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DETAILS OF THE APPARATUS

At the center of the chamber head, a hydraulic-actuated electronic-controlled unit
injector (HEUI, Caterpillar) was mounted, the relevant configurations of which are given in
Table S-. In order to mimic realistic diesel engine operation conditions, the cylinder wall was
heated to 380 K by eight heaters made of Watlow Firerod and the temperature of the ail line
and fuel line inside the chamber head were kept at 350 K. The in-cylinder pressure was
measured by a quartz pressure transducer (Kistler 6121) embedded in the chamber wall in
conjunction with a charge amplifier.

TABLE S-I. Configuration of the HEUI 300A injector and the fuel injection conditions

Parameter Value

Nozzle style Valve covered orifice
Number of nozzle holes 6

Spray angle 140°

Orifice diameter 0.145 mm
Injection pressure 134 MPa
Injection duration 3.5ms

Fuel volume 120 mm?3

Fuel temperature 350K

As shown in Fig. 1, images were obtained using a high-speed digital camera (Phantom V7.1)
above the optical chamber and a light source was provided by a copper vapor laser (Oxford
Lasers LS20-50). Two-wavelength output at 511 and 578 nm with a power ratio of 2:1was
provided by a copper-vapor laser. The high-speed camera and the copper-vapor laser were set
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S88 Bletal.

to be synchronized up to 15037 frames per second to provide time related records at a
resolution of 256x256 pixels. Only one of the six spray jets was examined in the experiment.
A 105 mm focal length lens made by Nikkor with a maximum aperture of f 4.5 was adopted
for the images taking. To suppress flame emission, two interference filters at 510 and 515 nm
with 10 nm full width at half maximum (FWHM) were adopted to filter out the light at 578
nm. A FWHM of 5 nm could be achieved when these two filters were aligned together. Before
laser light entrance into the test constant volume chamber, it was focused by a condenser
through a 6 mm diameter reflecting mirror in front of the condenser lensto a point source. The
high-speed camera was triggered by injection signal and was set to record the whole com-
bustion process of diesel fuel.

MEASUREMENTS AND SUBSEQUENT CALCULATION OF THE EXTINCTIONS
As shown in Fig. S-1, the laser beam passed through the soot cloud twice in the forward

illumination technique. Therefore, the light intensity should be adjusted by the extinction due
to light diffuser and soot absorption.

1

Light diffuser Fig. S-1. Light extinction by the soot cloud.

A variation in the reflected light intensity was caused only by the presence of soot,
following the Lambert—Beer Law:

| = loe(-, Ko@) (D)

where | is the reflected light intensity with or without the presence of a soot cloud, | is the
reflected light intensity without the presence of a soot cloud, Kg is the extinction coefficient
and L is the path length through the soot cloud. Unlike the traditional back illumination
method, the light extinction in the FILE method is proportional to 2L rather than L due to the
light passing twice through the soot cloud.

The extinction coefficient of the soot cloud is dependent on the particle number density,
and on the particle diameter and optical properties. Based on the Rayleigh approximation, the
soot volume fraction could be expressed as:

A lo
© (2L)Ka'”( :) 52
where 1 is the wavelength of mono-wavelength light, K, is the dimensionless absorption
constant determined by soot refractive index m. A value of 5.47 was adopted here with m =
=1.62 +i0.66. The soot volume fraction could be calculated using Eq. (S-2) by analysis of the
images with and without soot clouds, pixel by pixel. However, for a non-axisymmetric diesel
flame, the thickness of the soot cloud cannot be measured and the only the line-of-sight,
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expressed as C,L, can be detected. If the area of each pixel is represented by a dimension of
Ar and amean mass density of soot particles 2.0 g cm! is adopted,! then the soot mass at each
pixel could be calculated as:

m = pCyLAr (S3)

Equation (S-3) indicates that each pixel value represented the local soot mass in each
column vertical to the image plane, and the total soot mass at this time could be obtained by
summing all the pixel values. A detailed introduction about FILE methods in detecting a
spray, combustion flame and soot emissions can be found in previous reports.2-45

DESCRIPTIONS OF THE MODELS

The phenomenological soot model, Fig. 2, has nine main steps: 1) acetylene formed
through afuel pyrolysis process, 2) precursor species formed merely from acetylene pools, 3)
soot inception reaction, 4) surface growth of soot nuclei, 5) coagulation of small soot particles
to form bigger ones, 6) soot surface oxidation via oxygen attachment, 7) soot surface
oxidation via OH radicals, 8) acetylene oxidized by O, and 9) precursor radicals oxidized by
OH radicals. All of the reaction formulas, reaction rates and relevant reaction constants are
listed in Table S-I1. The concentration of OH radical was estimated based on a H,—0O,—CO,
system, and a detailed description can be found in a previous study.5 The precursor species
were assumed to be general gaseous soot precursors, such as fullerene, based on the
observation of heavier PAHs in hydrocarbon diffusion combustion.”-8

TABLE S-1. Reaction mechanism of the phenomenological soot model

— _Ea
No. Reaction Reaction rate k= AeXp[ RT j
A E,/ kJmolt
1 Fud — C2H2 = kl[ Fuel] 10)(1010 207.85
2 CH, — P, 0, = ko [CoHs ] 1.0x101 166.28
3 Pe—> S w3 =ks[P.] 5.0x107 209.51
4 S+&—>S @y = k4N Collision frequency constant®
5 S+ CHy = S+ Ho 1 1.05x10% 25.77
@5 = ks[CoHo | A2
6 S.+0, > S.,+2C0O 6[Sc| MW, NSC Oxygen oxidation
= —deSC model9
SYs
7 S +OH-—>S+CO+¥H, 1 The OH oxidation model of
_ 3[OH]( 8RT 2 Neoh et al.20
7/7 NA 7™M OH
8  CHy+0,—2CO+H, @ = kg[C2H2][O3] 6.0x1012 209.51
9 P.+OH — CO @y = ko[ P:][OH] 1.0x10° 166.28

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



S90 Bletal.

In the Tao model,® the original principal governing equations for solving the soot mole
density and the soot mass density were listed as:

d
I8]_ - (54
I W + MV (a5 - - ) (S9)

dt

where w indicates the reaction rate, the subscript number is the number of the reaction listed
in Table S11, MW is the molecular weight of the soot particles. Since the flame speed of
diffusion combustion is determined by the speed of turbulent mixing, all reaction rates in
these equations were modified by the Turbulence-Chemistry interaction model.11

Model modification. As can be seen in Eqg. (S-4), only inception and coagulation were
taken into account for the determination of the soot number density. However, previous
results!? proved that surface oxidation is also possible, which would lead to a reduction in the
soot number density. During the early stage of diffusion combustion, the soot formation
mechanism dominates the soot evolution and a large number of soot particlesin the form of a
ball core are newly generated within the chamber. Compressed ignition combustion is a kind
of diffusion-controlled combustion, in which the distribution of fuel and oxidantsis extremely
heterogeneous. Since these young soot particles contain very few carbon atoms, they could be
quickly consumed in a locally rich-oxidant environment and finally result in a reduction in
soot number density. At alater stage of diffusion combustion, the oxidation mechanism takes
the place of the formation mechanism and becomes dominant in soot evolution. Although the
mature soot is cluster-like or chain-like hydrocarbon aggregates composed of tens to hundreds
of spherical particles, it was still possible for them to be eliminated completely by strong
surface oxidation, which would finally lead to a decrease in the soot number quantity. The
soot number density is significant for the calculation of the soot mean diameter and the total
surface area, which could sequentially affect the final soot mass concentration. Therefore, it is
essential to introduce surface oxidation feedback into the calculation of the soot number
density.

The effects of surface oxidation on the soot number density were taken into account for
both incipient and mature soot particles. For small incipient soot particles, once the surface
oxidation wins the competition with surface growth, which means that more carbon atoms
were depleted than accumulated on the active surface area, the soot number density began to
decrease. For mature soot particles formed after coagulation and surface growth, surface
oxidation was required to deplete the shell-shaped surface carbon atoms first before con-
tributing to number density reduction. In order to detect the turning point when surface oxi-
dation began to affect the number density of mature soot particles, a parameter termed as cri-
tical diameter, dy, was adopted to describe the diameter of an incipient particle and the mean
diameter of the soot particle is expressed as:

%
d5=( 6m j : (S6)
TNgps

where my is the soot mass density, Ns is soot number density and ps is the density of the soot
particles, which was assumed to be 2 g cm3,

When surface oxidation loses the competition with surface growth, surface oxidation
does not affect the soot number density. The governing differential equation of soot number
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density is the same as that in the Tao model.6 When surface oxidation wins the competition
with surface growth, but dg is still larger than dg;, the number density deduction only led to a
number density reduction of the incipient soot particles and the adjusted mole density could be
represented as.

d

%za)&_cﬂ_@nc (8'7)

_ MW (a5 — @ — a7) 5 (9)
MWL) [ ]+ oMW,

where wj is the amount the number density of incipient soot particles is reduced because of
oxidation effects. When surface oxidation wins the competition with the surface growth and
simultaneoudly ds is equal or less than d;, number density reduction occurs in both incipient
and mature soot particles and the revised soot mole density can be represented as:

d[S] MW,
R w4+MWS(i)(ws w5 — ) (S9)
where MW4(i) is the mean molecular weight of soot particles of computational cells i (i
denotes the cell number). As soot is a super complex aggregate, in the present study, MW(i)
was not considered a constant as previously,® but was renewed after each computational time
step.

Numerical implementation. In this study, KIVA-3V Release 2 code was the numerical
solver to calculate the mass, momentum and energy conservation equations for soot and other
gas-phase species involved in the diesel combustion system. Spray dynamics was simulated
using the “blob” injection model.13 Spray atomization and droplet breakup were modeled by
the Rayleigh-Taylor model.14 The RNG k— model1® for turbulent flow was also included to
interpret the average effects of turbulent motions on the main flow characteristics, such as
mass, density, velocity, etc. The ignition was modeled using the Shell ignition model .16
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IN-CYLINDER SPATIAL PHENOMENA
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Fig. S-2. Spatia distributions of the in-cylinder temperature, mass of acetylene, precursor
species, soot nuclei, OH radicals and amount of soot generated in 4.5 msby 1 g fuel for
ambient temperatures of 700, 800, 900 and 1000 K. The bars on the upper right corners

present the upper and lower limits for each parameter.
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NOMENCLATURE
A Exponential factor
A Surface area of soot particle
C, soot volume fraction
dyi  Critical diameter of incipient soot particles
dg Diameter of soot particle
E, Activation energy
FILE [llumination light extinction
i Cell number
I Reflected light intensity
lo Reflected light intensity without the presence of a soot cloud
Ka Dimensionless absorption constant
Kext  Extinction coefficient
L Path length through the soot cloud
m Soot refractive index
m Soot mass concentration

MW, Molar weight of carbon atom
MW Molar weight of soot particle
MWgy Molar weight of OH radical

Ns Number density of soot particle

Nap  Avogadro’'s number

NSC Nagle-Stickland—Constable oxidation model
p Mean pressure

[PJ Mole concentration of soot precursor

R Universal gas constant

Ar Area of each pixel

[S] Mole concentration of soot particle

T Mean temperature

A Wavelength of monochromic light

Ps Soot particle density

1) Reaction rate

ome  Reduced incipient soot number density caused by the oxidation effects

1
1

REFERENCES

1. A. Braun, F. E. Huggins, S. Sefert, J. llavsky, N. Shah, K. E. Kelly, A. Sarofim, G. P.

ONDT A WN

9.
0.
1

Huffman, Combust. Flame 137 (2004) 63

H. Liu, X. Bi, M. Huo, C. F. F. Lee, M. Y a0, Energy Fuels 26 (2012) 1900
H. Liu, C. F. Leg, M. Huo, M. Y ao, Energy Fuels 25 (2011) 1837

H.Liu, C. F. F. Lee, M. Huo, M. Y ao, Energy Fuels 25 (2011) 3192

. Y. Xu, C.F. Lee, Appl. Optics 45 (2006) 2046

F. Tao, R. D. Reitz, D. E. Foster, Y. Liu, Int. J. Therm. Sci. 48 (2009) 1223

. A. Kdler, R. Kovacs, K. H. Homann, Phys. Chem. Chem. Phys. 2 (2000) 1667

O. Mathieu, G. Frache, N. Djebaili-Chaumeix, C. E. Paillard, G. Krier, J. F. Muller, F.
Douce, P. Manuelli, Proc. Combust. Inst. 31 (2007) 511

H. Hiroyasu, T. Kadota, M. Arai, B. JISME 26(1983) 569.

K. G. Neoh, J. B. Howard, A. F. Sarofim, Proc. Combust. Inst. 20 (1985) 951

L. A. Vulis, T. P. Leontéva, Z. B. Sakipov, |. B. Paatnik, B. P. Ustimenko, Int. J. Heat
Mass Tran. 4 (1961) 111

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.



S94 Bletal.

12.
13.

14.

15.
16.

D. R. Tree, K. I. Svensson, Prog. Energ. Combust. Sci. 33 (2007) 272

R. D. Reitz, R. Diwakar, Structure of High-Pressure Fuel Sprays, SAE Technical Paper
870598, 1987, doi: 10.4271/870598

M. Patterson, S. Kong, G. Hampson, R. D. Reitz, Modeling the Effects of Fuel Injection
Characteristics on Diesel Engine Soot and NOx Emissions, SAE Technical Paper 940523,
1994, doi: 10.4271/940523

Z.Han, R. D. Reitz, Combust. Sci. Technol. 31 (1995) 267

S. Kong, Z. Han, R. D. Reitz, The Development and Application of a Diesel Ignition and
Combustion Model for Multidimensiona Engine Simulation, SAE Technica Paper
950278, 1995, doi: 10.4271/950278.

Available on line at www.shd.org.rs/JSCS/

(CC) 2014 SCs. All rights reserved.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




