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Abstract: Effects of the initial ambient temperature on combustion and soot
emission characteristics of diesel fuel were investigated through experiments
conducted in an optical constant volume chamber and simulation using a
phenomenological soot model. Four different initial ambient temperatures were
adopted in this research: 1000, 900, 800 and 700 K. In order to obtain a better
prediction of soot behavior, the phenomenological soot model was revised to
take into account the feedback of soot oxidation on the soot number density
and good agreement was observed in the comparison of soot measurement and
prediction. The results indicated that the ignition delay was prolonged with
decreasing initial ambient temperature. The heat release rate demonstrated the
transition from mixing controlled combustion at high ambient temperatures to
the premixed combustion mode at low ambient temperatures. At lower ambient
temperatures, soot formation and the oxidation mechanism were both suppres-
sed. However, the soot mass concentration was finally reduced with decreasing
initial ambient temperature. Although the drop in ambient temperature did not
cool the mean in-cylinder temperature during the combustion, it did shrink the
total area of local high equivalence ratios, in which soot usualy is rapidly
generated. At an initial ambient temperature of 700 K, soot emissions were
amost negligible, which indicates that sootless combustion might be achieved
under super low initial temperature operation conditions.
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INTRODUCTION

Soot, a major component of particulate matter (PM), is one of the key air
pollutants emitted by diesel engines.l Previous research proved that soot nuclei
with aradius between 0.1 and 0.5 pm are able to deposit directly in the lung and
result in serious health issues.2 Therefore, there is a global trend to enforce more
stringent regulations for this air pollutant. In addition to the emissions challenge,
soot formation in diesel engines can aso influence the engine performance and
have feedback effects on in-cylinder combustion and emission characteristics.
Soot, once present within a flame, plays an important role in radiative heat trans-
fer:34 soot produces broadband incandescent radiation, which typically domi-
nates over narrow-band radiation from intermolecular processes. Therefore, soot
appearance within a flame would enhance the flame emissivity and hence inc-
rease radiative heat loss. The combustion efficiency then tends to decrease. In
addition, a lower flame temperature, owing to the larger radiative heat transfer
through soot nuclei, will in turn suppress NOx formation.®

Although it is essential to clarify soot formation and oxidation mechanisms,
the understanding about the factors affecting soot particles is still limited. Most
research was conducted under near-atmospheric conditions.69 However, com-
bustion and soot formation in diesel fuel jets under a high-temperature and high-
pressure environment is far removed from atmospheric conditions. Laser diag-
nostics measurements conducted in high-temperature, high-pressure combustion
vesselsl0-14 gre typical tools capable of yielding detailed measurements of soot
processes under diesel-like operation conditions. Overall, soot in diesel fuel jets
begins to be generated shortly after auto-ignition and lasts throughout all the
transient premixed phase and the ensuing mixing-controlled phase of combus-
tion.15-17

There is a wide range of parameters, such as temperature, pressure, equival-
ence ratio, fuel composition and structure, as well as engine design and operation
parameters, that are involved in soot evolution, among which temperature plays
the most important role.! Soot and temperature have an inherent coupled depend-
ence: temperature depends on soot concentration due to heat transfer through
radiation and soot depends on temperature due to the chemical and physical
processes controlled by temperature. Therefore, a detailed understanding of soot
must depend on an in-depth analysis of temperature. In a constant volume cham-
ber, an increase in soot generation with increasing temperature was observed by
Pickett and Siebers,18 due to increasi ng rates of the soot formation reaction. In
shock-tube measurements, Graham et al.19 found that soot volume fraction exhi-
bited a bell-shaped behavior as a function of temperature in the pyrolysis of aro-
matics. This behavior was also reported by Frenklach et al.20 within the flame of
non-aromatic fuels, when the soot volume fraction initially increased and then
decreased with increasing temperature. The temperature under which the soot
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yield reaches its peak was found to vary widely over various configurations.21.22
Additionally, multi-dimensional simulation is essential for the interpretation of
experimenta discoveries in order to obtain an in-depth understanding about soot
evolution. For decades, many contributions have been made to explore suitable
models to describe soot formation and oxidation in a turbulent non-premixed
flame. Moss et al.23 developed a two-step soot model using vapor-phase diesel
fuel as the soot precursor. The first step is a soot mass fraction equation, inc-
luding surface growth and nucleation and the second is an equation of soot num-
ber density, using nucleation and coagulation as the source and sink terms. Tes-
ner et al.24 introduced a general precursor species and linked the precursor spe-
cies with soot particles through a coagulation process. Sequentially, Surovikin et
al.2> improved the Tesner model24 and adopted surface growth to be the conver-
sion pathway from the soot precursor to soot nuclei, once the diameter of pre-
cursor species was larger than a critical diameter. Based on the previous work,
Leung et al.26 adopted acetylene as the precursor species and further considered
surface growth reactions between soot and acetylene. Subsequently, Fusco et
al.27 developed an eight-step phenomenological soot model by introducing oxi-
dative reactions of acetylene and precursor species to avoid an overestimation of
their concentrations. Tao et al.22 improved the Fusco model2? by including the
involvement OH radicals in a soot oxidation mechanism through the Neoh
OH-related oxidation model28 in a newly revised phenomenological soot model .22

Some may argue that this phenomenological soot model is too simplified to
describe soot evolution in a turbulent non-premixed flame since it is a rather
complex process, involving the interaction of chemical kinetics, heat and mass
transfer as well as fluid flow and a description of pre-particle chemistry. How-
ever, the soot formation and oxidation process under diesel-like conditions were
elusive, especially gas-phase kinetics from diesel fuel to soot nuclei were then
uncertain subjects.29 At present, a detailed chemistry soot model is well accepted
as the most accurate model for the prediction of soot behavior because all known
reactions and species relevant to soot formation and oxidation were taken into
account.30-33 However, a detailed representation of soot chemical reactions needs
the interactions between the detailed chemistry and turbulent mixing on a sub-
-grid level to be solved. By doing this, the model is super demanding in terms of
computational time and rather impractical. Additionally, accurate predictions of
soot evolution are extremely sensitive not only to the soot model itself, but also
to the other models that are applied to describe the complex processes of spray
and combustion processes, such as the turbulence model, the spray model and the
evaporation model. These existing uncertainties in these models could essentially
eliminate the advantages of using a detailed kinetic treatment of soot formation.
Therefore, the choice of a simplified phenomenological soot model is the com-
bination result of computation efficiency and acceptable accuracy.
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The objective of the current study was to explore the temperature effects on
soot formation and oxidation of diesel fuel under diesel-like operation conditions.
Detailed analysis of the in-cylinder pressure, heat release rate and time related
soot behavior was provided to expand the understanding of the coupled
dependence of temperature and soot nuclei. In order to interpret the new expe-
rimental findings, a phenomenological soot model was revised and applied to
predicted soot behavior under the same operational conditions. Time related
traces and spatial distributions of soot relevant species, such as acetylene, soot
precursor species, OH radicals and soot number density were predicted as well.

EXPERIMENTAL
Experimental apparatus

The experiments were conducted in an optical-accessible constant volume chamber with
a bore of 110 mm and a height of 65 mm. The chamber was designed to imitate spray and
combustion processes in compressed ignition engines with a maximum operating pressure of
18 MPa. The chamber together with a liquid spray scattering, combustion flame and soot
formation measurement setup is shown schematically in Fig. 1. In order to pass laser beams
and take photographs, a fused silica (Dynasil 1100) end window, 130 mm in diameter, 60 mm
thick and with high UV transmittance down to 190 nm, was installed opposite to the injector.
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Fig. 1. A schematic presentation of the constant
| Y 0 A A S V77 7] volume chamber.

Details of the apparatus are given in the Supplementary material to this paper.
Experimental methods

In these experiments, the forward illumination light extinction (FILE) method developed
by Xu and Lee3* was used as the soot diagnostic technology. This method was able to provide
two dimensional time-resolved quantitative soot measurements. As shown in Fig. 1, in the
FILE method, the light source and the camera are placed on the same side of the flame
through the same window. By doing this, only one window with alight diffuser is required in
the forward-illumination setup, as shown in Fig. S1 of the Supplementary material.
Compared to the back illumination light-extinction method, in which two aligned windows are
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required, the FILE technique was easier to operate. The light diffuser set behind the flame was
to ensure sufficient reflected light that could be collected by the camera.

Details of the extinction measurements and the subsequent calculations are given in the
Supplementary material.

Experimental procedure

Initially, a premixed, combustible-gas mixture of acetylene (C,H,), air and nitrogen was
filled into the test chamber. After the mixture had been ignited by spark plugs, a high-tem-
perature, high-pressure environment modeling typical diesel in a cylinder environment with
the piston at TDC was created in the test chamber. Due to its flammability and low window
contamination, acetylene, with unity C/H ratio, was adopted here as the pilot combustion gas.
Thus, the density of the filling mixture can be determined by the chemical reaction as:

4C,H, + (10 + (O, + 65N,—> 8CO, + 4H,0 + (O, + 65N, )

where { denotes the amount of excess oxygen, which was used to simulate the ambient oxygen
concentration for diesel compressed ignition combustion. After the acetylene had been com-
pletely consumed, the ambient air contained 21 % oxygen, 66.7 % nitrogen, 8.2 % carbon
dioxide and 4.1 % water vapor by volume. The density of the mixture for post-combustion
was 14.8 kg m3, which mimics the operation conditions without the EGR rate of realistic
diesel engines. In addition, the vessel pressure slowly decreases due to heat transfer through
the vessel walls. When the desired pressure was achieved the injection signal triggered the
HEUI injector and the high-speed camera simultaneously, and diesel fuel was injected into the
cylinder and the camera began to record the whole injection, auto-ignition and combustion
processes.

In this study, four different ambient temperatures were investigated: 700, 800, 900 and
1000 K, covering both low-temperature and conventional high-temperature combustion modes
in diesel engines, i.e., initial temperatures of 700 to 800 K present low temperature low load
combustion while an initial temperature of 1000 K presents typical high temperature higher
load combustion. The test fuel in these experiments was European low sulfur diesel fuel.
Smulation models

In order to obtain insight into the formation and oxidation mechanisms of soot particles,
a phenomenological soot model was adopted and revised to simulate compressed ignition
combustion and soot emission behavior at initial ambient temperatures of 700 to 1000 K. The
soot model in the present paper restrained the main feature of the phenomenological soot
model developed by Tao et al., % but improved the governing differential equation of soot
number density by taking into account the effects of soot oxidation. A schematic presentation
of the revised phenomenological soot model is shown in Fig. 2, from which it can be seen that
the Phenomenological soot model has nine main steps.

Complete descriptions of the models considered in this study are given in the Sup-
plementary material.

RESULTS AND DISCUSSION
Analysis of the combustion characteristics

The measured in-cylinder pressure and heat release rate under ambient tem-
peratures of 700, 800, 900 and 1000 K are presented in Fig. 3. Since the chamber
volume is constant, the in-cylinder pressure is directly proportional to tempera-
ture and the higher the initial temperature, the higher is the initial pressure. In
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order to avoid the influence of the initial in-cylinder pressure, al initial pressures
were set to zero and hence the pressures shown in the Fig. 3 are relative pres-
sures, which are actually the increase of pressure caused by heat released from
the diffusion-dominated combustion.
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I Products I Fig. 2. Structure of the nine-step pheno-
menological soot model.

As shown in Fig. 3, the ignition delay became longer with decreasing initial
temperature from 1000 to 700 K. The threshold of combustion here is defined as
the time when a sudden increase in the heat release rate first appeared. Based on
the theory of chemica kinetics, the ambient temperature is the most essential
parameter in the determination of chemical reaction rates. With decreasing ambi-
ent temperature, the effective coagulation frequency between reactants tends to
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Fig. 3. In-cylinder pressure and heat release rate determined using
the phenomenol ogical soot model.
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decrease and the reaction rates of al chemical reactions are retarded. Therefore, a
milder and slower heat release rate could be expected for pre-flame reactions.
More time was required to achieve self-ignition and the ignition delay was longer.

On the other hand, premixed combustion becomes a more and more impor-
tant part of the whole combustion process with decreasing initial ambient tempe-
rature. When the ambient temperature was as high as 1000 K, there were two
peaks in the rate of heat release trace, indicating premixed and diffusion com-
bustion, respectively. On dropping the ambient temperature to 900 K, a higher
premixed combustion peak as well as a lower diffusion combustion peak than at
1000 K initial ambient temperature were found in Fig. 3. When the initial ambi-
ent temperature was further decreased to 800 K, only one peak was observed in
heat release rate trace, which illustrated that premixed combustion was the absol-
utely dominant combustion mode under this operation condition and the combus-
tion pressure was even higher than that under 900 K initial ambient temperature.
At 700 K initial ambient temperature, the heat release rate retained a one-peak
characteristic and the highest combustion pressure was found, Fig. 3, evidencing
the highest combustion efficiency. As discussed above, the ignition delay became
longer with decreasing initial ambient temperature. A longer ignition delay gives
more time for the fuel and fresh air to mix, resulting in the formation of a larger
premixed charge before self-ignition and hence a stronger premixed combustion
would occur on ignition of the diesel. Hence, the peak of the premixed com-
bustion was higher at the lower initial ambient temperature. The speed of pre-
mixed flames is dependent on the chemical reaction rates, while the speed of dif-
fusion flames is determined by the diffusion speed. Since chemical reaction rates
are much faster than diffusion speed, the combustion duration was much shorter
for premixed dominated combustion for initial ambient temperature of 800 and
700 K than that occurring with initial ambient temperatures of 900 and 1000 K.
The heat loss was decreased due to the shorter combustion duration at lower
initial ambient temperatures. In the experiments, the total fuel mass was kept
constant, which indicated a constant energy input for all operation conditions.
With alower hest loss, the combustion efficiency was higher with decreasing ini-
tial ambient temperature and became the highest at 700 K initial ambient tem-
perature; thus, the highest-pressure peak was observed at 700 K initial ambient
temperature, as shownin Fig. 3.

Soot behavior analysis

The time related total soot mass concentrations at initial ambient tempera-
tures of 700 to 1000 K are shown in Fig. 4. In order to avoid the effects of the
amount of fuel injected on the soot generation, the unit pg grye! Was adopted
here, which was defined as the total mass of soot in the chamber over the total
mass of injected diesel fuel. In Fig. 4, the soot mass exhibited “bell-shaped”
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characteristics regardless of the initial temperature, i.e., the amount of soot ini-
tially increased rapidly to achieve maxima values and then decreased to zero
thereafter. Similar results were also reported in previous studies.21,22.27 The thre-
shold of soot mass formation was gradually delayed on decreasing the initial
ambient temperature from 1000 to 700 K and the duration of the delay became
longer in the order 900 to 1000 K, 800 to 900 K and finally 700 to 800 K. As
discussed above, the auto ignition delay was longer at lower initial ambient
temperatures. Since soot particles are the incomplete products of compressed
ignition combustion, they followed the same characteristics of combustion and
their appearance occurred later with decreasing initial temperature from 1000 to
700 K.

Temperature
700+ —1000 K
600+ — 900 K
— -800 K
2500, \|=- 700 K
% 400+
E 300
(-]
& 2004
100+
0. Y e Fig. 4. Soot mass generated by 1 g of
1 5 3 4 B & 9 8 fuel for initia temperatures of 700,

Time, ms 800, 900 and 1000 K.

The later appearance of soot also demonstrates the reduced tendency of
sooting of diesel fuel at lower initial ambient temperatures. Therefore, the total
soot mass increased with increasing ambient temperature, which emphasized the
importance of intake temperature cooling and its beneficial effects on mitigating
soot formation. The soot emissions here were the combined results of soot for-
mation and soot oxidation. Under conditions of higher ambient temperatures,
weaker premixed combustion was observed, Fig. 3, so less entrainment of ambi-
ent air would result in higher fuel richness within the diesel fuel jet, higher soot
formation rates at the early stage of combustion and finally higher soot mass
concentration, as shown in Fig. 4.

Validation of phenomenological soot model

Comparisons between the measured and predicted soot behavior using the
revised phenomenological soot model for initial temperatures of 700, 800, 900
and 1000 K are illustrated in Fig. 5, which shows that the overall soot traces
predicted by revised phenomenological soot model were in good agreement with
the measurements. Therefore, it is reasonable to believe that phenomenological
soot model is able to reproduce successfully the soot formation and oxidation
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processes of diesel fuel and its prediction for relevant intermediate species, such
as acetylene, soot precursor species and OH radicals.

700 ' Temparature
J X 1000 K(Experiment)
600 - — 1000 K({Simulation)
4 O 900 K(Experiment)
bin 500 KB | = 900 K(simulation)
S ] 2 % 800 K(Experimont)
“ 400_ 00 = B00 K{Simulation)
E 300 i \ C(‘) B 700 K(Experiment)
E _ \\o === 700 K(Simulation)
S 200-
7] 4
100+
0 -}
1

Time, ms

Fig. 5 Comparison of the measured and predicted soot mass generated by 1 g of fuel for initial
temperatures of 700, 800, 900 and 1000 K.

Predicted traces of soot relevant species

The temporal mass concentrations of CoH», soot precursors, OH radicals and
soot number predicted by the revised phenomenological soot model for initial
ambient temperatures of 700 to 1000 K are shown in Fig. 6, from which it can be
seen that all traces shared the same “ bell-shaped” characteristics as the soot mass
concentration. Comparing Fig. 6 to Fig. 5, it is evident that there were no signi-
ficant differences between the soot mass and the amount of soot, which indicated
that the initial temperature had negligible effects on the mean particle diameter of
the soot in the constant volume chamber.

As shown in Fig. 6, the thresholds for soot relevant species were aso
retarded with decreasing initial ambient temperature from 1000 to 700 K. Acetyl-
ene and soot precursor species are typical intermediate species involved in diesel
compressed ignition combustion. The initial temperature is the most essential
parameter determining the rates of pre-flame reactions. In Fig. 4, the longest
ignition delay was observed at the lowest initial temperature, when the lowest
reaction rates for the pre-flame reactions were also observed. As a result, lower
formation rates of acetylene and soot precursor species could be expected in the
early stages of combustion and delayed appearances of acetylene and soot pre-
cursor species were found at the lowest initial temperature, as shown in Fig. 6.
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Fig. 6. Soot mass, amount of soot, mass of C,H,, soot precursor and OH generated by 1 g of
fuel for initial temperatures from 700 to 1000 K.

In Fig. 6, the continuous decrease in the maximum mass concentrations of
species relevant for soot formation and oxidation mechanisms, such as acetylene,
soot precursor species and OH radicals, indicated that both soot formation and
oxidation reactions were strongly suppressed by the reduced initial ambient
temperature. However, a lower total soot mass concentration with the decreasing
ambient temperatures was previously proved. Therefore, it is reasonable to
believe that the soot formation mechanism played a leading role in dominating
the behaviors of soot when the initial ambient temperature was decreased.

Below an initial ambient temperature of 800 K, a suddenly sharp drop
appeared in the mass concentration of soot precursor species. In the new pro-
posed model, there are one formation pathway and mainly two consumption
pathways directly linked to the mass concentration of the soot precursor species:
generation from an acetylene-rich pool, condensation to form soot nuclel and
directly oxidation to CO2 and H2O. As shown in Fig. 6, the mass concentration
of OH radicals continued to decrease with decreasing initial ambient temperature,
which led to a lower oxidation rate of the soot precursor species. At the same
time, alower rate of soot formation from soot precursor species was also proved
previoudy at lower initial ambient temperatures. Therefore, the reason for the
lower peak of the precursor mass concentration at lower initial ambient tempe-
ratures should only be the lower formation rate of soot precursor species from
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acetylene. The decrease of initial temperature not only suppressed the formation
rate of soot particles but also restrained the formation mechanism of the inter-
mediate species. When the initial temperature was 700 K, the mass concentration
of soot precursor species was almost zero and a super low level of soot emissions
(near zero), as presented in Fig. 5. Since soot emissions exhibited a continuous
decrease with decreasing initial ambient temperature, smokeless combustion
might be achieved after a further reduction in the initial ambient temperature.

Predicted spatial distributions of soot emissions and relevant species

The gpatial distributions of the mean in-cylinder temperature, equivalence
ratio, amount and mass of soot nuclei, acetylene, soot precursor species aswell as
OH radicals are presented in Fig. S-2, Supplementary material, for initial ambient
temperatures from 700 to 1000 K at 4.5 ms, when the mass concentrations of soot
emissions achieved their peaks under 800, 900 and 1000 K initial ambient
temperatures.

Under the constant initial ambient temperature, the diesel fuel, acetylene,
precursor species, soot particles and OH radicals were all detected within the
high temperature area, which determined that there should be a switch tempera-
ture above which soot formation and oxidation reactions could be reactivated.
Compared to the distributions of acetylene and the soot precursor species, the
distributions of the OH radical, which is the representative reactant involved in
soot oxidation reactions, had shapes more similar to those of the temperature
distributions. Thus, the oxidation mechanisms of soot particles were highly
dependent on the ambient temperature.

For initial temperatures from 1000 to 700 K, the local highest mean in-cylin-
der temperature did not show an obvious decrease under the operation condition
with the lower initial ambient temperatures, as shown in Fig. S-2. Furthermore,
the overall temperature was even higher at an initial ambient temperature 800 K
than that at initial ambient temperatures of 900 and 1000 K. At 700 K ambient
temperature, the region of high combustion temperatures started to shrink. Since
a continuous drop in the peaks of the total mass concentrations of soot were
observed in Fig. 5, the decrease in initial ambient temperature was not the direct
reason for the reduction of soot emissions.

The equivalence ratio is defined as the local fuel/oxidizer mass ratio divided by
the stoichiometric fuel/oxidizer mass ratio. When the initial temperature dropped
from 1000 to 800 K, the maximum equivalence ratio vaue of local fuel-rich
reaction zone did not decrease very much. However, the area of local fuel-rich
zone did decrease gradually. Similar results were also observed in the mass
concentration distributions of acetylene and the soot precursor species for ambi-
ent temperatures from 800 to 1000 K, the maximum mass density of acetylene
and the soot precursor species at the lowest initial temperature maintained the
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same level as those at the higher initial ambient temperatures, which was evi-
denced by the ailmost same red color in Fig. S-2. However, the area of the local
rich reaction zone of acetylene and the soot precursor species shrank a lot at
lower initial ambient temperatures, especially at an initial ambient temperature of
800 K. Therefore, the suppressed soot formation mechanism at the lower initial
temperature conditions should be directly caused by the reduced area of the local
diesel-rich reaction zones.

Comparing spatial distributions in Fig. S-2, it is clearly noticeable that the
soot mass distributions did not duplicate the distributions of the equivalence
ratios. However, it looked more like the distributions of soot precursor species.
This result revealed that soot precursors were the species to determine the
locations where soot particles existed. The soot mass density was the result of
combining both the effects of acetylene and the soot precursor species.

When initial temperature dropped to as low as 700 K, the highest local equi-
valence ratio should be below 2, since al the red and yellow color in equivalence
ratio distribution faded away. As shown in Fig. 5, the soot mass concentration
was negligible under this condition. Furthermore, it is very clear that the mass
concentration became larger in the order of soot particles, soot precursor species
and acetylene, which means gas-phase species, including acetylene and soot
precursor species, had a wider region of equivalence ratio for their formation.
Similar conclusions were also reached in an investigation of Kitamura et al.,3%
who modeled the equivaence ratio and temperature dependence of soot for-
mation for paraffinic hydrocarbons, aromatic hydrocarbons and oxygenated hyd-
rocarbons using a detailed soot kinetic model. In their research, the critical equi-
valence ratio of n-heptane was around 2, indicating that soot is not formed at
equivalence ratios below 2, regardless of the temperature. Moreover, they found
that the acetylene formation region was distributed over awider equivalence ratio
region than the sooting region. These results were consistent with the present
observations. Since soot mass concentration decreased with decreasing initial
temperature, sootless combustion could be expected when the initial temperature
isbelow 700 K.

CONCLUSIONS

Experiments were conducted in an optical constant volume chamber to
explore combustion and soot emission characteristics under different initial ambi-
ent temperatures, 700, 800, 900 and 1000 K. To aid interpretation of the experi-
mental results, a phenomenological soot model was revised and the revision
applied to predict soot behavior under the same operation conditions as in the
experiments. Qualitatively, a comparison of soot measurements and the predict-
ions from the phenomenological soot model were given to validate the revised
soot model. Detailed analysis about soot relevant species, such as acetylene, pre-
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cursor species and OH radicals was also presented to reveal the responsible factor
that contributed to the reduction of soot emissions with decreasing initial ambient
temperature. The main conclusions are as follows:

The heat release rates demonstrate the transition from mixing controlled
combustion at 1000 and 900 K to premixed combustion dominant at 800 and 700 K.
A longer ignition delay was also observed at lower initial ambient temperature con-
ditions. The in-cylinder pressure traces proved that the combustion efficiency
became higher when initial ambient temperature was decreased from 1000 to 700 K.

Similar to the combustion characteristics, a delayed appearance of soot emis-
sions was found at lower initial ambient temperatures. Moreover, the total soot
mass increased with increasing ambient temperatures. At an initial ambient tem-
perature of 700 K, the soot emissions were almost negligible, which indicates
that sootless combustion might be achieved under low initial temperature con-
ditions.

All species relevant to soot formation and the oxidation mechanism pre-
sented a delayed threshold of increase in soot formation as the initial ambient
temperature decreased from 1000 to 700 K. The mass concentrations of acetyl-
ene, soot precursor species and OH radicals decreased with decreasing tempera-
ture. The slower formation and oxidation reaction rates at lower initial tempera-
ture indicated that the soot formation mechanism dominated the soot behavior
under variousinitial ambient temperatures.

The effects of the initial ambient temperature on the mean in-cylinder
temperature were unperceivable. However, variation in the initial ambient
temperature could strongly affect the distribution of the equivalence ratio within
the whole test chamber. The total area of local high equivalence ratio shrunk at
lower initial ambient temperature revealed a reduced sooting tendency; hence,
lower soot emissions were detected with decreasing initial ambient temperature.
At an initial ambient temperature of 700 K, the equivalence ratio was under the
value of 2. Soot was not formed at equivaence ratios below 2, regardiess of
temperature.

SUPPLEMENTARY MATERIAL

Details of the apparatus, information on the measurement and subsequent calculation of
extinction values, model description, a list of employed symbols and figures of spatia in-
cylinder phenomena are available electronically at http://www.shd.org.rs/JJSCY/, or from the
corresponding author on request.
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U3BOJ

EKCIIEPUMEHTAJTHO U PAYYHAPCKO UCITUTUBAILGE YTHILIAJA TEMIIEPATYPE HA
MEXAHU3ME CTBAPAIbA YABU

XIAOJIE BI', MAOYU XIAQ', XINQI QIAQ', CHIA-FON F. LEE*® u YU LIU*

IKey Laboratory for power machinery and Engineering of Ministry of Education, Shanghai Jiao Tong
University, Shanghai, 200240, China, ZDepartment of Mechanical Science and Engineering, University of
Illinois at Urbana-Champaign, IL, 61801, United States, 3Centerfor Combustion Energy and State Key
Laboratory of Automotive Safety and Energy, Tsinghua University, Beijing 100084, China u *Key Laboratory
of automobile dynamic simulation, Jilin University, Changchun, Jilin, 130012, China

HcnuTaHu cy yTULAju NOYETHUX TeMIlepaTypa CpefivHe Ha KapaKTepUCTHKE caropeBama
Iv3en ropuBa U eMHcHje 4ahu IPUMEHOM eKCIlepUMEHTa CIIPOBEJIEHUX y ONTHYKOj KOMODH
CTa/llHe 3allpeMMHE U momohy cumynanuje Koja KOpUCTH (EHOMEHOJIOUKH Mofen yahu. ¥
UCTpaKUBamkHMa Cy pa3MaTpaHe YETHPH NoueTHe Temneparype cpegune: 1000, 900, 800 u
700 K. Kako du ce moduno dome npepsubame NMoHallaka 4ahy peBUAUpaH je PeHOMEHO-
JIOIKK Mopen 4ahu kako du ce y3eo y 003Up MOBpaTHH YTULAj OKCUAALHje Yahu Ha IyCTHHY
pacnonene yahu, nmpu yemy je modujeHo Hodpo cmarame usmely mepewma U ImpernBUbama.
PesynTatu cy nokasainy Jia je ojJiarame nabetmha Be3aHO Ca CMamemheM [OYeTHEe TeMIlepaType
cpenvHe. MHTE3uTeT ocnobahama TOMIOTE AEMOHCTPUPA Npenas of Au(dy3HOHOT caropeBama
Ha BUCOKOj TeMIIlepaTypH A0 IpeAMeIIaHOT caropeBama Ha HUCKOj TemnepaTypd. Ha HUXOj
TEMIEPATYypPH Cy MOTHUCHYTH NPOLECH OKCHAauuje U dopmupama uahu. Mnak, Ha Kpajy je
MaceHa KOHLIeHTpauuja yahy cMameHa ca CMamemheM MOYETHE TeMIlepaType cpefuHe. Hako
naj y TeMIepaTypy CpefuHe HUje 0XJIafuo IJIaBHU YJIasHH BOJ 3a BpEME caropeBama, OH HUje
CMamHO BHCOKe BPEIHOCTH JIOKAJTHOT eKBUBAJIEHTHOT OJHOCA TOPHUBO/Ba3nyX, Y Kojoj ce ual)
o mpaBwiy Op3o cTBapana. Ha nouetHoj Temnepatypu cpenuse ox 700 K, emucuje uahu cy
Ouie ckopo 3aHeMapJbMBe, LITO YKasyje Ha TO ha caropeBame de3 yahu Moxe duTH oCcTBApeHO
y YCJIOBUMA M3Y3€THO HUCKHUX IOYETHHX PafHUX TeMIepaTypa.

(ITpumsbeHo 14. jyHa, peBuaupaHo 2. Hopembpa, npuxsaheno 4 HoBemdpa 2013)
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