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ABSTRACT

Large-eddy simulation (LES) of multiple-injection spray combustion under engine-like conditions is per-
formed using a coupled model of an Eulerian stochastic field transported probability density function (ESF
T-PDF) and a flamelet generated manifold (FGM). This coupled model allows the use of the T-PDF meth-
ods in modeling the interaction of turbulence and chemistry at affordable computational costs for engine
applications. Simulation results are compared with the available experimental data for spray flames with
multiple-injection and at a high level of exhaust gas recirculation (EGR) under conditions relevant to in-
ternal combustion engines. It is shown that the T-PDF/FGM LES model is capable of reproducing not only
global combustion characteristics, such as the pressure rise and ignition delay time but also replicating
the evolution of liftoff length and the spray flame structure.

The effects of pre-injection strategies are then investigated, by systematically varying the pre-injection
duration and the dwell time between two injections, while keeping the total injected fuel mass constant.
The LES results reveal different mechanisms by which a pre-injection can change the ignition delay time,
the combustion mode and the emissions in spray flames, depending on the injection timing. It is shown
that even an extremely short non-igniting pre-injection can substantially change the ignition and emis-
sions characteristics of the main-injection. It is shown that the combustion mode of a single-injection can
be altered by splitting the injection to pre- and main-injections. The current study also demonstrates that
decreasing the dwell time, within the range that is examined here, at a given pre-injection, will poten-
tially increase the soot oxidation rates while it does not significantly change the rate of soot formation.

© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

crease the soot emission of the main-injection [2,5,6], compared
to that of a single-injection without splitting. It is not clear if this

Multiple-injection strategies which split a single-injection into
separate pre-, main- and/or post-injections, are commonly used to
improve diesel engine performance. Recent works, however, have
shown that at given operating conditions, the behavior of both
NOx and soot emissions of an engine can be improved or wors-
ened, depending on the adopted injection splitting strategy [1-4].
For instance, there is a general agreement that a pre-injection can
shorten the ignition delay time (IDT) of the main-injection and re-
duce NOx, CO, and unburned hydrocarbon (UHC) emissions. How-
ever, it has been reported that the pre-injection can potentially in-
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E-mail addresses: ahmad.hadadpour@scania.com, ahmad.hadadpour@energy.lth.se
(A. Hadadpour), m.jangi@bham.ac.uk (M. Jangi).

https://doi.org/10.1016/j.combustflame.2022.112082

increase is due to the increase of soot formation process resulting
from insufficient fuel/air premixing time, the shortening of the IDT,
or the lower soot oxidation rate as a result of lower local flame
temperature.

Such trade-offs between the desired effects of any multiple-
injection strategy and their undesired side-effects must be care-
fully taken care of in the design of these strategies for engine ap-
plications. Generally in those designs, the large number of key con-
trolling parameters that are involved, such as operating conditions
(e.g., temperature, pressure and level of oxygen in the ambient en-
vironment), the number of split injections, the duration of each
injection, the dwell time between them and the nonlinear cou-
pling effects of these parameters, makes the optimization of an in-
jection strategy a challenging task [7]. Indeed, the design of such

0010-2180/© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. This is an open access article under the CC BY license
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optimized multiple-injection strategy is impossible without under-
standing the underlying physics of each effect.

To improve such understanding and to explain the effects of
each of these parameters in multiple-injection schemes, many
studies are ongoing [2,8-20]. Skeen et al. [8], investigated the igni-
tion of n-dodecane in a double-injection and reported that the IDT
for the second injection is shorter than that for the first one. They
also observed a greater amount of soot in the second injection
than what was observed in the first injection. They suggested that
this is due to the shorter IDT and lower local oxygen concentration
for the second injection. However, since they examined only one
injection timing, they highlighted that this conclusion may change
by varying the pre- and main-injections duration and dwell time
(hereinafter pre-injection timing) and further investigations were
recommended.

In a separate study on a similar case, Moiz et al. [2]| reported
the same observation on the shortening of IDT. To explain this
effect, they suggested various potential mechanisms which can
be dominant depending on the different operating conditions. Al-
though a pre-injection prepares the mixture for a shorter IDT and
faster combustion of main-injection, its heat release might re-
duce the efficiency of the engine. This is the case if the ignition
and combustion of the pre-injection occur during the compression
stroke. One way to avoid such a scenario is to advance the pre-
injection to much earlier than the top-dead-center (TDC). This way,
the in-cylinder gases are still at a low temperature (e.g., 750 K)
and the pre-injection does not ignite before the injection and ig-
nition of the main-injection. Such injections at a lower in-cylinder
temperature condition have been examined in the mentioned ex-
periments [2,8], and can be applied to delay the ignition of pre-
injection to any time later than the start of the main-injection. This
strategy in an engine, however, can lead to over-dilution from the
pre-injection due to long dwell time, hence it can increase the UHC
emissions and potentially reduce the efficiency of the engine [21].
Accordingly, it is highly desirable to optimize pre-injection timing
in a way that it does not ignite, hence, does not release significant
heat before the ignition of the main-injection. In this sense, the
fuel from pre-injection is desired to be partially oxidized and act
as an ignition precursor for the main-injection.

Set against these backgrounds, in the current study, we use
large-eddy simulation (LES) to explain the underlying physics of
the two explained potential side-effects of pre-injection, i.e., the
increase of soot and the heat release before the start of the main-
injection. For this purpose, LES is highly desirable as it can provide
information about the local chemical composition and tempera-
ture in such detail that is required to fully understand the process
in the system. We first investigate the mechanisms by which the
pre-injection timing changes the ignition, combustion and emis-
sion of the main-injection. Subsequently, we systematically change
the duration of pre-injection and dwell time to examine the va-
lidity and importance of the suggested mechanisms in various
pre-injection timings with identical operating conditions. Based
on this understanding, we strive to propose a method to reduce
the mentioned side-effects only by modifying the pre-injection
timing.

The originality of this work lies in that (1) for the first
time we use a hybrid Flamelet-generated manifold (FGM)/Eulerian
stochastic fields, which we have recently developed for modeling
multiple-injection combustion in an accurate and computationally
affordable manner; (2) we introduce a new reaction progress vari-
able (RPV) using local oxygen consumption and assess its perfor-
mance compared with a commonly-used RPV; (3) based on the
validated simulation results, we suggest mechanisms that a pre-
injection can affect the IDT, combustion mode and soot emissions
in the main-injection, and we discuss the dominant mechanism for
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Table 1
Some of the recent LES studies of ECN spray cases. n-dodecane and n-heptane
are used as fuel in Spray-A and Spray-H, respectively.

Species TCI* Minimum
Fuel number model  cell size [jum] Ref.
n-heptane 42, 68 WSR 125 [22]
n-dodecane 103 WSR 250 [23]
n-heptane 44 FMDF 200 [24]
n-dodecane 103 WSR 62.5 [25]
n-dodecane 257, 103 FGM 62.5 [26]
n-heptane 22 ESF 500 [27]
n-dodecane 54 cMC 62.5 [19]
n-dodecane 103 TFM 62.5 [28]
n-heptane 140 WSR 62.5 [29]
n-dodecane 54 PaSR 240 [11]
n-dodecane 54, 96 WSR 62.5 [30]
n-dodecane 54 WSR 62.5 [31]
n-dodecane 54-255 WSR 62.5 [32]
n-heptane 68 ESF 250 [33]
n-heptane 68 FGM 250 [34]
n-dodecane 54 PaSR 250 [35]
n-heptane 68 ESF 250 [36]
n-heptane 68 ESF 250 [37]
n-dodecane 54 WSR 125 [38]
n-dodecane, n-heptane 57, 130, 257 PaSR 125 [39]
n-heptane 68 PaSR 125 [40]

various pre-injection timing; (4) we show that how a very short
non-ignition pre-injection can modify the IDT of main-injection by
changing the local distribution of reacting species.

In this work, Spray-A case from Engine Combustion Network
(ECN), which is designed to mimic spray combustion in engines, is
simulated. The ECN spray flames have been widely studied exper-
imentally and numerically, therefore a good database is available
for the performance assessment of the simulation. Some of the re-
cent numerical studies of ECN spray combustion cases, including
Spray-A and Spray-H, are listed in Table 1. The Spray-A and Spray-
H cases use n-dodecane and n-heptane, respectively, as fuel.

* TCI: Turbulence-Chemistry Interaction, WSR: Well Stirred Re-
actor, FMDF: Filtered Mass Density Function, FGM: Flamelet Gen-
erated Manifold, ESF: Eulerian Stochastic Field, CMC: Conditional
Moment Closure, TFM: Tabulated Flamelet Model, PaSR: Partially
Stirred Reactor.

2. Numerical method
2.1. Large eddy simulation of the flow
An LES is applied for the gaseous phase by solving the Favre-

filtered conservation equations of mass and momentum, which can
be written as:

0p  0pl; o

., (1)

opi 9 _ 5

% + 5 (PUll; — Ty — ) = 53, @)
J

where the overline denotes the general filtering and tilde denotes
the Favre filtering; u; is velocity component along x;-direction; p is
density; g and 53, are spray source terms that account for the ex-
change rate of the mass and momentum, respectively, between the
gas and liquid phases; T;; is filtered viscous stress tensor obtained

from the resolved strained rate and rffs is subgrid stress tensor.

2.2. Tabulated chemistry method

For the simulation of combustion, an FGM approach is applied,
in which the mass fraction of species as well as reaction source
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terms are tabulated in terms of mixture fraction (Z) and RPV ().
In FGM modeling of spray combustion, cooling effects of liquid fuel
evaporation must be taken into account for the calculation of tem-
perature (T). To perform this calculation, an approach, which is
discussed and validated in Ref. [26], is adopted. In this approach,
the transport equation for sensible enthalpy, h, is solved separately
in the simulations. The temperature is then evaluated based on
the calculated enthalpy and mass fraction of species. Since the h
equation includes a spray source term, the energy exchange be-
tween the liquid and the gas phase, hence, the associated cooling
effects of spray evaporation are taken into account in the calcu-
lation of temperature. The evaporation mainly affects the temper-
ature in the liquid spray region, and its effect is expected to be
milder downstream of this region where the ignition and majority
of reactions take place. Although this effect on the species mass
fraction could also be modeled by varying fuel-side temperature
in the FGM tables at the cost of adding an additional table en-
try, Ref. [26] demonstrated that the final results in the case of this
study are almost insensitive to such change of the fuel-side tem-
perature.

2.3. Turbulence-chemistry interaction

To accurately model the turbulence-chemistry interaction (TCI)
in the present work, instead of presuming a PDF shape of Z and
Y, the Eulerian stochastic fields (ESF) transported probability den-
sity function (T-PDF) method is applied. The transport equation of
the joint sub-grid scales (SGS) PDF is solved with the Monte Carlo
method [41]. In this approach, the joint PDF is estimated by an
ensemble of Ngr stochastic fields (where Ngg is the number of
stochastic fields).

The stochastic differential equations (SDE) for the nth stochastic
field of Z, Y and h are written as:

_9zm

S5d7M — _Hii.
pdz™ = —pii; ax;

0 0Z
dt + R(Ft o,

+S3dt (3)

. ay(ﬂ)

_ dym
pdY™ = —pil;—— o Y

0x;
_ - _ [ T ay®™

- n) _ Sgs 2t9y (n)
chd,(y V)w'®dt +p 2,0 9% dw;

l

dt+—(Ft

)dt

+oSy™ (2™, y™)dt (4)

_ _ 8h(”) ohm
m _ i r
pdh'™ = dp — pt; % ( o —)dt

Tt 8h<

—hw®dt +p

1_
__ (n)

+pS; ™M (z™, y™)de + S3dt (5)

with n=1,2,..., Ngr. These equations imply invoking the
gradient-transport hypothesis for approximating the SGS tur-
bulent transport. I'; = £ + % is the sum of molecular plus SGS
diffusivity. The terms involve Cj4, where Cy = 2 [42], is the micro-
mixing modeled by the Interaction with Exchange to the Mean
(IEM) model [43]. In these terms, w%"° is SGS turbulent frequency

modeled as @' = ”;Z;gs , with A being the filter width. The

term dWi(”) represents a vector Wiener process that is spatially
uniform but different for each field. Here dW,-(”) is approximated
by time-step increment /dtn™ and n™ is a {—1,1} dichotomic
random vector [41].
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In Egs. (3) and (5), § and ﬁ are spray source terms for the
exchange of mass and energy, respectively, with the liquid phase.
The closure for these source terms are obtained using the LPT
method (see Section 2.5). In Eqs. (4) and (5), SS,(")(Z(”), Y™y and

SZ(”)(Z(”), V™) are reaction source terms of the progress variable

and chemical heat release rate, respectively, for the nt" stochas-
tic field. These reaction source terms as well as mass fraction of
species, Y\ (ZM, y™) (« refers to different species), are com-
puted from the looked-up FGM table using Z® and Y. The nt"
stochastic field of temperatures, T™, is calculated using h™ and
YOS”) . It should be noted that no integration using a presumed PDF
(e.g., B-function) in the tabulated variables is needed. Instead, us-
ing the transported joint PDF, the mean and moments of each vari-
able are calculated from the ensemble of Ng notional fields. We
use Ngr = 8, which has been shown to be sufficient for the ESF
method [44]. To assure this sufficiency, we examine the sensitivity
of results to the number of stochastic fields by performing three
simulations with Ngr = 4, 8 and 16 (see Section 4.1.2).

2.4. Flamelet generated manifold database

The FGM database is generated from the numerical solution of
steady and unsteady flamelet equations for counterflow diffusion
flames in mixture fraction space. These equations are solved using
FlameMaster [45]. Following Ref. [26], the boundary conditions of
temperature and mass fractions in the flamelet equations are set
as the same values as in the experiment (see Section 3). For the
generation of FGM database, 47 steady-state flamelets, (2 x 1075 <
X <30 s, where x is scalar dissipation rate at stoichiometric
mixture fraction), and 429 unsteady flamelets (x =30 s=!, 0 s
< T < oo, Where 7 is the time from the unburned condition) are
used. The x =30 s! for the unsteady flamelets, which represent
the ignition process, is chosen based on a one-dimensional analy-
sis. The yx values ranging from 1 to 40 s—! were examined in the
flamelet calculations and the one that exhibited the closest IDT in
the one-dimensional analysis to the reported value for n-dodecane
ignition was chosen.

Three RPVs ();_3) are examined in this work as defined in the
following. In the definitions of RPVs, Y, is the mass fraction of
species & and M, is the associated molecular mass. In these def-
initions, to exclude the contribution of the initial gases from the
definition of progress variables, a new variable is introduced and
used as Yy =Yy — Yy, (Yg/Y,\?z), where Y0 is the initial mass frac-
tion of species o (see Section 3).

The first RPV is a commonly used progress variable [26],
V1 =Y /Mco + YC*HZO/MCHzo + Yc02 /Mco,. This progress variable
can predict ignition and the early part of combustion reason-
ably well, but it does not increase monotonically after igni-
tion [26]; hence, it cannot predict the total released heat and
pressure rise correctly. To examine and confirm this, in addi-
tion to Y;, two other RPVs are proposed in this study. The sec-
ond RPV, which is also the baseline RPV in this work, is de-
fined as Y, = -Y5 = Yo, + Yy, (Y(()’2 /Y132>~ It was observed that
A% mcreases monotonically for unsteady flamelets. The third RPV
is V3= Z 1 Wa'Ya, where w,, is calculated using an optimiza-
tion algorlthm [46] involving all the species in the mixture to
achieve a monotonic increase of )3 across the flamelets. The
four largest terms of )5 are, —6.85 x 10*13(6‘2 +1.66 x 10*1YC*02 +
1.45 x 1071Yg, — 4.68 x 10*4YE‘7H14. This optimized RPV in this
work is used only for comparison purposes. The results of the new
progress variable, ), will be compared with the optimized RPV,
Y3, in addition to the comparison with the experimental measure-
ments.
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2.5. Liquid-phase spray modeling

Closures for spray source terms in Eqs. (1), (2), (3) and (5) (i.e.,
S, S, S and S}) are obtained by simulation of the liquid phase
using the Lagrangian particle tracking (LPT) method. The droplets
are injected with a Rosin Rammler distribution, ranging from 1 pm
to the diameter of injector, 90 wm, and their break-up is modeled
using the Kelvin-Helmholtz Rayleigh Taylor (KHRT) model [47]. A
stochastic dispersion model is applied for the droplets dispersion.
LPT uses the mean field value of temperature, and the spray source
terms are added equally to each stochastic field equations (see
Egs. (3) and (5)). For more details on the spray modeling, read-
ers are referred to our previous works [23,48].

2.6. Soot formation and oxidation

A phenomenological multi-step soot model [49] is employed to
simulate the soot evolution process. In this model, the soot particle
nuclei are formed from soot precursor. Upon the formation of the
soot nuclei, they subsequently undergo surface growth, coagulation
and oxidation. Eqs. (6) and (7) are the governing equations for
particle number density, ¢y, and soot mass fraction, Yse:.

py . Opdy (. dgy) 1 dN

ot T ox, o \PPx, ) TN (6)
aﬁi?soot 8ﬁﬁj?soot 0 — 3}’;soot _ am

o oy \PPax )T a )

in which, D; and Ny are total diffusion coefficient and the Avogadro
number, respectively. dN/dt and dM/dt are the source terms of par-
ticle number density and soot mass, respectively, which are mod-
eled using the rates of nucleation, coagulation, surface growth and
oxidation. For more details on the soot modeling, readers are re-
ferred to our previous work [49].

2.7. The solution procedure

The solution procedure at each time step is summarized as fol-
lows:

(1) Equations of mass, momentum, mixture fraction, reaction
progress variable, enthalpy and LPT are solved numerically
using the conventional control volume method. These in-
clude 3 x Ngr stochastic fields equations.

(2) To solve Egs. ((4)-(5)), the reaction source tems, i.e.,
SS,(”)(Z("),JJ(")) and s;<">(z(">,y<“>) are required. These
source terms as well as YOE") are obtained from the FGM ta-
bles, using Z(™ and Y™,

(3) The density, temperature and other thermodynamic prop-
erties of each stochastic field are calculated using YOS") and
h(m,

(4) The mean value of mass fraction of species, temperature,
heat release rate, mixture fraction and other variables are

then calculated, e.g., ¥, = v NXSjF Y™ and T = (L NXS‘:E T
P &8 T = Nsr n=1 * Mo n=1 .
(5) Soot transport equations are solved using the mean values.

The method is implemented in OpenFOAM [50]. The solu-
tion procedure includes momentum predictor, pressure solver and
the momentum corrector, sequentially. Second-order discretization
schemes for both time and space are employed. For the LES, the
mesh size is 0.125 mm within the first 20 mm (axial) of the in-
jector and then it is increased to 0.25 mm for the rest of the
domain. In addition to the analysis of mesh size in our previous
works [48,51], the sufficiency of the used mesh in resolving the re-
quired fraction of turbulence is examined in Appendix A. It should
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Table 2

Specifications of injection timings in the studied cases. Double injection cases
are named as P;D;, where subscripts of P and D in each case name refer to the
duration of Pre-injection and Dwell time in that case, respectively, as specified
in the table. Cases 1, 2 and 3 are the ECN cases with available experimental
measurements [53].

Pre- Dwell Main-
injection time injection
Case name (ms) (ms) (ms)

1 non-reacting 1.5

2 single-injction 1.5

3 P3Ds 0.3 0.5 1.2

4 P3Ds 0.3 0.3 1.2

5 P,D5 0.2 0.3 13

6 P1Ds 0.1 0.3 1.4

be noted that there is no general agreement in the literature on
the required minimum grid size of spray cases. As can be seen in
Table 1, different studies reported different grid sizes depending
on the applied LPT sub-models and the implemented TCI model.

In the current simulations, a time step of At =20 ns is used,
which keeps the maximum Courant number below 0.1. A chemical
kinetic mechanism, which consists of 130 species and 2323 reac-
tions [52], is used in this study.

3. Case specification

As aforementioned, the Spray-A case from ECN [53], which
mimics diesel spray combustion in engines, is simulated. We
use measurements from three experimental cases (two reacting
cases [2,54] and one non-reacting case [55]) for model validation
(see Table 2). All cases involve an injection of liquid n-dodecane
at 363 K through a nozzle with a diameter of 90 pm. The fuel
is injected into a pressurized preheated cubical constant-volume
vessel (with each side length of 108 mm). All cases have an ambi-
ent temperature of 900 K and an ambient density of 22.8 kg/m3.
In the reacting cases, the volumetric concentration of oxygen, car-
bon dioxide, water vapor and nitrogen are 15%, 6.22%, 3.62% and
75.15%, respectively. These values mimic diesel engines with ex-
haust gas recirculation (EGR). In the non-reacting case, these vol-
umetric concentrations are set to 0%, 6.52%, 3.77% and 89.71%, re-
spectively [53].

In terms of injection timing, the standard Spray-A case, which
has a single-injection with a duration of 1.5 ms [54], is chosen
as one of the reacting baseline cases (case “single-injection” in
Table 2). This case is chosen because it has been widely studied
numerically and experimentally [11,25,28,31,42,54,56-73], hence
results from the literature are available to evaluate the quality of
the current simulation. As the second reacting validation case, a
less-studied double-injection experiment [2] is considered (case
P3Ds in Table 2). This double-injection case has a 0.3 ms duration
of pre-injection and a 1.2 ms duration of main-injection. The inter-
val time between two injections (dwell time) is 0.5 ms.

In addition to the described validation cases, three pre-injection
reacting cases, which are listed in Table 2, are studied. These cases
with two different dwell times and three different pre-injection
timings are considered to elucidate the impact of injection strate-
gies on diesel combustion. In all cases, a total amount of 3.46 mg
fuel mass is injected. The injection mass-flow-rate profiles are
adopted from ECN [53]. The adopted profiles take into account the
opening and closing times of the injector. Therefore, the injected
mass in each stroke of injection is not linearly proportional to its
injection duration.
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Fig. 1. The liquid and vapor penetration length for the non-reacting spray case in
the LES and experiment [53,55].

70 mm

0 10 20 30 40 50 60

Fig. 2. (a) The radial profile and RMS of vapor mixture fraction for the non-
reacting case at the axial location of 200d. (b) The Schlieren image (upper
half) [53,55,74] and the LES predicted gradient of density in logarithmic scale (lower
half); the green line in the LES result is isocontour of Z = 0.001; the yellow line is
the reported cone angle (21.5°) in the experiment [74], shown for comparison.

4. Results and discussions
4.1. Model validation

4.1.1. Non-reacting spray

The present LES model is capable of replicating reasonably well
the measured liquid length, vapor penetration length, the radial
profile of mixture fraction, spray cone angle as well as the gen-
eral structure of the spray. Fig. 1 shows the liquid and vapor pen-
etration lengths of the non-reacting spray in the LES, which agree
very well with the experiment. Following the ECN recommenda-
tion [53], the mixture fraction of 0.001 is considered as a threshold
for calculation of vapor penetration in the LES. The liquid length is
calculated by considering the shortest axial distance from the in-
jector in which 95% of liquid exists.

An acceptable agreement has also been observed between the
experiment and simulation in terms of the radial profile of the dis-
tribution of the vapor fuel mixture fraction for the non-reacting
case. Fig. 2a shows these profiles at the axial location of 200d (d
is the nozzle diameter), for the experiment and LES. The vertical
bars are the root mean square (RMS) of the fluctuation of mixture
fraction. Although the peak of the profile is being slightly under-
predicted in the LES, the RMS values in the experiment and LES
overlap fairly well. Nonetheless, this profile falls within the re-
ported uncertainty range of the experiment.
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Fig. 3. Two-dimensional snapshots of the mass fraction of CH,0, OH, and O, at
t =1 ms for the single-injection and P3Ds cases. The red line is the isocontour of
Yon = 1.6 x 10~3; the blue line is the isocontour of equivalence ratio ¢ = 1. The ex-
perimental LOL [53] is also shown with black line for comparison purposes.

To compare the structure of vapor distribution in the ex-
periment and LES, the Schlieren image from experimental
case [53,55] (upper half) and the gradient of the calculated den-
sity in LES (lower half) are shown in Fig. 2b. The green line in the
LES shows the isocontour of Z = 0.001. The yellow line illustrates
the reported mean cone angle (21.5°) in the experimental measure-
ments [74].

4.1.2. Lift-off length and IDT

Figure 3 shows snapshots of the mass fraction of formaldehyde
(CH,0), hydroxyl (OH) radicals and oxygen molecule (O,) at 1 ms
after the start of the first injection, for the single-injection and the
P3Ds cases. In the figure, the experimentally measured position of
lift-off length (LOL), for the single-injection case, is indicated using
a horizontal line. This can be compared to the first axial location
of the isocontour of Yoy = 1.6 x 107, This value is equal to 2% of
the quasi-steady maximum value of Yoy in the domain. As can be
seen, the axial location of the lifted flame is being predicted well
for the single-injection case. The LOL for P3Ds at this time has not
reached its quasi-steady location yet, since it involves a dwell time
of 0.5 ms.

By comparing single- and pre-injection cases, it can be seen
that the OH concentration for the single-injection case is the high-
est near the stoichiometric line, where the O, concentration is low.
However, in the P3Ds case, a widespread region with a high level
of OH is seen in the fuel-lean mixture downstream, where a sig-
nificant amount of O, is left. These results show that the single-
injection case exhibits a classical non-premixed flame, whereas
in P3Ds due to the injection splitting, a more premixed com-
bustion mode is observed. We will further examine the effects
of injection strategies on the combustion mode and emissions in
Sections 4.2 to 4.4.

To perform a more quantitative validation on the prediction of
spray flame, the instantaneous LOL is plotted in Fig. 4. The LOL
is calculated as the first axial location of OH mass fraction reach-
ing 2% of its maximum in the domain (ECN recommendation [53]).
As can be seen, shortly after the onset of ignition (~ 0.4 ms), the
flame propagates quickly toward the injector and reaches its quasi-
steady location. It subsequently starts to oscillate between, approx-
imately 16 mm and 18 mm, in both experiment and LES. The time-
averaged values in the interval of 0.5 ms to 1.7 ms are also denoted
by the dashed line and the dotted-dashed line for the experiment
(16.66 mm) and the LES (16.93 mm), respectively.

The IDT in LES is defined as the time when the maximum
dTmax (t)/dt occurs (ECN recommendation [53]). Fig. 5 shows the
temporal evolution of the maximum temperature in the domain
Tmax (t) (black line) and its derivative, dTmax(t)/dt (red line). The
first and second stages of ignition are captured in the simulation
and are exhibited by the first and second peaks of dTmax(t)/dt.
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Fig. 4. Temporal evolution of LOL for the single-injection case. The dashed and
dashed-dotted lines are the time-averaged values in the interval of 0.5 ms to 1.7 ms.
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Fig. 5. Temporal evolution of LES calculated maximum temperature Ty (t) (black
line and left axis) and its time derivative dTy. (t)/dt (red line and right axis) for
the single-injection case.

The calculated IDT in the single-injection case using this method is
0.41 ms and the measured IDT in the experiment is 0.43 ms [54].

For the double-injection case (P3Ds), the IDT of the pre-
injection fuel using the described method is 0.37 ms, which is
slightly shorter than the IDT of a single-injection. This is proba-
bly because the pre-injection ends at 0.3 ms and the entrained air
during the dwell time improves fuel/air mixing. Therefore, it ig-
nites slightly faster than a single-injection.

The IDT for the second-injection fuel cannot be defined using
dTmax (t)/dt, as it is for the first injection, because Tngx(t) reaches
its maximum after combustion of the pre-injection. Therefore, the
IDT for the second injection, in both the experiment and LES, is
approximated using the apparent heat release rate (AHRR) as it
is recommended in Ref. [8]. The estimated IDT using the LES is
0.22 ms, which is comparable to the experimental estimated value
of 0.16 £+ 0.02 ms [2].

As mentioned before, to examine the sensitivity of the results
to the number of stochastic fields, in addition to the baseline sim-
ulation with Ngg = 8, two additional simulations with different Ngg
are performed for the single-injection case. The calculated IDT in
cases with Ngr = 4, 8, 16 are 0.43 ms, 0.41 ms and 0.42 ms, respec-
tively. The calculated LOL for these cases are 17.5 mm, 16.9 mm
and 17.6 mm, respectively. These values show an insignificant sen-
sitivity to the Ngr, which is in line with the literature that suggests
sufficiency of 8 stochastic fields [44]. A complete Ngr-independence
may need a higher number of stochastic fields but by consider-
ing the computational costs, Ngz = 8 is considered to be a reason-
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Fig. 6. LES predicted and measured [2,54] pressure rise for single-injection and
PsDs cases.

able choice, which yields a balance between accuracy and compu-
tational efficiency.

4.1.3. Pressure rise

The predicted pressure rise for both the single-injection and the
P3Ds cases are shown in Fig. 6.

It can be seen that the LES result with the baseline RPV, ),
is almost identical with that of the optimized RPV, )5, for both
single-and double-injection cases, where both the results with )»,
and Y3 agree well with the experiments. However, the commonly
used RPV, )y, yields a poor prediction of the pressure rise. Un-
like ), and )3, Y; does not increase monotonically after the ig-
nition [26]. Therefore, it does not represent the entire progress in
the ignition reactions.

4.1.4. Temporal-spatial structure of flame and soot

The LES model performance in the prediction of the detailed
structure of the spray flame is examined in Fig. 7. The top
row in this figure shows the combustion chemiluminescence and
the soot luminosity from the experiment for the single-injection
case [53,75]. The high-temperature reactivity border is also indi-
cated using the blue line. The middle row shows the simulation
results of the line-of-sight distribution of formaldehyde (blue) and
OH (yellow), as well as an isocontour of T = 1100 K (white line).
The bottom row shows the LES results of the line-of-sight distribu-
tion of soot (black), as well as the same isocontours of T = 1100 K
(blue line). In the LES results, the first ignition site can be seen at
0.4 ms, at the alike time and axial and radial location as it was
observed in the experiment. Following the onset of ignition, the
high-temperature region develops both radially and axially, similar
to that in the experiment.

To the best of the authors’ knowledge, the evolution of the soot
mass has not been reported in the experimental measurements
for any of the studied cases, which have rather short injection
durations. Therefore, to adopt the surface growth coefficient (see
Ref. [49]) and to examine quantitatively the performance of the
model in trend prediction of soot mass evolution, the available re-
ported soot mass for the case from Refs. [53,76] is used. This case
has a similar injection rate and thermodynamic conditions but a
longer injection (6 ms) than the current case (1.5 ms). As can be
seen in Fig. 8, although the onset of soot formation is predicted to
be slightly (~0.2 ms) earlier than that in the experiment, the trend
of this evolution is fairly well predicted. This can be understood by
comparing the LES results with the measurement before 1.5 ms.

In the following sections, we use the current validated LES
model to study the effects of pre-injection on the ignition, com-
bustion and emissions of the main-injection.
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Fig. 7. Top row: the combustion chemiluminescence and the soot luminosity from the experiment [53,75]. Middle row: the simulation results of line-of-sight distribution
of formaldehyde (blue) and OH (yellow). Bottom row: the simulation results of the line-of-sight distribution of soot (black). The lines are isocontour of “high-temperature
reactivity border” from the experiment [53,75] and isocontour of T = 1100 K from the simulation.
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Fig. 9. The apparent heat release rate for cases with different duration and mass of
pre-injection. The P;D; (red line) is advanced by 0.4 ms and is represented by red
dashed-line in order to be comparable with the single-injection case.

4.2. Effects of pre-injection on the ignition of the main-injection

Fig. 9 shows the AHRR for the single-injection case and the
three double-injection cases with the same dwell time of 0.3 ms
(i.e., PiD3, P;D3 and P3Ds3). It can be seen that the AHRR for
cases P,D3 (with 0.2 ms pre-injection) and P3D3 (with 0.3 ms pre-
injection) have peaks of AHRR in the vicinity of 0.44 ms, which

0 ms 0.1 ms 0.14 ms
OH
6e-04
3e-04
0
© [CH,0
E '88-03
S 4e-03 3.
@Dl o ,# (>
Ket

9e-03

P1D3

P3D3

Fig. 10. The snapshots of KET, CH,0 and OH radicals for the single-injection, P;Ds
and P3D3; cases. The shown values of times are t4y;. To simultaneously illustrate
the distribution of low- and high-temperature areas, isocontour of T = 950 K (black
line) and T = 2000 K (red line) are also shown.

are well before the start of the main-injection. It implies that in
these cases the pre-injection ignites and releases heat before the
start of the main-injection. However, the P;D5 case, which has the
shortest pre-injection duration (0.1 ms), has essentially no signif-
icant AHRR until around 0.7 ms, which is 0.3 ms after the start
of the main-injection. This is because such a short pre-injection
is quickly diluted by the ambient air entrainment during the dwell
time, and fails to auto-ignite. Despite its failure in igniting, the pre-
injection is shown to decrease the IDT of the main-injection by 15%
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Fig. 11. Temporal evolution of total mass of (a) CH,0; (b) OH; in the domain after
start of the main injection for the same cases as in Fig. 10.

as compared to that of the single-injection case. This is confirmed
by advancing the results for this case by 0.4 ms, which is the start
time of the main-injection in this case. A similar decrease of the
main-injection IDT in the cases P,D3 and P3D5 are observed. How-
ever, the underlying physical mechanism for the reduction of IDT
in these two cases (with a longer pre-injection) is different from
that for the P;D3 case. The underlying mechanisms are discussed
in the following, based on the LES results.

Fig. 10 shows distribution of ketohydroperoxide (KET), CH,O
and OH radicals for the single-injection case, P;D3; case (repre-
senting shorter pre-injection) and P3D3 case (representing longer
pre-injection). The selected times for illustration are after the start
of the main-injections for all three cases. Hereinafter, we refer to
“the time after the start of the main-injection” as tgy, ie. for
single-injection case tyyy = t; for case PyD3 tyy =t — 0.4 ms; and
for P3D3 tay =t — 0.6 ms, where t is the time after start of the
first injection event. The sequences of snapshots in the same ty
in this figure are used to demonstrate how the ignition and the
cool flame are different in the main-injection in these three cases.
The ignition and high-temperature flame are indicated by OH dis-
tribution and red isocontours of T = 2000 K, while the cool flame
is indicated by KET and CH,O distributions as well as the black
isocontour of T =950 K.

As mentioned before, the fuel delivered during the pre-injection
in P1D3 is quickly diluted by the ambient air during the dwell
time and fails to auto-ignite. This can be seen in the snapshots
of this case between 0 - 0.14 ms, where neither OH radicals nor
high-temperature regions have formed. The existence of the radi-
cals from the pre-injection mixture in this case, however, promotes
the formation of CH,0, KET and other cool flame products. These
species also elevate the local temperature by about 50 K, compared
to those in the single-injection case. This cool flame boosts the on-
set of high-temperature ignition of the main-injection. Therefore,
at tyy = 0.4 ms the first ignition site can be seen for P;D3 case,
while there is no such a significant ignition site for the single-
injection case at the same time instance.

To support this discussion quantitatively, the mass evolutions of
CH,0 and OH for the same cases as in Fig. 10 are shown in Fig. 11.
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Fig. 12. Temporal evolution of the sum of heat release rate conditional on given
equivalence ratios in the entire LES domain for the (a) single-injection and (b) P3D3;
cases.

As can be seen in the latter figure at the start of main-injection in
P;D3, while a considerable amount of CH,0 exists in the domain,
no OH has been formed yet. As discussed, this cool flame product,
however, advances the formation of OH which can be confirmed
by comparing OH mass of P;D3 and single-injection cases in
Fig. 11b.

Unlike the P{D3 case, in P3D3 case, a high-temperature zone
and OH radicals have been established in the domain before
the start of the main-injection (see for instance ts; =0 ms in
Figs. 10 and 11 b). The fuel delivered during the main-injection
event penetrates into this high-temperature zone formed after pre-
injection and immediately ignites. We will further examine the
ignition and combustion mode of the cases with a 0.3 ms pre-
injection, in the following section.

4.3. The combustion mode of pre- and main-injections

As mentioned in Section 2.4, the concept of flamelet gener-
ated manifold is to apply a manifold of flamelets that consists
of non-premixed combustion (steady flamelets) and local igni-
tion/combustion of a premixed mixture (unsteady flamelets) [77].
This low-dimensional manifold is constructed based on a progress
variable which allows modeling the local ignition and combustion
process in the premixed mixture.

Fig. 12 shows the temporal evolution of the total heat release
rate in the domain for given ¢ values (the vertical axis). Integra-
tion of the total heat release rate in the ¢ coordinate gives the
total heat release rate of the entire mixture in the domain. For
the single-injection case, there is no significant heat release un-
til 0.4 ms. The first ignition site is in the fuel-rich mixture, with
¢ ~ 2.5 (see the white arrow). Shortly after the onset of ignition,
the heat release shifts toward stoichiometric and fuel-lean mix-
tures. During the time interval of 0.4 ms (onset of ignition) and
1.5 ms (end of injection), the heat release rate distribution in the
¢-coordinate is rather similar and has a maximal around the sto-
ichiometric mixtures, ¢ = 1. This indicates a quasi-steady lifted
diesel spray flame. Analysis of the flame index indicates that the
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later stage combustion is mainly in the diffusion flame mode for
the single-injection case (will be shown later). The structure of the
quasi-steady lifted flame at t =1 ms can be found in Fig. 3.

For the double-injection case, although the ignition start of pre-
injection occurs in the fuel-rich mixture, which is akin to the
single-injection case, it does not develop into a lifted diffusion
flame. This is attributed to the short duration of the pre-injection,
ending before the onset of high-temperature ignition. The fuel/air
mixture from the pre-injection is burned mainly in the premixed
combustion mode, exhibiting a heat release rate shifting toward
¢ = 0.5 — 1. For this reason, as it will be shown in Section 4.4, soot
formation during the pre-injection is low, which is in line with the
observation in Ref. [2].

The white dashed line in Fig. 12b illustrates the start of the
main-injection at 0.6 ms. At approximately 0.9 ms, the fuel deliv-
ered in the main-injection starts to release heat which can be seen
in this figure and also in Fig. 9. However, the onset of heat release
in the main-injection is different from that in the first injection.
Here, instead of having a rich-zone ignition like the single- and
pre-injection (highlighted by white arrows), the heat release ap-
pears within a wide equivalence ratio range of 0.5 < ¢ < 2 (high-
lighted by a white oval). When the main-injection mixture enters
into the high-temperature zone of the burned gas from the pre-
injection, it is ignited immediately. Therefore, the heat starts to be
released in a wide range of equivalence ratios, rather than having
slow auto-ignition in a limited number of ignition sites. The igni-
tion of the main-injection in P3D3 can also be seen in form of an
OH rise in Fig. 11 at g ~ 0.3 ms (i.e,, t ~ 0.9 ms in Fig. 12).

To complete the presented image of combustion of pre- and
main-injection, the mode of combustion is investigated using flame
index (FI) in a similar approach that was practised in Ref. [78]. FI
can be defined by the degree of alignment of fuel and oxidizer gra-
dients as

VY- VY,
VY[ VYo,

where Yr is mass fraction of fuel (CioHyg) and all smaller CxHy
species. Two regions are defined using the local distribution of FI:
(1) the local region with negative FI values as gradients-opposed
or non-premixed combustion region; (2) the local region with pos-
itive FI values as gradients-aligned or premixed combustion region.
HRRyon_premixed @0d HRRremiveq is defined as the fraction of the
heat release rate (HRR) from each of the corresponding regions.
To investigate the effect of splitting the single-injection to a pre-
and main-injections on the combustion mode, the HRRpemixed Of
cases single-injection, P3D3 and P3Ds are plotted in Fig. 13. As can
be seen, the pre-mixed combustion level is higher in the multiple-
injection cases than that in single-injection case. The more intense
premixed combustion is being observed during and shortly after
the dwell times between the two injections. The dwell times are
from 0.3 ms to 0.6 ms in P3D5 and from 0.3 ms to 0.8 ms in P3Ds.

FI , (8)

4.4. Effects of pre-injection duration and dwell time on the soot
formation/oxidation of the main-injection

It has been reported in the experiments [79] that a shorter
dwell time in double injection cases leads to a lower soot emis-
sion. To investigate the experimental observation in the reduction
of net soot, we plot the temporal evolution of the total soot mass
for the single-injection and the double-injection P3D; and P3Ds
cases in Fig. 14. The latter two cases have similar durations of first
and second injections, but different dwell times. As can be seen,
the P3Ds case exhibits a higher peak soot mass than that in the
single-injection case, while in the P3D3; case the peak soot mass
appears to be lower. The underlying physical reason for this result
will be discussed in the following.
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Fig. 14. Evolution of soot mass for single- and pre-injection cases with long and
short dwell times.

Fig. 15 shows the distribution of soot formation/oxidation rates
(dMso /dt), for different cases at five instances of time after the
start of the main-injection. It is observed in the LES results that
a major fraction of net soot formation (dMse/dt > 0) takes place
in the region with 1500 K <T < 2000 K (hereinafter is re-
ferred to as the intermediate-temperature region) and ¢ > 1.5.
The major fraction of soot oxidation (dMsey/dt < 0) takes place
in the region with T > 2000 K (hereinafter is referred to as
the high-temperature region). To illustrate the overlap of these
intermediate- and high-temperature regions with the soot forma-
tion and oxidation regions, respectively, the isocontours of T =
1500 K (red) and T = 2000 K (green) are plotted in Fig. 15. These
regions are used to investigate the effects of pre-injection tim-
ings on modifying the local temperature and, hence, local soot
formation/oxidation. The distribution of temperature at the same
time instances is also shown in Fig. 16. Isocontour of ¢ = 1.5, in-
dicating the fuel-rich zone, is shown in both figures with black
lines.

As can be seen, the soot formation and oxidation rates at
tam =0.4 ms are higher in the P1D3 case than that in the single-
injection case. A comparison between the isocontour of ¢ in these
two cases shows that the fuel-rich areas in both cases are almost
the same. However, both intermediate- and high-temperature re-
gions for the case with pre-injection (P;D3) are broader. This is
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Fig. 15. Distribution of soot formation/oxidation rates. The shown times are tay;.
The yellow color shows the rate of formation; the blue color shows the rate of
oxidation (see the color bar); the red line is isocontour of T = 1500 K; the green
line is isocontour of T = 2000 K; the black line is isocontour of ¢ = 1.5

due to the earlier ignition of the main-injection in P;D3 than that
in the single-injection case, as discussed in Section 4.2.

By increasing the pre-injection fuel amount in the case P3Ds,
the formation and oxidation of soot are further elevated. Un-
like case P{D3 which has a short non-igniting pre-injection,
the main-injection in the P3D3 case directly penetrates into the
intermediate- and high-temperature plumes formed after the pre-
injection due to the relatively short dwell time. This penetra-
tion of the main-injection into intermediate- and high-temperature
plumes gives rise to the higher soot formation and oxidation.

For case P3Ds, the dwell time is longer, which in turn, provides
a longer time for the fresh air entrainment to cool down the pre-
injection mixture before penetration of main-injection. By compar-
ing the temperature distribution of pre-injection in cases P3D3 and
P3Ds in Fig. 16 during ta,; = 0.02 ms - 0.4 ms, it can be seen that
the high-temperature region which is important for soot oxidation
has been decreased in P3Ds. This is illustrated quantitatively in
Figs. 17a and b by showing the total mass of the intermediate- and
high-temperature regions, respectively, after the start of the main-
injections. As discussed, P3D3 exhibits a larger high-temperature
region and a smaller intermediate-temperature region compared
to those in P3Ds. This condition in P3D3 is in favor of more soot
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Fig. 16. Distribution of temperature at the same time instances as Fig. 15. The
shown times are tay;. The black line is isocontour of ¢ = 1.5.

oxidation compared to the other case. This can be confirmed by
comparing the soot formation/oxidation results for P3D3 and P3Ds
during 0.2 ms - 0.5 ms in Fig. 15. In this figure, the rate of local
soot oxidation in P3Ds is higher than that in P3Ds. Therefore, as it
was observed in Fig. 14, for the P3D3, which provides a larger high-
temperature region compared to P3Ds, the peak soot mass appears
to be lower.

5. Conclusion

A hybrid T-PDF/FGM model for LES modeling of spray combus-
tion is presented, validated and used to study the effects of dura-
tion of pre-injection and dwell time on the combustion of spray in
diesel engine-like conditions. The main findings of this study are
summarized as follows.

(1) The fuel from the pre-injection can be fully oxidized gener-
ating a high-temperature region prior to the main-injection when
the pre-injection is sufficiently long. Fuel from a too-short pre-
injection can still promote the ignition of the main-injection, at-
tributed to the cool flame formed in the pre-injection mixture,
without releasing any significant amount of heat prior to the start
of the main-injection.
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Fig. 17. Evolution of mass of the mixture in (a) intermediate- and (b) high-
temperature regions (see the text for the definitions of these regions) after the start
of the main-injection.

(2) Splitting the single-injection into pre- and main-injections
shifts the combustion mode toward lean and premixed combustion
during and slightly after the dwell time. The effect is suppressed
shortly after the start of the main-injection.

(3) Three mechanisms for the soot emission in the pre-injection
strategy are postulated. (a) For small pre-injection, the cool flame
products and heat release of the pre-injection enhance the igni-
tion of the main-injection, which in turn enhances both forma-
tion and oxidation of soot. (b) For the cases with sufficiently long
pre-injection and moderate dwell time, the fuel penetration of the
main-injection into the intermediate- and high-temperature com-
bustion products of the pre-injection can substantially increase the
soot formation and oxidation by enriching the reactants. (c) If the
dwell time is long, it can provide extra entrainment of fresh air
into the high-temperature region of the pre-injection. Therefore,
the combustion product of the pre-injection is cooled down to in-
termediate temperatures, which slows down the soot oxidation.

(4) Within the pre-injection and dwell time ranges that are ex-
amined here, it is found that decreasing dwell time can reduce the
peak soot mass in the domain, due to the larger high-temperature
region and thus the enhanced soot oxidation.
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Appendix A. Resolved fraction of the turbulence

To examine the sufficiency of the grid and filter size in resolving
the turbulent kinetic energy (TKE), we have performed 10 realiza-
tions of the non-reacting LES case. Different realizations are gen-
erated by randomly changing the temporal order of the injected
droplets diameter, while the overall Rosin Rammler distribution of
the droplets are kept identical. Using these 10 LES realization, the
ensemble-averaged velocity and its fluctuation can be calculated.
Then the resolved scale turbulent kinetic energy, ks (Eq. 9) can
be estimated and used to assess the quality of the current LES.

Ko 0,3, 2.6) = o ()% + @) + ())?) (9)

where u} = u; — (u;) is the fluctuation of axial velocity, and uj. and
uj( are the corresponding ones of the other two velocity compo-
nents. () denotes ensemble average with the 10 LES runs. The total
turbulence kinetic energy (k) consists of the resolved (kres) and the
subgrid-scale turbulent kinetic energy (Ksgs)

(k(x,y.2,1)) = {kres(x, ¥, 2, 1)) + (ksgs (X, ¥, 2, 1)). (10)

Figs. 18 a and b show the (kss) and (kres), respectively, at
t =1 ms, for the studied case which has a nozzle diameter of
90 wm. Comparing these two fields indicates the fraction of re-
solved turbulence in the current LES. To quantitatively perform
such comparison, the fraction of resolved turbulence kinetic energy
(i.e., (kres)/({kres) + (Ksgs))) is shown in Fig. 19 for various down-
stream locations. These axial locations are indicated by white lines
in Fig. 18. As can be seen, except for a limited zone near the cen-
terline, an acceptable fraction of turbulence kinetic energy is re-
solved. It should be noted that in the Lagrangian particle track-
ing approach, the in-nozzle and breakup processes are not resolved

B o

| T _ |
0ol
pPeA|0sel

0ooL

Fig. 18. (a) (ksg); (b) (kres) at t =1 ms. The white lines show the axial locations of
the plots in Fig. 19.
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Fig. 19. The fraction of resolved turbulenc kinjetic energy (kres)/({kres) + (Ksgs)) at
three axial locations.

within CFD cell resolutions but are modeled via the so-called pri-
mary and the secondary atomization sub-models. It should also be
noted that the majority of combustion is expected to take place in
relatively large axial locations as the measured flame lift-off length
is 16.5 mm [53]. Thus, it is judged that the present LES grid and fil-
ter size are sufficiently fine to resolve the turbulent kinetic energy
for the purpose of this study.
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