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Abstract

In this paper, the spray-wall interaction of reacting diesel spray under engine like
conditions is investigated using large eddy simulations. The aim of this study is
to understand the influence of the distance between the wall and the spray nozzle
on the air entrainment rate, which is the key variable in the formation/oxidation
process of soot. Three experimental cases are investigated, a free jet case and
two wall impingement cases with a distance from the nozzle to the wall of 30
mm and 50 mm. The optical soot measurements imply a positive influence of
the wall on the rate of soot oxidation. Numerical simulations are employed to
elucidate the importance of different mechanisms for the air entrainment, i.e., the
mechanism of air entrainment prior to flame lift-off position, the mechanism of
enhanced mixing due to the wall impingement, and the mechanism of enhanced
mixing by the entrainment wave. The results show that the oxidation process after

the end of injection is driven by a different mixing mechanism depending on the
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distance to the wall. The 30 mm case resulted in a "mixing boost", where the
dominant mixing mechanism is the wall impingement vortex mixing, which gives
rise to the fastest soot decay among the cases. The mixing in the 50 mm case is
governed by a late wall impingement vortex mixing, giving rise to a low, but a
constant air entrainment rate, i.e., a "mixing plateau". The free jet case resulted
in mixing governed by the entrainment wave mechanism. Both wall impingement
cases have a faster soot oxidation rate compared with the free jet case, but due to
a different underlying mixing process. LES is shown to be able to replicate the
line-of-sight measurements of natural OH* chemiluminescence and distribution
of soot region from the optical soot diagnostics.
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1. Introduction

Diesel engines have been widely studied during the last two decades in or-
der to lower the emissions of soot, while improving efficiency. Apart from the
after-treatment systems, the reduction of soot emissions in diesel engines can be
achieved using a number of in-cylinder methods, e.g., high injection pressure,
multiple injection strategies, or exhaust gas recirculation (EGR) [1-3]. These
techniques can reduce the soot emissions either by improving the mixing process
and thus enhancing the soot oxidation, or by altering the combustion temperature
and therefore the soot formation. However, the most important mixing mecha-
nism to reduce the soot emission is the spray-wall interaction. In order to care-
fully study spray-wall interaction, outside of the complex engine environment,

researchers devoted several experimental studies in the constant volume chamber



to characterize the effects of the wall impingement on the soot emissions [4-7].

The experiments of Pickett and Lopez [8] showed that wall impingement had
a significant effect on the soot emission. Soot was shown to be reduced due to the
wall impingement, possibly by the mechanism of wall cooling that reduced the
soot formation (T,.;= 500 K), or by the enhanced air mixing that increased the
soot oxidation. Similar findings were reported by Wang et al. [9], who showed
that the total soot emission was reduced by the wall impingement. However, for
the cases with wall-wetting, the soot emission could not be improved by the spray-
wall interaction, compared with the free jet cases.

Lietal [10, 11] carried out experiments on spray-wall interaction with a focus
on the effect of the distance between a flat wall (T,,,;= 873 K) and injector nozzle.
It was found that the wall could affect both the formation and oxidation of soot.
The soot formation during the injection, for the wall jet cases, was higher than that
for the free-jet case. On the other hand, in the later phase of injection, as the wall
recirculation vortices were developed, the soot oxidation for the wall jet cases,
was also higher, which resulted in a lower total soot emission compared with the
free jet case. The results indicate that soot oxidation plays an important role in
the final soot emission, which is favorable for the wall jets cases. The underlying
mechanisms for the soot formation and oxidation processes are, however, not clear
due to the limited information obtainable in the optical experiments [10, 11].

The experiments of Li et al. [10, 11] are studied in the present numerical
simulations, aiming to quantify the air entrainment rate, which is considered as the
key variable for soot emission, due to the different mixing mechanisms which are
(a) air mixing in the upstream region of the flame lift-off position, (b) enhanced air

mixing due to wall impingement, and (c) enhanced mixing by entrainment wave



[12, 13]. The goal is to understand their role in the formation/oxidation process
of soot. Large eddy simulations (LES) are performed with directly coupled finite-
rate chemistry based on a partially stirred reactor (PaSR) sub-grid scale (SGS)
model. A phenomenological soot model is employed to identify regions of high
soot formation [14] in comparison with measurement of soot optical thickness,

KL.

2. Numerical method

In LES, the governing equations are derived for the spatially filtered conti-
nuity equation, and transport equations for momentum, species mass fraction,
enthalpy, and mixture fraction. The SGS stress and transport fluxes are mod-
eled using a one-equation eddy model, based on the transport equation of SGS
turbulent kinetic energy. The liquid spray injection is modeled using the well-
known Lagrangian particle tracking (LPT) approach. The Ranz-Marshall correla-
tion is used to compute droplet heat transfer with the surrounding gas phase. The
evaporation is modeled using Frossling equations. The Huh-Gosman model and
Kelvin-Helmholtz (WAVE) model were used for the primary and the secondary
breakup, respectively. Further details of the models are given in our previous
work [15], where the model constants used here are specified. The injection pro-
file is taken from the Engine Combustion Network (ECN) database. The spray
model is shown to be able to replicate the liquid penetration length in the present
free jet case, which was measured with the Mie-scattering technique to be about
26 mm [10, 11]. Vapor phase matches the correct time of the wall impingement
and radial penetration.

The ignition and combustion process of diesel fuel (JIS#2) used in the ex-



periments is modeled by a 54-species compact skeletal mechanism of Yao et al.
[16], known as the SK54 mechanism. This mechanism contains 269 elementary
reactions and it was previously employed to simulate similar spray flames from
the ECN [17]. The liquid fuel properties used in the simulations, which are appro-
priate for diesel fuel (JIS#?2), are based on a mixture of n-decane (70vol.%) and
methylnaphthalene (30 vol.%), known as IDEA.

The soot formation and oxidation process is modeled using a phenomenolog-
ical model based on two transport equations (number density and mass fraction
of soot) [14]. Turbulence-chemistry interaction in the SGS is modeled using the
PaSR model [18]. This approach is shown to offer reasonable results in the simu-
lation of spray flames. Further validation of the model will be provided in Section
4.1. The integration of the elementary reaction rates is the most time consuming
step of the numerical simulation. This step is accelerated with a so-called chem-
istry coordinated mapping (CCM) algorithm [19], which clusters the CFD cells
based on their chemical composition and their thermodynamic state. A low di-
mensional phase space is built including temperature, mixture fraction, fuel mass
fraction, and scalar dissipation rate. The integration of the reaction rates takes
place in the phase space, instead in each individual cell, which can speed up the
integration of the stiff reaction rates by a factor of 10 [19]. The numerical solver
used is OpenFoam 4.1. Both temporal and spatial terms were discretized with

implicit second order schemes.

3. Numerical cases

Three cases from the experimental data of Li ef al. [10, 11] are considered,

including two wall jet cases with the wall to nozzle distance of 30 mm (Case I)



and 50 mm (Case II), and a free jet case (Case III). The computational domain is

a rectangular box, cf. Fig. 1. Table 1 shows the main initial conditions.
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Figure 1: Configuration of the numerical cases. Sprays at 1.0 ms after the start of injection (aSOI).

Table 1: Case setup

mpy Pinj tinj Twall Tamb Pamb

3 100 091 873 873 4.1
[mg] [MPa] [ms] [K] [K] [MPa]

A fully Cartesian grid is constructed with the base cell size of 0.25 mm. The
boundary layer at the wall has been refined with the final cell size of 0.083 mm.
The total number of cells is 1.4, 1.8, and 2.5 million, for Case I to III, respectively.
The phase space resolution in CCM is set as follows: 5K for temperature, 0.001
for the fuel mass fraction and mixture fraction, and 0.025 for the scalar dissipation

rate. This phase space resolution is similar to the previously reported values [19,

20].

4. Results and discussion

4.1. Region zone structure
The reaction zone from the numerical simulations are compared with OH*

natural chemiluminescence from experiments. In the experiments, the intensity



of OH* was recorded as line-of-sight, giving a two dimensional (2-D) distribution
of the OH* signal. To allow for a comparison, the numerical results are post-
processed to obtain a numerical line-of-sight distribution by volumetric integra-
tion of a selected variable along the line-of-sight direction. Since the chemical
kinetic mechanism lacks the information of OH*, the product, OH x CO, is cho-
sen to compare with the experimental OH*, following the suggestion of Refs.
[21, 22]. Figure 2 shows that the reaction zones, indicated by the line-of-sight
integration of OH x CO predicted in the LES, is in a fairly good agreement with
the experimental line-of-sight OH*. The 50 mm wall jet case shows the strongest
intensity of the OH* signal among the three studied cases, whereas the 30 mm
wall jet case shows the weakest intensity of the OH* signal among the three cases.

This trend is correctly captured in the LES.

EXP 30 mm -
1.6 [ms]

Figure 2: Comparison of experimental line-of-sight OH* chemiluminescence [10, 11] (left
columns) and simulated line-of-sight OH x CO from LES (right columns) at 1.3 ms and 1.6
ms aSOI. The white line indicates Z=0.01.

As indicated by the vapor boundary iso-line (the white line in Fig. 2), the vapor
distribution in the wall jet cases can be divided into four regions [8]: the free jet

region (far away from the wall), the impingement region (around the stagnation



point), the main wall jet region, and the wall jet vortex region (the furthermost
vapor radial penetration region). The reaction zone is in the last three regions.
The location of reaction zone predicted in the LES is in good agreement with the

experiment.

4.2. Fuel consumption and oxidation

To investigate the effect of wall impingement on the combustion process, the
total masses of the unburned n-dodecane vapor, C15Hs4, and CO in the combustion
chamber are computed from the LES data. Figure 3 shows that the spray evapora-
tion starts shortly after the start of injection at a constant rate until the time point
of 0.35 ms, which corresponds to the onset of high temperature ignition of the
fuel/air mixture. Thereafter, the mass of C;5Hs¢ vapor fluctuates around a nearly
statistically stationary level. However, the slope of the mass of C15Hyg for the 30
mm case is opposite from that for the 50 mm case and the free jet case, which im-
ply a faster mixing, and thus a faster fuel conversion. At the end of injection (EOI)
at 0.91 ms a rapid decrease of the C;2Hyg vapor mass is shown, which approaches
a low but constant value after 1.5 ms aSOI, due to the rapid decay of turbulence
in the post-injection oxidation process, which slows down the mixing controlled

combustion process.
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Figure 3: Mass of the unburned vapor fuel (C12Hsg) and CO in the domain at different time aSOI.



The CO formation starts shortly after the fuel evaporation during the low tem-
perature ignition stage and the cool flame. The mass of CO increases rapidly after
the onset of high temperature ignition, around 0.5 ms aSOI. After that, the mass of
CO increases monotonically until the end of evaporation, around 1.1 ms. There-
after, CO is oxidized in the post-injection oxidation stage in a diffusion controlled
combustion mode, which slows down after 2 ms aSOI, when the turbulence is sig-
nificantly decayed to a low level. The mass of the vapor fuel and CO in the 50
mm wall jet case is higher than the other two cases, specially between 0.6 ms and
1.1 ms, which is the late stage of fuel injection and evaporation. This difference

will be discussed further in Section 4.4, when the air entrainment rate is analyzed.

4.3. Soot formation and oxidation

The soot formation had been analyzed in the experiment by integrating the
optical thickness KL and additionally, by analyzing the 2-D distribution of KL
[10, 11]. Two main observations were reported. The first is the higher slope
of the integrated (KL) signal (indicating a higher soot formation rate) in the 50
mm wall jet case, which is in agreement with the higher mass of the fuel vapor
and the higher mass of CO in the simulated 50 mm case, shown in Fig. 3. The
second observation from the experiments is the faster decay of the integrated KL
signal (thus soot) for the wall jet cases compared with the free jet case. The
underlying mechanisms for soot formation/oxidation, revealed with the numerical
results, will be discussed below.

The fuel conversion and CO formation is closely correlated with soot forma-
tion, suggesting the 50 mm wall jet case as the high soot formation case. Figure
4 shows a 2-D distribution of the line-of-sight optical thickness (KL) from the

experiment in Refs. [10, 11], which indicates the soot region, and the equivalent
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numerical line-of-sight of soot volume fraction at 1.3 ms. The LES predicted soot

region is consistent with the experimentally detected KL field.

losSootVF
0.0001 2.0e-4

Figure 4: Line-of-sight KL signal intensity from experiments [10, 11] (left column) and an equiv-

alent line-of-sight soot volume fraction from LES (right column).

At 1.3 ms aSOI in the 50 mm wall jet case, the peak intensity soot region
is located in the impingement region, since the wall jet vortex is not sufficiently
developed. The 30 mm wall jet case shows the soot region, within a thin layer in
the impingement region and additionally, inside of the wall jet vortex at a moderate
intensity. The free jet case shows a low intensity soot region located in the spray
head, occupying a large area.

Since soot formation is essential within the mixtures of ¢ > 2 and 1600 <
T < 2200 K, it appears that the wall jet cases can either promote or suppress
the existence of such mixtures compared to the free jet case. An instantaneous
temperature field with iso-lines for the ¢ = 2, T' = 2200 and distribution of the
soot formation rate from the soot model are presented in Fig. 5 at 1.1 ms aSOI,

which is prior to the time at which the integrated KL in the experiments reaches
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Figure 5: Numerical distribution of temperature (left column) and the modeled rate of soot forma-
tion (right column) in the center cross-section plane. White lines indicate the iso-contour of ¢ = 2

and black lines represent the iso-contour of 7' = 2200 K.

its maximum.

In Fig. 5, the 50 mm case resulted in an accumulated zone of soot formation
mixtures in the impingement region. It is partially caused by the wall cooling
effect, resulting in a larger mass fraction of temperatures that correspond to the
soot formation range, i.e., 1600 < 7' < 2200, and in addition, since the vortex
region is not yet developed, it is partially caused by the poor mixing, which gives
rise to a rich mixture region, i.e., ¢ > 2, inside of the impingement zone.

In the 30 mm wall jet case, on the other hand, even though the cooling effect
is similar to that in the 50 mm wall jet case, the size of the rich fuel region, i.e.,
¢ > 2, at the impingement region, is smaller due to the faster mixing caused by
the already developed wall jet vortex region. Hence, the soot formation region in
the 30 mm wall jet case is reduced mainly due to the already developed vortex
region, despite the wall cooling effect.

However, the largest differences in the integral of KL are observed after the

11



EOI. The air entrainment rate is considered as the main reason for the faster soot
oxidation, and thus, it is discussed in the next section, with focus on the mixing

after the EOI.

4.4. Air entrainment mechanisms

The integrated KL in the experiment of Li ef al. [10, 11], shows a faster rate
of soot oxidation for the wall jet cases compared to the free jet case. In order to
explain the observed trend, including the fuel and CO analysis (Section 4.2), an

air entrainment rate is calculated as the derivative of the entrained air defined as,
Moy = (1 - Z)mtot> (1)

where m,, is the entrained air, m;,; is the total mass of the fuel vapor, in the spray
plume and Z is the mixture fraction. Z = 0.01 was used as a threshold to define
the boundary of the spray plume. Three different air entrainment mechanisms are
identified to play a role: 1) flame lift-off position, 2) wall impingement mixing,
and 3) entrainment wave. The entrainment wave mixing mechanism was proposed
by Musculus [13], who showed that, after EOI, as the spray jet is decelerating, the
oxygen is sucked into the spray plume through the tail at a much higher speed

compared to the oxygen entrainment taking place at the leading spray edge [13].
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Figure 6: Air entrainment rate at different instance of time aSOI.
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Figure 6 shows the rate of air entrainment and the time points of the spray
impingement to the wall, for the 30 mm and the 50 mm wall jet cases, marked as
IMP30 and IMP50, respectively. During the early injection stage (before IMP30),
the air entrainment rate is rather similar among the three cases, since the spray
plume is in the free jet region. Between IMP30 and IMP50, the 30 mm wall jet
case shows a significant boost of air entrainment; the peak air entrainment rate
is higher than the 50 mm wall jet case and the free jet case. The enhanced air
mixing is due to the wall impingement mixing mechanism. The wall impingement
enhanced the production of turbulence, which is in favor of fuel/air mixing.

After the onset of high temperature ignition (~ 0.5 ms), the air entrainment
rate shows a sudden decrease for all three cases. It appears that the hot gas ex-
pansion inside the spray plume slows down the entrainment of ambient air. For
the free jet case and the 30 mm wall jet case, this effect is similar and overcomes
at the same time (~ 0.6 ms). The 50 mm wall jet case shows a lower, but con-
tinuous decrease of the air entrainment rate until the spray reaches the wall, i.e.,
at IMP50. The lower decrement of the air entrainment rate in the 50 mm wall jet
case can be explained by the longer flame lift-off length compared to other two
cases, Fig. 7. The longer flame lift-off length enables air entrainment in a large
distance upstream the flame region, counteracting the gas expansion effect. At the
EOI, the air entrainment rate is favorable for the 30 mm and free jet cases, but
disadvantageous for the 50 mm case.

The faster soot oxidation for the wall jet cases, observed in the experiments,
takes place after the EOI, thus the mechanisms of air entrainment during the post-
injection phase are considered as the reason for the differences in the soot ox-

idation process. One can note that LES resulted in a significantly different air
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Figure 7: Lift-off length.

entrainment rate after the EOI, Fig 6. After the EOI, the air entrainment is gov-
erned by two mechanisms, the impingement enhanced mixing for the wall cases
and the entrainment wave mixing for all cases.

Figure 6 shows that after the EOI, the rate of the air entrainment for the 50
mm wall jet case is lower than in the other two cases, but it stays at a constant
level, forming a "mixing plateau" between EOI and 1.7 ms aSOI. For the 30 mm
case, air entrainment resulted in the highest peak of air entrainment rate forming
a "mixing boost". The free jet case, resulted in a constant decay of the air entrain-
ment starting from the EOI. To understand this behavior, the temporal evolution
of the oxygen mass fraction is examined for the post-injection combustion stage,
Fig. 8.

At 1 ms aSOI, which is a time point shortly after EOI, a large dark region
can be seen in all cases, Fig. 8, which is the region of the fuel rich combus-
tion zone where oxygen has been completely consumed. The region is filled with
unburned fuel, CO, and soot, along with other combustion products and interme-
diate species. The oxygen depleted dark region becomes smaller with time, due to
the impingement mixing and entrainment wave mixing during the post-injection
oxidation process. The importance of those two air mixing mechanisms can be

identified, by analyzing the direction from which the oxygen front is moving into
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Figure 8: Distribution of O mass fraction at different time aSOI.

the low oxygen region.

In the 50 mm wall jet case, from 1 ms to 1.6 ms aSOI, the entrainment wave
mechanism is the governing one, since the oxygen front is propagating from the
tail of the free jet region towards the wall. After 1.6 ms aSOI, the wall impinge-
ment mechanism is the dominant one, since the air mixing is mainly in the im-
pingement region and the wall jet region, as a consequence of late vortex mixing.
These two mechanisms work sequentially in time, which results in the "mixing
plateau" shown in Fig. 6.

In the 30 mm wall jet case, the oxygen front penetrates into the impingement

15



region, the wall jet region and the wall jet vortex region at an equal rate. Thus, in
this case, the main mixing mechanism is the wall impingement enhanced mixing
[12], supported by the entrainment wave. The air entrainment rate of the 30 mm
wall jet case reaches its highest peak after EOI, (~ 1.2 ms), cf. Fig. 6. Due to
the strongest spray-wall interaction, with a well developed main wall jet region
and the wall jet vortex region, the fuel rich region is located in the thin wall jet
boundary layer, where rapid mixing takes place, leading to "mixing boost".

In the free jet case, the oxygen front propagates from the tail of the spray into
the head of the spray, due to the slowing down of the spray head after EOI, which
indicates that the governing mechanism is the entrainment wave mechanism [13].
Since there is no impingement enhanced mixing, the mixing in the leading spray
head region is mainly due to the local turbulent structures, which is much weaker
compared to impingement enhanced mixing, as indicated by the sharp gradient of
oxygen in the spray head region. The peak air entrainment rate for the free jet
case is at EOI, cf. Fig. 6, and it starts to decay just after the EOI, giving rise to a
lower air entrainment.

At the later times, i.e., from 1.9 ms to 2.1 ms aSOI, the low oxygen concen-
tration region in the free jet case is the largest, while the two wall jet cases show
almost complete oxidation of the fuel, CO and soot in the spray plume. Hence, it
is clear that the slower oxidation rate of soot in the free jet case is correlated with
the slower air entrainment, where it takes a longer time for the oxygen front to
penetrate into the remaining soot region, located in the spray head.

The mixing rate shown in Fig. 6 indicates that the free jet case has the lowest
air entrainment in total. The two wall jet cases have higher air entrainment rate,

however, due to a different mixing sequence. The 50 mm wall jet case resulted in

16



a "mixing plateau" that maintained the mixing rate at a constant rate, due to the
two air entrainment mechanisms working in sequence. The 30 mm wall jet case
resulted in a "mixing boost", due to the strongest spray-wall interaction, which
maximized the air entrainment rate just after the EOIL. Thus, compared with the
free jet case, the faster oxidation of soot in the 30 mm wall jet case is caused by
the "mixing boost", whereas in the 50 mm wall jet case, the faster oxidation of
soot is caused by the "mixing plateau". The above described mixing mechanisms
correlate strongly with the decay rate of the integral of the experimental KL in

Refs. [10, 11].

5. Conclusions

An LES study of diesel spray-wall interaction was carried out. Two different
wall positions, with a 30 mm and 50 mm nozzle-to-wall distance, were studied
and compared with the free jet case. It was found that the formation of soot
during the injection phase, prior to the enhanced mixing by the impingement wall
jet vortex, could be promoted due to the presence of the wall, where the local
mixture composition is in favor of the soot formation. The region of high soot
formation can be reduced if the wall distance is short enough to create strong
impingement enhanced mixing due to the impingement vortex, at the time of the
soot formation.

The main finding is the different air entrainment mechanisms that govern the
oxidation process after the EOI. The experimental KL implies that the oxidation
of soot is faster for both wall jet cases compared to the free jet case. LES results
revealed that the reason behind the faster oxidation of soot in 30 mm and 50 mm

wall jet cases is different. The air entrainment in the 30 mm wall jet case is caused

17



by the "mixing boost", where impingement enhanced mixing is strongest due to
the developed wall jet region and the wall jet vortex region. The air entrainment
in the 50 mm wall jet case is caused by the "mixing plateau", where impingement
enhanced mixing and entrainment wave mixing act in a sequence and maintains
a constant air entrainment rate. The free jet case relies on the entrainment wave
mixing mechanism. As a result, the air mixing into the spray plume is the slowest,

which results in the slowest oxidation rate of soot among the three studied cases.
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