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scenario. However, fundamental studies specifically dedicated to

this phenomenon are still inconclusive and insufficiently detailed, . :

obviating the feasibility of the targeted design and optimization of * oD

ABSTRACT: Wall impingement, particularly liquid—wall im-
pingement, has been demonstrated to be one of the critical causes
of combustion deterioration in plateau diesel engines. Obviously,
the complexity of wall impingement is exacerbated by the plateau
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diesel engines operating in regions with different altitudes.
Consequently, the second part of this investigation, presented in
this work, focused on the detailed physical and chemical processes
of impinging spray combustion under different altitude conditions.
A wall impingement system was designed to generate an impinging
spray flame. The impingement distance was varied from 77 to 37
mm to cover different situations of wall impingement. The liquid spray, ignition, and combustion processes were visualized in detail
by using different optical diagnostics. The results showed that the variation of the liquid length with the impingement distance was
mainly dependent on the liquid impingement under the same altitude condition. The effect of the impingement distance on the
ignition distance was more sensitive to the altitude. The quantitative analysis of the flame natural luminosity confirmed the decisive
effect of the impinging flame morphology on the ambient entrainment and fuel—air mixing under different altitude conditions, and it
also revealed that there was an optimal impingement distance under identical altitude conditions to achieve minimum soot
emissions. And interestingly, the optimal impingement distance increased with altitude. Finally, the spray combustion processes of an
impinging diesel jet were determined to occur in four typical regions, upon which a schematic diagram depicting the flame structure
of an impinging diesel jet was proposed to phenomenologically describe the role of altitude in impinging spray combustion
processes. Based on this, an attempt was made to explore some new perspectives beyond the popular solutions to recover and
improve the performance of plateau diesel engines.

1. INTRODUCTION entrainment of the diesel spray, as well as the subsequent
Due to their remarkable efficiency, fuel economy, and high mixing-controlled combustion I;rocess, all of which have
reliability, compression ignition (CI) engines have been widely adverse effects on diesel engines.” One of the challenges that
relied upon for transportation, power generation, and other the engine designers have to address is to ensure engines
applications over the past century."> Moreover, with the capable of operating at plateau up to 4500 m without
development and application of low-carbon and carbon-neutral significant performance deterioration.” However, the current
fuels, CI engines are expected to remain indispensable for the situation is that most ground vehicle engines are not designed

foreseeable future.’ Thus, a deeper understanding of the
complex physical and chemical mechanisms for various stages
of combustion is still required to design more powerful and
efficient engines. It is considered that diesel engines, as a
common type of CI engines, provide a primary solution for
various economic activities and road transportation especially
in plateau regions.”” The inevitable reduction in atmospheric
pressure with increasing altitude reduces the density of air
inhaled into the cylinder. This affects the propagation and

to operate at high altitudes above 3000 m.” Indeed, there are
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large populations and industrial operations located in high-
altitude regions all over the world. Consequently, the topic of
plateau performance in diesel engines is noteworthy.

During the past few years, major advances have been made
in several encouraging studies to reveal the potential causes of
plateau combustion deterioration. It is commonly accepted
that the ignition delay is prolonged under higher altitude
conditions, leading to a longer premixed combustion
duration.®’ Accompanied by this phenomenon, some
researchers recently noticed that an enhanced pressure rise
rate in the premixed combustion stage would result in an
abnormal combustion, such as diesel knock, for heavy-duty
diesel engines operating in plateau regions, which would cause
damage to the combustion chamber and piston crown. Wang
et al."" conducted optical experiments on diesel knock for
high-altitude engines and confirmed that the origin of diesel
knock correlated with diesel spray impingement, and they also
found that the occurrence of diesel knock was sensitive to a
high injection pressure and small combustion chamber, which
could be attributed to the spray impingement and premixed
mixture formation. In their companion paper,'’ they argued
that the knock intensity decreased as the ambient pressure
increased under lower altitude conditions for fixed injection
pressures satisfying knocking combustion, which was attributed
to the weakened liquid spray impingement. Moreover, Li et
al.'? analyzed the effects of the altitude on the combustion
characteristics with the large eddy simulation (LES) method
and concluded that when the altitude was increased from 0 to
4500 m, the combustion changed from normal combustion to
knocking combustion and the combustion efficiency decreased
from 90% to 47% due to severe impingement. Another issue
caused by the deteriorated combustion encountered in hig -
altitude operating diesel engines is worsened emissions.'”"*
Continually tightening environmental regulations, which
include altitude tests and considering altitude as a new
relevant homologation variable, have prompted diesel engine
manufacturers to tune engines for high-altitude operating
conditions to ensure that emissions do not exceed the limits in
both plain and plateau regions.”'> Currently, after-treatment
systems are widely employed for modern diesel engines to
meet current and future emissions regulations. However, the
increase in soot emissions of high-altitude diesel engines lead
to the failure of after-treatment components.'® To reduce the
risk of failure, Zhang et al.'” developed a multidimensional
computational fluid dynamics (CFD) model to elucidate the
mechanism of increased soot emissions from high-altitude
operating diesel engines. The changes in the soot concen-
tration in each region where it should form were investigated
with variations in the altitude. Interestingly, they provided a
soot formation mechanism to prove that an altitude of 3000 m
could be regarded as a threshold for a significant increase in
soot formation. In this proposed mechanism, a higher
likelihood of fuel droplets impinging on the wall would lead
to the formation of a liquid film under altitude conditions over
3000 m, and then, the soot emissions sharply increased under
altitude conditions above 4000 m. Meng et al.'"® continued to
analyze the causes of this phenomenon by means of a CFD
model. In other words, they confirmed that liquid impinge-
ment is one of the reasons for the sudden degradation of
combustion reported by Szedlmayer et al® when a diesel
engine was operated above 3000 m.

The aforementioned recent studies have provided insights
into the spray combustion process of diesel engines operating
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in plateau regions, highlighting the importance of wall
impingement, particularly liquid—wall impingement. Wall
impingement has been a topic of considerable scientific
inquiry for years.lg In the field of diesel engines, the
combustion inside the chamber is a complex turbulent process
within a confined space, which involves the high-momentum
diffusion spray flame impinging on the combustion chamber
wall. Previous investigations have achieved great achievements
in the visualization of spray flame impingement of diesel
engines, and the wall is often simplified to be flat to isolate the
impingement phenomenon.”” In general, the wall impingement
can be divided into two categories: spray wall impingement
(SWI) and jet wall impingement (JWI).” The SWI refers to the
situation where the liquid fuel is not completely vaporized
before it reaches the wall, while the JWI occurs when the liquid
fuel has completely converted to a gaseous state before
reaching the wall. Impingement alters the spatio-temporal
distributions of the spray and flame, introducing specific
phenomena that are not reproducible in a free jet, and
therefore significantly influence the mixing, ignition, combus-
tion, and emission processes.ZI_23

Another important concern is that the influence of wall
impingement has been shown to be complex. As previously
reported by Edwards et al,”* the effect of impingement
involves at least three components: fluid mechanics, thermal
effects, and chemical effects. This kind of complexity
introduces various unexpected uncertainties to the impinge-
ment, making the fundamental research for the wall impinge-
ment to remain as an active topic nowadays.lg’zs_27 Never-
theless, complete agreement on the impact of the wall
impingement has not yet been reached, some researchers
argue that wall impingement facilitates spray combustion and
emissions,””** > while others came to opposite conclu-
sions.”’ 7" Some researchers devoted to interpret these
contradictory conclusions,”** and one potential explanation
depends on whether the wall impingement is SWI or JWL
Wang et al.”’ reported that their configuration corresponded to
SWI in the case of conventional nozzles, and hence the liquid
wetting effect leads to deteriorated soot formation, while the
work of both Xuan et al,,” and Pickett and Lopez”' focused on
the JWI cases, showing lower soot level of the impinging spray
flame. By varying the impingement distance from 30 to 60 mm,
Li et al.’® identified that the wall impingement deteriorated
diesel combustion when SWI occurred, whereas the
combustion was observed to be enhanced by increasing the
impingement distance, with the wall impingement shifting to
JWI cases.

Shifting our focus to the in-cylinder combustion of realistic
diesel engines, the influence of the wall impingement becomes
more complex in a plateau scenario. On one hand, due to the
excessive penetration of the diesel spray and flame resulting
from a smaller ambient density, the impingement becomes
more prominent with increasing altitude. On the other hand,
the engines would experience various altitudes when operating
in plateau regions, coupled with the spatial and temporal
variations in the distance between the spray tip and the piston
cavity wall, making it difficult to directly distinguish between
the SWI and JWIL Due to the complex characteristics of wall
impingement, the details of impinging spray combustion
process of diesel engines operating under different altitude
conditions cannot be determined only by speculation and/or
extrapolation. Obviously, these details involved make it difficult
to make observations in realistic engines. To alleviate this
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Figure 1. Schematic diagram of the constant volume combustion chamber system.

difficulty, out-of-engine experiments can be adopted to provide
the desired fundamental information.*”** The CVCC may be
the most convenient option since the impingement distances
can be easily adjusted to control the wall impingement.
However, to the best of the authors’ knowledge, few
experiments have been performed in CVCC under high-
altitude conditions. The lack of available optical visualization
results to clarify the differences in the combustion character-
istics of diesel engines operating under different altitude
conditions motivated Part I of this investigation to accomplish
the visualization of free spray combustion under different
altitude conditions in a constant volume combustion chamber
(CVCC). However, as explained at the end of Part I,*' the
assumption that the spray flame is fully developed is very
idealistic, and the conclusions obtained are only applicable to
free jets in relatively quiescent ambient conditions. Indeed, one
of the core links missing for the transition from this idealistic
configuration to a real engine is the interaction between the
spray flame and the piston-bowl wall,”> which is the focus of
the present work. In addition, the inevitable impingement
provides an additional variable that can be utilized to optimize
diesel spray combustion in plateau regions, but the absence of
a conclusive understanding of wall impingement impedes its
utilization for optimization. To overcome these obstacles, it is
of great urgency to conduct in-depth visualization inves-
tigations to understand the characteristics of an impinging
spray and flame under different altitude conditions compre-
hensively.

With the above considerations, the present work continues
Part I of this investigation with the assumption that the diesel
jet develops in a limited domain, aiming to obtain elaborate
information on the impinging spray combustion process of
heavy-duty diesel engines operating under different altitude
conditions by means of standard optical techniques. The
CVCC system employed in Part I was modified by adding a
wall impingement system in this work. The impingement
distance was adjusted from 77 to 37 mm to reproduce the
transition from a free jet to an impinging jet (refer to JWI) up
to liquid impingement (refer to SWI). Furthermore, for the
sake of consistency, all visualizations of impinging spray
combustion were performed using the same ambient
conditions (i.e., altitude conditions) and injection settings as
those used for the free spray combustion in Part I. This
thorough investigation is expected to widen the fundamental
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understanding of the detailed physical and chemical processes
involved in different wall impingement distances under
different altitude conditions, which will be beneficial for the
breakthrough of efficient and clean combustion technology for
diesel engines in plateau regions.

2. EXPERIMENTAL APPARATUS AND PROCEDURES

For the impingement investigation presented in this work, the
experimental apparatus and procedures were essentially similar
to those described in Part I of this investigation.*' Thus, only a
brief description is presented in this section about the
modifications for CVCC and image processing.

2.1. Optical Chamber and Injection System. The
visualization campaign of the impinging spray combustion was
carried out in the CVCC used in Part I of this investigation by
adding a wall impingement system, as depicted in Figure 1.
The major structure of CVCC was a symmetric cube with a
length of 380 mm. Inside the CVCC, there was a cubic closed
combustion chamber with a length of 136 mm, providing
enough space to install the wall impingement system for
impinging spray combustion studies. The impingement system
is introduced in the next section. The CVCC had six main
ports for optical access and injector installation, two of which
were installed with quartz glass with a maximum optical
diameter of 130 mm and a thickness of 50 mm in line with the
light beam to form line-of-sight optical access for visualization.
A Bosch model CRIN2 fuel injector with a single sac-type
nozzle was vertically mounted at the center of one main port.
The diesel fuel was pressurized by a Bosch CP3.3 fuel pump,
and the injection duration was maintained at 2.0 ms for all of
the tests in order to achieve a quasi-steady-state spray and
flame. Prior to performing the visualization experiments, a pre-
combustion technique was used to generate a high-temper-
ature, high-pressure environment inside the CVCC to
reproduce typical in-engine conditions. The specified density
was achieved by metering a combustible mixture of acetylene
(C,H,), oxygen (0O,), and nitrogen (N,) entering the
chamber. This mixture was then ignited with a spark plug
and burned, and thus, its temperature and pressure increased
rapidly and then fell gradually. Once the pressure decreased to
the precalculated value, the diesel injector was triggered, and
the high-speed color camera recorded the impinging spray
flame images simultaneously. More detailed information about
the CVCC and the procedure for reproducing diesel-like
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thermodynamic conditions can be found in Part I of this
investigation, and also in previous publications.””**

2.2. Wall Impingement System. As mentioned above,
the CVCC system was modified by adding a specially designed
wall impingement system. A photograph of this system is
shown in Figure 2, which consists of a flat wall, a support post,

Flat wall

Injector

Support post
Pedestal pportp

Figure 2. Photograph of the wall impingement system.

and a pedestal. A circular stainless—steel wall design with a
diameter of 100 mm was chosen for the flat wall to simulate a
piston surface. The flat wall was mounted on a support post so
that the wall was opposite the injector and perpendicular to the
injector axis, thus generating an impinging spray flame.
Moreover, the pedestal attached to the bottom of the chamber
was machined with a guide rail that was parallel to the injector
axis, and then the support post could move back and forth
along the rail to adjust the distance from the injector tip to the
flat wall (also referred to as the impingement distance).

2.3. Optical Techniques and Processing Methods.
Three standard optical techniques, diffused back-illumination
imaging, broadband chemiluminescence imaging, and flame
natural luminosity imaging, were still employed to visualize the
liquid spray, ignition, and flame progression of the impinging
jet, respectively. The camera settings for the three techniques
are listed in Table 1. The view area captured by the camera was

Table 1. Details of the Optical Setup for the Employed
Techniques

diffused back- broadband flame natural
illumination chemiluminescence luminosity
imaging imaging imaging
camera PCO Dimax S1 high-speed color camera
lens Tokina 100 mm (f/2.8)

light source LED none none
filter None 600 nm low pass ND8
exposure 20 54 4
time (us)
frame rate 10 000
(fps)
resolution 576 X 648
scale (mm/ 0.18
pixel)

different from that in the free jet case; therefore, the camera
settings were adjusted with care to maintain a reasonable
spatial resolution. In this work, all images were taken with a
resolution of 576 X 648 pixels and a frame rate of 10 000
frames per second.

All the images were processed following a similar procedure
to that described in Part I of this investigation. The impinging
spray and flame images, after background subtraction, were
binarized by a fixed threshold to determine the boundary of
the liquid spray and flame zone, and then the macroscopic
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parameters of interest were extracted to characterize the spray
flame progression. In addition to the parameters mentioned in
Part I of this investigation such as flame area, spatially
integrated natural luminosity (SINL), and time integrated
natural luminosity (TINL), some parameters characterizing the
spray and flame after impingement were defined in this work,
as shown in Figure 3. For the impinging liquid spray, the liquid

Liquid
1mage

of

Flame
image

(2) Raw image (b) Binary image (¢) Contour analysis

Figure 3. Image processing and parameter definition.

phase penetration after impingement was taken as the sum of
the impingement distance and liquid spreading radius along
the wall surface. For the impinging flame, the flame spreading
height represented the axial expansion of the flame spreading
in the direction perpendicular to the wall, and the flame
spreading diameter was an indicator reflecting the radial
expansion parallel to the wall surface. Sensitivity analysis to the
threshold was performed to confirm that the values of the
employed parameters did not change with the specific
threshold. The ignition images were processed with standard
processing methodology, in which the ignition threshold was
selected as 50% of the magnitude of the high-temperature
chemiluminescence level to determine the appearance and
locations of the ignition kernels, and then the ignition delay
and ignition distance could be calculated.

2.4. Experimental Conditions. Details of the exper-
imental conditions are listed in Table 2. The ambient densities
were selected to closely represent the in-cylinder densities of
the prototype engine at the start of fuel injection when

Table 2. Test Conditions

fuel #0 diesel fuel
fuel density (kg/m®) 835
injector type single-hole
nozzle diameter (mm) 0.32
injection pressure (MPa) 90
injection duration (ms) 2.0
impingement distance (mm) 37, 57,77
ambient temperature (K) 800
ambient pressure (MPa) 3.69 3.05 2.61
ambient density (kg/m?) 16.07 13.31 11.37
simulated altitude (m) 0 3000 4500
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Figure 4. Liquid spray morphology under different altitude conditions (1.5 ms ASOI).

operating under the altitude conditions of 0, 3000, and 4500
m. The nozzle diameter of the injector and the injection
pressure were determined by referring to a realistic injection
system. The impingement distance was adjusted from 77 to 37
mm to reproduce the transition from a free jet to an impinging
jet (refer to JWI) up to liquid impingement (refer to SWI).
The choice of 57 mm for impingement distance was
corresponding to the distance from the injector tip to the
piston bowl wall of the prototype engine at the time of
injection. Likewise, visualizations under three altitude con-
ditions were performed at every impingement distance, and the
free jet visualizations under identical altitude conditions in Part
I of this investigation will be recalled for comparison, aiming to
obtain detailed information about the role of the altitude
combined with different impingement distances. Meanwhile,
each test condition was repeated at least five times to ensure
the experimental reliability and repeatability.

3. RESULTS AND DISCUSSION

3.1. Liquid Spray Characteristics. 3.1.1. Liquid Spray
Morphology. Considering that the liquid fuel penetrated to the
farthest location during the quasi-steady period, images of the
liquid spray at 1.5 ms after the start of injection (ASOI) are
shown in Figure 4 to exhibit the spatial relationships between
the liquid spray and the flat wall under all test conditions
considered. The white lines represent the boundaries of the
liquid spray.

First, let us detail the morphology of liquid spray under
different altitude conditions at an impingement distance of 57
mm as an example. In general, the liquid spray penetrated
through the area between the nozzle and the flat wall,
exhibiting a similar behavior to the free jet as discussed in Part
I of this investigation,”' so the temporal sequences of the liquid
spray images for the case of 57 mm impingement distance were
not given to save the length of this paper. However, it is
interesting to observe the different spatial relationships
between the liquid spray and the flat wall at 57 mm
impingement distance from Figure 4. Under the altitude
condition of 0 m, the liquid fuel had almost completely
evaporated before reaching the flat wall and no liquid fuel
impinged upon the wall. When the altitude was increased to
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3000 m, the liquid fuel penetrated downstream to the near-wall
region due to the reduced vaporization rate as the ambient
density decreased, causing the detached liquid tip, a similar
structure which had been confirmed by Feng et al,*’ to
randomly impinge on the flat wall. As the altitude increased to
4500 m, the vaporization rate of the liquid fuel decreased
further, and the liquid spray penetrated further downstream,
resulting in the liquid spray intermittently impinging upon the
wall without the formation of a continuous wall film.

Next, when the impingement distance was varied, the spatial
relationships between the liquid spray and the flat wall became
more interesting. Apparently, as the impingement distance
decreased from 77 to 57 mm, the liquid spray developed fully,
as it did for the free jet, and generally, there was no liquid
impingement for all altitudes. However, at an impingement
distance of 37 mm, the liquid fuel piled up on and spread along
the wall surface with significant liquid impingement on the flat
wall under all three altitude conditions. Therefore, it can be
concluded that when the impingement distance is long enough
(in this work the impingement distance is longer than 77 mm),
the impingement event belongs to the JWI regardless of the
altitude; as the impingement distance decreases to a certain
value (57 mm in this work), the impingement type switches
from JWI to SWI; as the impingement distance decreases
further (shorter than 37 mm in this work), it always belongs to
the SWI for all three altitudes. The above wide range of
impingement cases confirms the reasonableness of the
selection of test conditions in this work and lay a good
foundation for the subsequent comprehensive study of the
impinging ignition and combustion characteristics under
different altitude conditions.

From another perspective, it is well-known that one practical
concern addressed by the liquid spray measurement is the
assessment of the liquid spray impingement on the piston bowl
walls in diesel engines.”"*° Based on the extent of the
excessive liquid penetration shown in Figure 4, it is reasonable
to intuitively extrapolate that the liquid impingement on the
piston bowl wall is not a serious concern for heavy-duty, large-
bore diesel engines operating in plateau regions up to 3000 m.
However, as the altitude was increased up to 4500 m, the
likelihood of liquid impingement becomes greater, which is
constant with the findings of recent research.'®*” Of course,
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for light-duty, small-bore diesel engines, liquid impingement is
always a concern due to the short injector-to-wall distance,
even when operating in plain regions.

3.1.2. Liquid-phase Penetration. Figure S shows the liquid-
phase penetration under all of the considered test conditions.
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Figure S. Liquid-phase penetration under different altitude con-
ditions.

For an identical altitude, all liquid-phase penetration curves of
the impinging and free jets showed the same growth trend, i.e.,
after an initial short transient penetration period, the liquid
spray tip fluctuated about a mean axial location while the fuel
injection continued. It is reasonable to conclude that the
overall penetration trend of the liquid spray for an identical
altitude was independent of either the presence of the flat wall
or the occurrence of the liquid impingement.

Furthermore, since turbulence caused the liquid spray tip to
oscillate by a few millimeters about a fixed axial location, the
curves of the impinging jets at impingement distances of 77
and 57 mm seemed to intertwine with that of the free jet for all
three altitudes. When the impingement distance was decreased
to 37 mm, the spacing differences between adjacent
penetration curves were negligible under the altitude condition
of 0 m, whereas the differences became significant as the
altitude was increased to 4500 m. In the next subsection, the
liquid length is analyzed to quantitatively reveal the effect of
the impingement distance under different altitude conditions.

3.1.3. Liquid Length. Figure 6 shows the liquid lengths for
all test conditions considered. Contrary to the monotonic
correlation with the altitude for both impinging and free jets,
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Figure 6. Liquid length under different altitude conditions.

the liquid length was affected by the impingement distance in a
rather complicated way under different altitude conditions.

Under the condition of 0 m altitude, the observations were
as follows:

a) When the impingement distance was 77 mm, the liquid
length was almost the same as that of the free spray.
b) As the impingement distance was decreased to 57 mm,
the liquid length increased slightly, which was
presumably due to the weaker fuel—air mixing in the
central part of the fuel spray upstream of the flat wall,*®
indicating that the liquid penetration may have been
affected by the presence of the flat wall even without
liquid wall impingement.

c) When the impingement distance was decreased to 37
mm, the liquid length decreased significantly due to the
mass and momentum losses by liquid impingement.

The variation of the liquid length for impingement distances
under the condition of 3000 m altitude followed the same
trend. As the altitude was increased to 4500 m, the major
discrepancy in the variation trend was that when the
impingement distance was decreased from 77 to 57 mm, the
liquid length began to decrease, which was attributed to the
mass and momentum losses by intermittent liquid impinge-
ment at 57 mm, as described in Section 3.1.1.

In summary, the variation of the liquid length with the
impingement distance under identical altitude conditions
depended on whether the liquid fuel impinged on the wall.
In detail:

a) When the impingement distance was sufficiently long,
the liquid length of the impinging jet was comparable to
that of the free jet.

b) When the impingement distance was decreased without
liquid impingement, the fuel—air mixing process up-
stream of the flat wall played a certain role in the liquid
length.

c) After the liquid impingement, either intermittent or
continuous, the liquid length was mainly controlled by
the mass and momentum losses.

3.2. Ignition Characteristics. 3.2.1. Ignition Morphol-
ogy. The broadband chemiluminescence images at ignition
timing for all considered test conditions, which were
simultaneously superimposed with the liquid spray image at
the same time, are summarized in Figure 7. The red lines
represent the boundaries of the ignition kernels, and the white
lines represent the boundaries of the liquid spray.

The ignition morphology at an impingement distance of 57
mm was still analyzed first as an example. In this case, the
ignition process was characterized by an initial onset of a low-
temperature reaction emitting so-called cool-flame chemilumi-
nescence, followed by high-temperature ignition,”'8 which was
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Figure 7. Ignition morphology under different altitude conditions.

similar to the free jet as discussed in Part I of this investigation.
However, it should be noted that the ignition region
approached the wall more closely with increasing altitude,
and some ignition kernels were even located near the wall
surface when the altitude was increased to 4500 m. The
presence of the flat wall restricted the downstream propagation
of the ignitable mixture under higher altitude conditions, which
could be regarded as a consequence of the restricted
propagation of the liquid spray.

Then the impingement distance was varied. Intuitively, the
ignition kernels of impinging jet under an identical altitude
condition exhibited an irregular spatial pattern, with variations
in location and shape, verifying the inherently stochastic
behavior of the impinging ignition,*” especially higher altitude
conditions. When the impingement distance was decreased
from 77 to 55 mum, the ignition kernels were mainly distributed
at the outer periphery of the liquid spray in the free region of
the impinging jet and away from the flat wall, except for the
case of an impingement distance of 57 mm and an altitude of
4500 m, where some kernels approached the wall surface
around the impingement point. This could be attributed to the
intermittent impingement of liquid spray tip upon the flat, as
discussed in Section 3.1.1, which promoted the secondary
atomization and the re-bound of droplets.”” When the
impingement distance was further decreased to 37 mm, the
liquid impingement occurred for all three altitudes, which
allowed the ignitable mixture to accumulate in a large range
near the wall surface, enhancing the formation of a radical pool
in subsequent chemical reactions, and thus, some kernels were
even very close to the wall surface.

The above-mentioned near-wall ignition process would have
a heavy impact on subsequent combustion and emissions.
Next, the ignition delay and ignition distance are introduced as
macroscopic parameters for the quantitative analysis of the
impinging ignition morphology.

3.2.2. Ignition Delay. The ignition delay under all test
conditions considered can be seen in Figure 8. For all the jets,
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Figure 8. Ignition delay under different altitude conditions.

the ignition delay increased with altitude, mainly due to the
poor fuel—air mixing and lower chemical—kinetic reaction rate
caused by the smaller ambient density.*">" For an identical
altitude, when the impingement distance was decreased from
77 to 55 mm, there was no liquid-wall impingement and the
ignition delay changed little. When the impingement distance
was further decreased to 37 mm, the ignition delay increased
significantly, which was speculated to be due to the liquid spray
impingement on the flat wall resulting in wall-wetting, which
hindered the heat transfer from the flat wall to the fuel—air
mixture and consequently reduced the chemical reaction rate.
Meanwhile, this increment was amplified with increasing
altitude due to more severe liquid impingement. This implied
that the liquid impingement affected the ignition timing with
significant intensification under higher altitude conditions.
3.2.3. Ignition Distance. Figure 9 presents the ignition
distances for all test conditions considered. The effect of the
impingement distance on the ignition distance was different
under different altitude conditions. For the altitudes of 0 and
3000 m, the ignition distance increased slightly as the
impingement distance was decreased, which can be explained
by the conjecture that the impingement promoted the mixing
of the fuel vapor and air near the flat wall; hence, the ignitable
mixture was distributed closer to the wall. However, with the
condition of 4500 m altitude, as the impingement distance was
decreased, the ignition distance first decreased and then
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increased. It can be speculated that for the free jet, the spray
fully developed and the ignition occurred at a far downstream
location, whereas for the impinging jet, the restriction effect of
the flat wall resulted in the decrease in the ignition distance
compared with that of the free jet. However, when the
impingement distance was decreased from 57 to 37 mm, the
severe liquid impingement caused the ignition kernels to be
distributed mainly closer to the wall, which can be seen from
Figure 7, and therefore the ignition distance seemed to
increase instead. Overall, the presence of the flat wall
significantly affected the position of the ignition kernels and
this effect was more sensitive to the altitude.

3.3. Flame Characteristics. 3.3.1. Flame Morphology.
The flame morphologies at different impingement distances
are presented in Figure 10 only for the altitude of 4500 m, as
the results were approximately the same for 0 and 3000 m
altitudes. Intuitively, the overall flame morphology varied
significantly with the change in the impingement distance.
Specifically, the results were as follows:

a)

c)

For free spray combustion as discussed in Part I of this
investigation, the flame could be regarded fully
developed, and a lifted flame pattern appeared both
before and after the end of the fuel injection, as shown in
the images at 1.5 and 2.5 ms ASOL In the later stage of
combustion, such as the image at 3.5 ms ASO], the flame
clung to the end wall of the chamber.

For the impinging jet at an impingement distance of 77
mm, driven by the momentum from the fuel injection,
the flame propagated downward to impinge on the flat
wall and then spread radially along the wall surface with
the impingement point as the center. In the upstream
region, the flame remained lifted, as it was for the free
flame. At the same time, in the downstream region, the
flame spread out radially along the wall surface with the
impingement point as the center. In the later stage of
combustion, the upstream lifted flame region shrank
because there was no fuel supply, and the peripheral
edge of the downstream flame rose due to the rolling-up
motion caused by the wall jet vortex. As a result, the
convex shape in the vicinity of the impinging flame’s axis
became no longer visible.

With respect to the impingement distance of 57 mm, the
flame also impinged continuously on the flat wall. As the
momentum remained large, the flame—wall impinge-
ment resulted in a strong vortex in the wall jet region. It
is interesting to note that the flame upstream no longer
formed a stable lifted flame as it did for a free flame but
rather presented a convex shape in the vicinity of its axis
overall both before and after the end of the fuel
injection. As time passed, the flame changed from
convex to concave in the vicinity of its axis due to the

Time

Impingemen 1.5 ms 2.5ms 3.5 ms
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B .

B .

77 mm

Free
40 60 80 100 mm

Figure 10. Flame morphology under an altitude condition of 4500 m.
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Figure 11. Flame spreading height (left) and diameter (right) under different altitude conditions.

cutoff of the fuel injection. Note again that the flame
morphology at an impingement distance of 57 mm for
all three altitudes all exhibited essentially the pattern of a
disc flame,”> which was totally different from the lifted
pattern of the free flame discussed in Part I of this
investigation.
d) For the impingement distance of 37 mm, the flame—wall
interactions were already fully established shortly after
the initial flame appearance, and the smaller amount of
momentum loss prior to impingement allowed more
spray and flame to be pushed downward along the flat
wall surface, resulting in a strong vortex at the flame tip.
Thus, the impinging flame appeared with a concave
shape, even before the end of the fuel injection. As time
elapsed, the impinging flame exhibited a more
prominent concave shape. In the later stage of
combustion, the flame in the impingement region
disappeared, leaving two isolated flame areas in the
wall jet vortex region.

3.3.2. Flame Spreading Height and Diameter. The effects
of the impingement distance on the flame spreading height and
diameter under different altitude conditions are given in the
left- and right-hand columns of Figure 11. For each altitude,
the impinging flame at different impingement distances of 77,
57, and 37 mm shared the same growth trend; that is, the
height and diameter both increased and then decreased with
elapsed time after impingement. Thus, the growth trend of the
flame after impingement was consistent regardless of the
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impingement distance. In addition, as the impingement
distance was decreased from 77 to 37 mm, the height and
diameter both increased overall. This can be explained as the
momentum of the flame after impingement increasing due to
the smaller amount of momentum dissipation when the jet
traveled through the shorter distance from the nozzle to the
flat wall. Therefore, the stronger wall jet vortex allowed wider
dispersion of the impinging flame in directions perpendicular
and parallel to the wall surface.

3.3.3. Flame Area. Figure 12 shows the effect of the
impingement distance on the flame area under different
altitude conditions. Two significant tendencies are discussed
below.

1) For an identical altitude, the flame area exhibited little
difference at different impingement distances. A possible
reason was as follows. When the impingement distance
was decreased from 77 to 37 mm, the flame spreading
height and diameter, as shown in Figure 11, both
increased overall, while the flame morphology shifted
from a convex shape to a concave shape in the vicinity of
its axis. These two opposing effects eventually led to a
neutral effect of the impingement distance on the flame
area. This implied that the impingement distance had
little influence on the flame area regardless of the
altitude.

The flame area curves of the impinging jets exhibited
distinguishable differences from those of the free jet
under different altitude conditions. Under the condition

2)
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of the free flame during the early stage of combustion.
However, in the later stage of combustion, the similar
oxidation rates of the impinging and free jets resulted in
a sharp decrease in the flame area, and all of the curves
of the impinging and free jets seemed to be
indistinguishable. When the altitude was increased to
4500 m, in the early stage of combustion, the longer lift-
off length of the free flame narrowed the distribution of
the flame in the upstream region, presenting a similar
area to those of the impinging jets. At a later stage of
combustion, the flame area of the impinging jets shrank
quickly due to the enhanced air entrainment by the wall
jet region, while the free flame clung to the end wall of
the chamber, and the flame area decreased slowly due to
the poor air entrainment and cooling effect by the wall
heat transfer.*® Interestingly, the curves of the flame area
under the conditions of 3000 m altitude exhibited
differences in both the early and later stages of
combustion. In general, it can be speculated that the
difference in the flame morphology between the
impinging and free jets mainly influenced the flame
area in the early stage of combustion under lower
altitude conditions, while under higher altitude con-
ditions, this influence shifted to a later stage of
combustion.
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Figure 13. SINL under different altitude conditions.

apparent that the variation in SINL was analogous to that of
the flame area in Figure 12. As the flame luminosity came from
soot radiation, the larger the flame area was, the more soot
formed, and generally the stronger the flame luminosity was.
Thus, it can be concluded that the SINLs of the impinging
flame at different impingement distances were all directly
affected by the flame distribution, as was the SINLs of the free
flame as discussed in Part I of this investigation.

However, one major difference in the trend between the
SINL and the flame area was that when the impingement
distance was decreased from 57 to 37 mm under the same
altitude condition, the flame area changed a little, while the
peak SINL value increased significantly. The liquid—wall
impingement was responsible for this difference. When the
impingement distance was decreased to 37 mm, the severe
liquid—wall impingement shown in Figure 4 resulted in the
formation of a fuel film deposited on the wall surface, and the
film formed a pool flame during the spray combustion process,
leading to a high level of soot formation.”

3.4.2. TINL. Figure 14 brings together the TINLs for all test
conditions considered. Under the condition of 0 m altitude,
the following observations were made:
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Figure 14. TINL under different altitude conditions.

a) When the impingement distance was 77 mm, the
impinging flame in the upstream region remained lifted,
as it was for the free flame. However, in the downstream
zone, the flame impinged upon the wall, resulting in an
intensity vortex larger than that of the free flame in the
flame head region. Hence, the impinging flame entrained
more ambient gas than the free flame. As a result, the
TINL of the impinging flame at the impingement
distance of 77 mm was smaller than that of the free
flame.

b) As the impingement distance was decreased to 57 mm,
the smaller amount of momentum dissipation prior to
impingement allowed a larger intensity vortex in the
flame head region, leading to a smaller TINL than that
of the impinging flame at 77 mm.

c) When the impingement distance was further decreased
to 37 mm, the liquid spray impinged upon the wall and
deposited to form a wall film, which led to the
occurrence of a pool fire and hence increased soot
formation, manifesting as a higher TINL.

The same tendency was observed under the condition of 3000
m altitude. However, when the altitude was increased to 4500
m, the only difference was that the TINL of the impinging
flame at the impingement distance of 57 mm was larger than
that of 77 mm, which was most likely caused by the pool flame
of the adhered film on the wall surface that resulted from the
intermittent liquid—wall impingement at 57 mm. This
explanation can be supported by the decrease in the liquid
length when the impingement distance was decreased from 77
to 57 mm, as discussed in Section 3.2.1. Furthermore,
according to the above trends observed in Figure 14, it is
speculated that in terms of the more complete combustion and
lower soot emissions, there was an optimal impingement
distance for each altitude, and the higher the altitude, the
longer the optimal impingement distance was.

It is also worth remarking that Figure 14 provides some
useful insights into the opposite effect of the altitude on the
TINL for different impingement distances. As discussed in Part
I of this investigation, the decrease in the TINL of the free
flame with increasing altitude was mainly due to the longer
flame lift-off length, which resulted in more air entrainment
upstream of the lifted flame. The TINL of the impinging flame
at an impingement distance of 77 mm, which maintained a
similar lifted flame pattern in the upstream region, shared the
same trend as that of the free flame. However, when the
impingement distance was decreased to 57 and 37 mm, the
impinging flame formed a disc pattern instead of the lifted
pattern, which diminished the ability of air entrainment and
fuel—air mixing upstream of the lifted flame, allowing the
global ambient entrainment and fuel—air mixing to play a
dominant role on the ensuing flame combustion. As a result,
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the TINL of the impinging flame at both 57 and 37 mm
increased with the increase in altitude due to the decreased
ambient density. The above analysis clarified the essential
difference in the ambient entrainment and mixing between the
o 22,54 .
impinging and free spray combustion, further confirming
the decisive effect of the flame morphology.

4. ROLE OF ALTITUDE IN SPRAY COMBUSTION
PROCESS OF IMPINGING DIESEL JET

As outlined in the Introduction, a key aspect of this work was
to move from an unlimited domain to a limited one, where the
latter physically and chemically resembles more closely the real
in-cylinder conditions of a diesel engine. In the preceding
sections, the combined results from the visualizations with the
variation of the altitudes and impingement distances, as well as
the comparison with the free jet, widened the basic physical
and chemical understanding of the impinging spray combus-
tion under different altitude conditions. In this section, based
on the philosophy in Part I of this investigation,*' the rather
detailed information on the altitude and impingement distance
allowed the schematic diagram proposed by Siebers and
Higgins> to be extended to the impinging jet, leading to a
schematic description of the spray flame structure, as shown in
Figure 15 for a jet impinging on a perpendicular flat wall

B Wall film

= Stoichiometric diffusion flame
$5%% Soot formation/growth region

Altitude

Flame spreading diameter

Flame spreading height ¥

Impingement Distance

Figure 15. Schematic diagram depicting the spray flame structure of
the impinging jet under different altitude conditions.

during the stabilized diffusion phase. The horizontal axis
corresponds to the impingement distance, increasing from left
to right. The vertical axis corresponds to the altitude,
increasing from the bottom to top. To clarify the role of the
altitude in the impinging spray combustion process combined
with different situations of wall impingement, the spray flame
structures in four typical regions are compared, namely, long
impingement distance and low altitude condition (Region A),
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long impingement distance and high altitude condition
(Region B), short impingement distance and low altitude
condition (Region C), and short impingement distance and
high altitude condition (Region D).

The right column in Figure 15 is discussed first, where the
impingement distance is long enough that the extent of the
wall interaction is weak and no liquid spray impinges on the
wall. When the altitude is low in Region A, the upstream of the
flame remains lifted, as it was for the free flame, and in the
downstream zone, the flame spreads out radially along the wall
surface. The flame—wall impingement results in a strong vortex
in the wall jet region, allowing more ambient gas entrainment
and, thus, a low soot level for the impinging flame than for the
free flame under the same ambient conditions. Upon further
increasing the altitude into Region B, the resistance decreases
due to the smaller ambient density. As a result, the initial flame
appears further downstream and closer to the flat wall, and
then, the lifted pattern in the upstream region of the impinging
flame becomes less evident. At the same time, the vortex in the
wall jet region becomes stronger due to the smaller dissipation
of momentum. Therefore, the flame morphology presents a
convex shape in the vicinity of its axis overall, and the global
ambient entrainment and fuel—air mixing play dominant roles
in the ensuing flame combustion.

Next, the left column in Figure 15 is considered where the
impingement distance is short, yielding intensified wall
interactions and significant liquid—wall impingement. As
depicted in Region C, the flame—wall interactions are fully
established shortly after the initial flame appearance, so the
flame in the upstream region is no longer distinguishable as a
lifted pattern. Compared to the case of a long impingement
distance in Region A, the short impingement distance reduces
the dissipation of momentum before the impingement, which,
in turn, leads to a stronger vortex at the flame tip after
impingement. Therefore, the impinging flame in Region C
exhibits a distinct concave shape in the vicinity of its axis
overall, and the global ambient entrainment and fuel—air
mixing dominate the ensuing flame combustion. In addition, a
wall film forms after liquid impingement and results in a pool
fire, which is favorable for soot formation. Finally, after
increasing the altitude into Region D, the momentum
dissipation further decreases due to the smaller ambient
density, enhancing the vortex in the wall jet region. However,
the most critical factor resulting in soot emission is that the
smaller ambient density also enhances the excessive liquid
penetration, and consequently, the pool fire is intensified by
more fuel adhesion on the wall, leading to a higher level of soot
formation.

The schematic above is highly simplified, and it attempts to
depict changes of the liquid—wall interactions and impinging
flame morphology under different altitude conditions only
based on the results discussed in this work. However, it can
furnish the diesel engine community with a mental image to
promote new thinking beyond the popular solutions, such as
two-stage turbocharger systems,S(’_58 alternative fuels,” ¢’
oxygen enrichment of the intake air,”””°* adjusted injection
systems,és_67 and advanced injection strategies,68_70 to
recover and improve the performance of diesel engines
operating in plateau regions. Herein, we attempt to analyze
two viewpoints.

(a) Optimal impingement distance. As commented in the
Introduction, the liquid—wall impingement was verified to
significantly worsen the combustion and emissions of high—
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altitude diesel engines, and thus, the liquid impingement
avoidance has become an agreed upon strategy. Currently, one
of the traditional and practical methods to reduce the liquid
length is to decrease the nozzle diameter, which is limited by
the critical peak load capability for heavy-duty diesel engines.
Alternatively, adjusting the impingement distance can also
avoid liquid impingement, which has been rarely considered,
because the distance between the injector tip and chamber wall
is always fixed. However, in this investigation, it was found that
a longer impingement distance is not necessarily better; that is,
there is an optimal impingement distance for soot
minimization. This agrees with the conclusion made by Li et
al.** As a consequence, the tendency of the liquid length and
the optimal impingement distance to both increase with
increasing altitude provides additional guidance on the design
and selection of related components for high-altitude diesel
engines.

(b) Better air utilization throughout the combustion
chamber. It is well-known that the reduction of the air density
inhaled into the cylinder is the essential reason for the
performance deterioration of diesel engines operating in
plateau regions. In addition to the efforts to increase the
intake air amount, it is also helpful to improve air utilization
throughout the combustion chamber. As discussed previously,
the spreading height and diameter of the flame after
impingement both increased under higher altitude conditions.
For the heavy-duty diesel engine prototype targeted in this
investigation, the piston bowl shape resembled the letter “w”
and the flame impinged upon the edge of the piston bowl.”!
After impingement, the long-penetrated flame spread out to
the sides and folded back toward the center of the bowl, during
which the wing of the flame inevitably contacted the wings of
the adjacent flames, and a stagnation surface was established,
facilitating soot formation.” In other words, the vortex in the
wall jet region, which was shown to be conducive to the
ambient entrainment and fuel—air mixing, would be
diminished due to plume-to-plume interactions, weakening
the benefits of a longer penetrating flame with increasing
altitude for air utilization throughout the combustion chamber.
The fixed spray orientation of the fixed injection system
complicated the corresponding optimization. Alternatively, the
piston shape could be redesigned to redirect the flame in the
radial direction and then gradually back toward the central
region of the piston bowl, avoiding the plume-to-plume
interactions. In this way, the strongest wall jet vortex can be
formed for better air utilization and thus improved chemical—
kinetic reactions, which are also conducive to soot reduction.
Recently, some innovative piston designs, such as the lateral
swirl combustion system (LSCS) developed by Beijing
Institute of Technology,”' and the wave piston patented by
Volvo,” have offered promising approaches for diesel engine
applications in plateau regions.

It is essential to recognize that the advantages and
disadvantages of high jet penetration are largely dependent
on the diesel engine size and design, and ultimately, the goal of
any combustion system is to achieve as much utilization of in-
cylinder air as possible, leading to more complete combustion,
especially for high-altitude diesel engines. It is the authors’
hope that the fundamental information from this investigation
can be applied to the technological changes that inevitably
occur during future diesel engine evolution to achieve efficient
and clean combustion for diesel engines in plateau regions.
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5. SUMMARY AND CONCLUSIONS

In this work, the impinging spray combustion evolution of
heavy-duty diesel engines operating under different altitude
conditions was thoroughly investigated in a CVCC. The
impingement distance was adjusted to cover different
situations of wall impingement. The following conclusions
can be drawn.

1) For an identical altitude, the growth pattern of the liquid
spray was independent of either the presence of the flat
wall or the occurrence of the liquid impingement.
However, the latter, whether intermittent or continuous,
was responsible for the reduction of the liquid length
due to mass and momentum losses.

2) With the decrease in impingement distance, the ignition
delay changed little until the liquid spray impinged on
the wall and then the ignition delay increased, especially
under higher altitude conditions. The effect of the
impingement distance on the ignition distance was more
sensitive to the altitude; under the altitude conditions of
0 and 3500 m, the ignition distance exhibited a slight
increase; while under the condition of 4500 m altitude it
first decreased and then increased.

3) The impinging flame exhibited the pattern of a disc
flame. Although it made larger size of the spreading
flame by the more vigorous wall jet vortex, the decreased
impingement distance had a neutral effect on the flame
area, presumably due to the shrinkage in the flame
upstream area as the flame morphology shifted from a
convex to a concave shape. The curves of the SINL
duplicated the tendency of the flame area curves, with
one major discrepancy being that the peak SINL at the
impingement distance of 37 mm increased significantly
for all altitudes, which was attributed to the pool fire
resulting from the liquid impingement.

4) When the TINLs for all test conditions considered were
pooled together, the TINL apparently first decreased
and then increased as the impingement distance was
decreased under an identical altitude condition, implying
that there was an optimal impingement distance to
achieve minimum soot emissions for diesel engines
operating at any altitude. The higher the altitude, the
longer the optimal impingement distance became.

5) The TINL of impinging flame at 77 mm impingement

distance decreased with increasing altitude, which shared

the same trend as that of the free flame, mainly due to
the longer flame lift-off length. However, when the

impingement distance was decreased to 57 and 37 mm,

the disc pattern of impinging flame diminished the

ability of air entrainment and fuel—air mixing upstream
of the lifted flame, therefore the TINL increased with
the increase in altitude. The inconsistent tendency in

TINL with altitude for the impinging flame at different

impingement distances further confirmed the decisive

effect of the flame morphology on the ambient
entrainment and fuel—air mixing under different altitude
conditions.

Finally, the spray combustion processes of an impinging

diesel jet were determined to occur in four typical

regions. A schematic diagram depicting the spray flame
structure for an impinging diesel jet was proposed to
clarify the role of the altitude in the impinging spray
combustion process with different impingement dis-

6)
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tances. Based on this, new perspectives were offered
beyond the popular solutions for practices to recover
and improve the performances of diesel engines
operating in plateau regions.

This series of unique investigations of free and impinging
jets facilitates the scientific understanding of diesel spray
combustion under different altitude conditions. Future work
should enrich this database, providing more visualization
information on this topic. An extensive database could fulfill
the need for better model validation data, which would help us
to understand the fundamental driving mechanisms behind
visualization observations. The authors hope that the
collaboration between optical diagnostics and simulation
models can establish guidelines for the improvement of
current engines and the design of future engines operating in
plateau regions.
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CI compression ignition

LES  large eddy simulation

CFD  computational fluid dynamics

CVCC constant volume combustion chamber

SWI  spray wall impingement

JWI  jet wall impingement

SINL  spatially integrated natural luminosity
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TINL
ASOI
LSCS

time integrated natural luminosity
after start of injection
lateral swirl combustion system
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