration, the location and
appearance of zone Il is a key difference between WM and UFPV predictions. Figure 17 shows
a zoomed view of the local HRR contour around the area where LOL is stabilized including the
well-mixed model, as well as the UFPV and UPFV-0 approaches. Mixing trajectories have been
added (solid gray lines) to allow for the posterior link of spatial and ¢ — T coordinates. Blue
“x” markers are plotted at the locations where OH mass fraction reach 14% of the maximum
value in the spray following ECN guidelines for the location of LOL.
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Figure 16. Local HRR contour at quasi-steady state for Spray A using WM (top) and UFPV model (bottom).
Dashed green line drawn at ¢p = 1.

From Figure 16 low and high-temperature heat release fronts (zones I and Il) were shown to be
spatially decoupled for the WM case. In contrast, the flame structure predicted by the UFPV
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model around the stabilized LOL position (Figure 17 bottom) shows how zones I and Il are
virtually merged. Compared to the well-mixed case, the introduction of ys for UPFV-0 seems
to contribute to the stabilization of zone | further downstream from the nozzle. This observation
is consistent with a delayed temporal evolution of auto-ignition (comparing WM and UFPV-0
results) as described in the “Spray A auto-ignition sequence” section since high ysr values near
the nozzle inhibit combustion. As for Zone Il, sub-grid diffusion seems to contribute to the
stabilization of the high-temperature front in both UFPV approaches closer to the nozzle as
compared with WM results. Furthermore, the observed intermediate temperature zone close to
the spray axis in the WM approach has a very similar shape in the UFPV-0 approach to the low-
temperature one. The averaging role of the presumed-PDF approach is also seen, when
comparing UFPV-0 and UFPV, in the sense that both low-temperature zones become eventually
merged and the high-temperature heat release drops in intensity. All such features will be

analyzed in ¢ — T coordinates in the following.
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Figure 17. Local HRR contour at quasi-steady state near LOL location for Spray A using WM (top), UFPV-0
(middle) and UFPV model (bottom). Biggest blue “x” marker for mixing trajectory closest to predicted LOL
(green dashed line).

With the inclusion of mixing trajectories, the path followed by a “conserved gas particle” can
be depicted both in spatial and ¢ — T coordinates. Analysis of WM results (Figure 18 top)
reveals how any “conserved gas particle” starts diluting almost along the inert adiabatic mixing
trajectory, with a first noticeable increase in temperature as it passes through the low-
temperature area (zone | in Figure 17 top). As already discussed, this initial flame front occurs
at a similar temperature but at a different equivalence ratio for every single trajectory. Beyond
zone 1, two types of evolutions can be observed. For mixing trajectories closer to the axis, i.e.
moving through richer equivalence ratio values, the also mentioned intermediate flame front
can be observed at around 22-23 mm, and correspondingly at a temperature of around 1100 K.
After that, no heat will be released along those trajectories until reaching the stoichiometric
flame front. On the other hand, mixing trajectories reaching the stoichiometric flame front at
around 25 mm directly run into the high-temperature heat release, and the intermediate

temperature ignition is missing. This is probably due to the longer residence time associated
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with such radially displaced trajectories, which enables reaching high-temperature ignition for

similar equivalence ratio values as those closer to the axis.

The inclusion of UFPV-0 results (Figure 18 middle) allows to isolate the effect of ygr ing — T
coordinates. As it was already mentioned when analyzing the effects of diffusion in spatial
coordinates, there are two distinctive effects. On the one hand, when comparing the well-mixed
results (no effect of ysr) with UFPV-0, it becomes clear that diffusion decreases reactivity for
low-temperature chemistry (zone | in Figure 17) as the HRR is less intense in the zone below
1000 K, which becomes evident in the ¢ — T map. On the contrary, high-temperature heat
release (upper part in the ¢ — T centered around ¢ = 1) becomes wider in equivalence ratio
and temperature ranges, especially towards the lean region. This effect speeds up the transition
from low-temperature to high-temperature heat release with the consequent stabilization of

LOL closer to the nozzle compared to WM results.

Finally, the description can also be carried-out for the UFPV model (Figure 18 bottom). In the
same way as for spatial coordinates, the distinction among different flame fronts inthe ¢ — T
map is softened due to averaging. In this case, the low-temperature flame front occurs over a
wide region upstream 20 mm for all trajectories, but the trends in the ¢ — T map does not depart
substantially from the inert adiabatic mixing line. Instead of separated reaction regions around
the LOL as for the WM model, UFPV shows a single high heat release zone starting radially at
around 19 mm and which reaches the spray axis at around 26 mm. All mixing trajectories flow
through this zone, shown by the steep increase in temperature in the ¢ — T map over a wide

range of equivalence ratio values.

According to the previous differences in heat release zones, modelling approaches predict
different locations for the LOL. On the one hand, the well-mixed approach predicts LOL to
stabilize on the mixing trajectory passing through the most reactive spot in the high-temperature
heat release zone close to the stoichiometric equivalence ratio. On the contrary, the UFPV
model predicts LOL to stabilize at the lean high-temperature heat release zone. Furthermore,
the UPFV-0 shows the underlying flame structure, with an intense stoichiometric combustion,
which extends towards both the lean and rich sides, which may bring some remembrance with
triple flame structures. Recent findings supported by DNS calculations under similar operating
conditions show that LOL stabilization might take place at lean, stoichiometric or rich zones

depending on the local flame topology,** but including triple flame effects.
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(middle) and UFPV model (bottom). Biggest blue “x”” marker for mixing trajectory closest to predicted LOL.

4.4 Spray D auto-ignition sequence

After a detailed description of the different modelling approaches for the Spray A case, the
UFPV model is used to evaluate the influence of nozzle diameter in Diesel combustion
following similar concepts. First, the auto-ignition sequence of Spray D will be analyzed. Local
HRR contours are plotted in Figure 19 (along with the spray radius and the iso-contour of ¢,z)

for several timings up to the ID timing at 0.53 ms.
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605 Figure 19. Time and spatially resolved local HRR for Spray D using the UFPV model. Dashed green line drawn
606 at ¢ . Bottom plot shows the integrated HRR, where markers indicate the timings of the local HRR contours.

607  The sequence depicted in Figure 19 evidences that both nozzles (see Figure 14 for Spray A

608  results) share similar features on how the flame is established i.e. a cool flame originated at the
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spray radial periphery (in a broader range of mixtures not limited to ¢,g), a quasi-
homogeneous state of heat release (at 0.32 ms for Spray A and at 0.37 ms for Spray D) and
finally a decrease in the HRR prior to second-stage ignition taking place at the spray radial
periphery (at 0.44 ms for Spray A and at 0.53 ms for Spray D). The location of second-stage
ignition for Spray A is seen to occur closer to the spray tip compared to Spray D, where this
occurs essentially upstream of the spray tip front. Higher ysr values reported above for Spray
A play an important role in the spatial shift of ignition location compared to the larger nozzle.
Differences in ignition location among nozzles are consistent with those reported in the

literature from experimental observations by Pastor et al.*

In agreement with previously discussed longer residence time for Spray D nozzle, a slower
progression of the auto-ignition sequence is expected compared to spray A, as it takes more
time to reach reactive ignitable mixtures, which might be compensated to some extent by the
lower y¢r values of the larger nozzle. From simulation results, the whole ignition sequence is
seen to be already delayed from the initial low-temperature stages, and eventually Spray D
ignites 94 us later compared to Spray A. In that same direction, from experimental observations
Spray D high-temperature ignition occurs 137 us later compared to Spray A. These differences
are consistent with a slower mixing process as previously described in the “Validation of the
computational setup” section. Aside from timing, the general development of the ignition
sequence on Spray D occurs at richer equivalence ratio values. The longer residence time for
Spray D enables the ignition of richer mixtures less favorable from the point of view of

temperature and equivalence ratio. This observation will be further analyzed in the next section.

4.5 Spray D quasi-steady state description

After ignition, both nozzles also share similar heat release zones at quasi-steady state. The
previously observed zones |, 11 and 111 for Spray A (Figure 16 bottom) are also reproduced in
Spray D, resulting in a similar flame structure, with an upstream location occurring at richer
mixtures for the larger nozzle following the auto-ignition comparison. A closer look at zone 11
in Figure 20, where LOL is stabilized, confirms the similarity of Spray A and Spray D flame
structure. The use of normalized coordinates already points at a stabilization of the flame base

at a richer location in Spray D compared to Spray A.

In Figure 20, mixing trajectories are superimposed onto the local HRR contour, and in Figure
21 the corresonding ¢ — T maps are shown. The positions where the mixing trajectories go

above the contour of the 14% of the maximum OH mass fraction are highlighted with blue “x”
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markers. As previously observed for Spray A the closest point to the nozzle, which defines the

LOL value in both cases, occur in the most radially displaced trajectory, i.e. at lean conditions.
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Figure 20. Local HRR contour at quasi-steady state near LOL location for Spray A (top) and Spray D (bottom)
using the UFPV model. Spatial coordinates have been normalized by d.,. Biggest blue “x” marker for mixing
trajectory closest to predicted LOL.
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Figure 21. Local HRR contour at quasi-steady state in ¢-T space for Spray A (top) and Spray D (bottom) using
the UFPV model. Biggest blue “x”” marker for mixing trajectory closest to predicted LOL.

Despite evident similarities between the two nozzles studied in this work, a major distinction

has already been mentioned, i.e. both ignition and lift-off length stabilization occur in more
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fuel-rich mixtures in Spray D as compared to Spray A. This observation is sustained by a slower
mixing process with consequent longer residence time for Spray D. In ¢ — T coordinates Spray
D richer combustion is evidenced by the presence of mixing trajectories increasing in
temperature for ¢ > 4, which does not happen for Spray A. Such trajectories are the ones
closest to the axis, where the scalar dissipation rate is lower, which also contributes to the
possibility of reaction to progress in richer equivalence ratio zones. On the other hand,
trajectories linked to the LOL stabilization (blue markers in Figure 20 and Figure 21) reach the
lift-off limit at similar equivalence ratio and temperature values for both nozzles. However, the
different development of the mixing process in terms of spatial distribution and local residence

time results in different spatial locations for this high-temperature zone between both nozzles.

5 Conclusions

The effect of nozzle orifice diameter on Diesel combustion has been studied. Spray A and Spray
D from the ECN have been modeled and validated under nonreacting and reacting conditions
using CFD. For the nonreacting condition, the applicability of the mixing trajectory concept has
been assessed for both nozzles along with the concept of local residence time. For the reacting
condition, commonly made assumptions for TCI have been evaluated for Spray A. For this
purpose, auto-ignition sequence and quasi-steady state results from the WM and the UFPV
models have been analyzed. Finally, a comparison of auto-ignition and quasi-steady state results
of the two nozzles has been made.

Main conclusions from this study can be summarized in the following:

e Under the nonreacting condition, local residence time has been quantified for both
nozzles. Results show that it increases at locations farther away from the nozzle both in
axial and radial directions. This observation is consistent with the location at which
main ignition is observed to take place. Both WM and UFPV models predict main
ignition as taking place near the spray periphery. At his location in the spray two
observations should be emphasized. On the one hand, a “conserved gas particle” has
already diluted as it follows its mixing trajectory. On the other hand, local residence
time is high enough as to let chemistry progress.

e The reduction of the nozzle diameter promotes faster mixing. Under the nonreacting
condition the time spent at a given ¢ is shorter in Spray A compared to Spray D. Taking
into account the description of the spray as a set of trajectories where mixture fraction

is progressively diluting, this means that the faster mixing for Spray A enables reaching
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ignitable equivalence ratio values earlier. Therefore, the shorter ID time for the smaller
nozzle is consistent with shorter residence time.

e For the reacting Spray A condition both WM and UFPV models predict similar global
steps leading to main ignition. The main difference is related to the spatial width of the
area that characterizes this event. WM results show main ignition occurring at a narrow
range of mixtures centered around ¢,,z. On the contrary, UFPV results show how main
ignition takes place on a broader range of mixtures.

e At quasi-steady state the predicted flame structure for Spray A is remarkably different
among the two combustion models. The scalar dissipation rate (only accounted for in
the UFPV model) seems to shift further downstream the low-temperature heat release
zone compared to WM results. The downstream shift is consistent with high ysr near
the nozzle. On the high-temperature heat release zone, ysr is observed to play an
opposite role contributing to the stabilization of the LOL closer to the nozzle compared
to WM results. The comparison of UFPV and the intermediate UFPV-0 model,
considering the flamelet sub-grid structure but not the presumed-PDF integration,
evidences that one of the reasons for the wider spatial location of reaction zones is the
averaging of laminar flamelets, smoothing the gradients within the reacting zones of the
spray.

e UFPV results for Spray A and Spray D show a similar ignition sequence for both
nozzles. Faster mixing and higher y¢r values for Spray A cause main ignition to occur
closer to the spray head compared so Spray D where main ignition occurs closer to the
spray radial periphery.

e Inspatial coordinates, both Spray A and Spray D share a similar flame structure at quasi-
steady state. In ¢ — T space Spray D is characterized by richer mixtures being able to
ignite. A slower mixing process, thus longer residence time, allow richer mixtures to
ignite in the larger nozzle close to the axis, with lower scalar dissipation rate also

contributing to this ignition capability.
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Appendix A. Mixing trajectories

In problems of momentum transfer, fluid flow is usually analyzed in terms of streamlines, i.e.
lines describing the convective flow movement. In cases where species are also transported by
means of convection and diffusion, both terms have to be accounted when tracking species.
Assuming azimuthal symmetry, generally occurring in single spray cases such as the one under
investigation, so-called “mixing trajectories” can be obtained by integration of the equation:

dx dr 1
u+udif_v+vdl-f ( )

In Equation (11), u and v denote the convective components of the velocity field, while u,;f
and vg;¢ allow for the consideration of the transport flow induced by the diffusion of mixture

fraction. Following a RANS approach for a spray at high Reynolds number, turbulent diffusion
is assumed to be much more important than the laminar one. Therefore, diffusive components®
are defined in an analogue way to a Fick’s diffusion law (where the diffusion flux can be written

as gf = pZvgy), according to:

D, dZ

Uaip = = 5= (12)
D, 0Z
Vaif = _fﬁ (13)

where diffusivity has been assumed equal to the RANS turbulent one, calculated from turbulent
viscosity via a unity Schmidt turbulent number, which has been imposed in the CFD
calculations. Therefore, the diffusion coefficient in Equation (12) and Equation (13) is
calculated as D, = C, x*/¢ with C, = 0.09.

The mixing field, described by Z, is shown in Figure 22 for both Spray A and Spray D at several
time instants after start of injection. The contour of the spray is delimited by the spray radius
marked at the locations where Z is 1% of the value on the spray axis. Finally, mixing trajectories
are also plotted on the contour plots in Figure 22. These are calculated downstream of the liquid
length to avoid any effect induced by Lagrangian parcels, as the mixing trajectories are mainly

an Eulerian concept.
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Time development of mixing trajectories agrees with the general evolution of the spray, where
a transient zone progresses at the tip of the spray, behind which a quasi-steady flow is
established. In this sense, mixing trajectories are almost straight lines with a direction that
barely changes until reaching around 70-80% of the tip penetration. Transient structures can be

observed at the furthest radial locations around the tip of the spray.
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Figure 22. Mixture fraction field and mixing trajectories for Spray A (left) and Spray D (right).

It is also worth mentioning that by normalizing the axial and radial coordinates, at any given
point defined by (x*, r*) the same Z value for both nozzles is reached. This observation is
confirmed as trajectories for both nozzles start at x* = 20 d,, indicating that both nozzles have
a similar saturation Z value. This is also expected since saturation Z depends on the fuel, fuel

temperature and ambient temperature and pressure.

Appendix B. Extended study of global combustion parameters

As described in the “Computational setup” section the chemical mechanism by Yao et al.** has
been used in this work to describe the oxidation of n-dodecane. Figure 23 shows the predicted
values for ignition delay and lift-off length for the chemical mechanisms by Yao et al.** (as
presented in Figure 10) and Narayanaswamy et al.*® This last chemical mechanism comprising
257 species and 1521 reactions is also used to describe the oxidation of n-dodecane. Despite
differences in the predicted values for ID and LOL, the trend between nozzles (i.e. longer 1D
and LOL for Spray D compared to Spray A) remains the same regardless of the chemical

mechanism choice for both WM and UFPV models. This observation shows that the main
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conclusions in this work concerning the effect of nozzle diameter on Diesel combustion hold

valid independently of the chemical mechanism used.
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Figure 23. Ignition delay and lift-off length for Spray A and Spray D using the chemical mechanism by Yao et
al.3* (solid line) and Narayanaswamy et al.*¢ (dashed line).

Finally, Figure 24 and Figure 25 depict the Spray A auto-ignition sequence for the
Narayanaswamy et al.*® chemical mechanism using the WM and the UFPV models,
respectively. The figures show the local HRR contour with the spray radius and the most
reactive equivalence ratio iso-contour (¢ = 1.39). Despite differences in the maximum HRR
level reached, both results share the same auto-ignition characteristics highlighted for the
chemical mechanism by Yao et al.3* in Figure 11 for the WM model and in Figure 14 for the
UFPV model.
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