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Recent Research Attempts against
the Emission Regulation
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Back ground of this study

Nanoparticles (dp<50nm) Typical particle diameter distribution
ex.) Soot, SOF < Fgu:(g'asr:i::rlssq
- Serious health damage 8 - agp‘igaofgffs
Lung cancer g2 - o]
breathing problem g % ,ﬂ%:ffo%ﬁdes D,<10mm
High number concentration B3
due to low mass concentration ‘_E“ 8 Coarse
- Nanoparticles is unregulated g Agégnnglélglti_?n mode

Objectives
® Investigate soot formation characteristic
focused on soot volume fraction and particle diameter
in diesel spray flame
® |[nvestigate effects of various parameters
on particulate characteristics
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Soot Formation Processes in Detailed Model
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Conceptual Model of Diesel Jet Flame
(Dec, SAE Paper 970873, 1997)

Temporal sequence of auto-ignition &
remixed combustion phase
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Conceptual model of diesel combustion
by Aizawa/Kosaka/Kamimoto in TIT

Fuel droplets '

Fuel vapor

OH forming

Small diameter
High number density

Air entrainment

Soot oxidation region
T=2200-2400K
High concentration
of OH

Soot growth region

Large diameter

Low number density
T=2000-2100K

¢=0.7-1.0

Head vortex
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Distribution of soot volume fraction and soot particle
diameter in diesel jet flame obtained by Time-resolved LI1

fuel: n-heptane, T,,,,=900[K], p,,,=16.2[kg/m3], X,,=17%, AP, =70[MPa] F
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- Detailed Chemical Kinetic Modeling
of Smokeless Diesel Combustion
with Oxygenated Fuels —
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Reaction Model of Soot Formation

Step.1 Gas Phase Chemistry
——Fuel chemistry. -‘PAH growth chemistry—

n-Heptane fuel @ HACA reaction sequence
MB fuel R . . .
DME fuel - @ . Ring-ring condensation
DMM fuel Combination of resonantly
MeOH fuel @ stabilized radicals

CH, H, H @@
el
Surface growth Particle Particle PA_H

and oxidation coagulation inception condensation
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Gas Phase Chemistry —
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Expression of soot yield, particle diameter and soot volume fraction

Particle number

Soot yield SY= rl;]/ll

1/3
Particle diameter dsoot:[n6£n° I\I\;Ill]
soot 0

3
Soot volume fraction  F, =%~Mo

Model Validation I: Temperature Dependence
of Soot Formation

(fuel: benzene, ¢=5, p=3 MPa, reaction time: t=0.1~1.2 ms)
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Model Validation II: Pressure Dependence
Of Fv’ d@oot’ N%oot

(fuel: toluene, ¢=5, T=1600 K, p=3 MPa, reaction time: t=1.5 ms)
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Model Validation Ill: Sooting Limit on Equivalence
Ratio - Temperature Diagram

(fuel: toluene, p=0.5 MPa, reaction time: t=4.0 ms)
5

Experiments
=Wang, et d.
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Fuel Consumption Process in n-Heptane
and DME Reactions (T=900 K, p=8 MPa, ¢=4)
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(a) n-Heptane (C,H,;) reactions (b) DME (CH;OCHy,) reaction
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Chemical Role of Oxygenated Fuels on PAH
Suppression

PAH
C2,C3

OH

HCO
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Oxygenated Fuels Examined

Oxygenates Molecular eauation Oxygen content
(Code name) € [% by mass]
Methanol
(MeOH) CH,OH 50
Dimethoxy methane
(DMM) CH4OCH,OCH,€ 421
Dimethyl ether
(DME) CH,OCH, 34.8
Methyl butanoate
(MB) CH4(CH,),(CO)OCH, 31.4
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Effect of Fuel Type on PAH Formation

(p=10 MPa, [C]=4.21x101°~1.26x1020 atoms/cm?3,
reaction time: t= 3ms, isometric pyrolysis reaction)
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Chemical Role of Molecular Oxygen and
Oxygenate on PAH Suppression
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> 1500K PAH

900K
1600-1700K

PAH 1700K

900-1000K PAH

vy VY
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Particle Number Density Map as a Function
of gand T for Three Fuels

(P=6 MPa, reaction time: t=2 ms)
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(a) Benzene reactions (b) n-Heptane reactions (c) DME reactions
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Particle Number Density Map as a Function
of @ and T for Three Fuels

(P=6 MPa, reaction time: t=2ms)
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Variation of Soot Formation Limits among
Different Type of Fuels on ¢-T Diagram

(defined as 1% soot yield)
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Conclusions

o)
PAH
PAH
o)
PAH
O -
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Turbulence chemistry interaction model
(Kong et al. SAE paper 2001-01-1026)

@ Production rate,of swecies i
Yi —Y,

" T+ T

Y; : current concentration

Y; *: equilibrium concentration
Tn,i - Kinetic timescale

T, - tUrbulent timescale  k/e
f : delay coefficient

@, Kinetic controlled production rate
of species i

*

Y, -,

kin,i —

kin,i
!

LY =Y, AY,

—>

Tin,i =

Assumptions

nd

New species at the current time-step

Tign = (=Y TAY)dt
Y, =Y, = (=Y, /AY,)AY,

Tyini = Tkin, fuel

Y, -0

=Y. /AY,)AY.
ot = OV IAYOAY
Tyin + FTum

dt dt
Y; : current concentration
Y; ": concentration after CHEMKIN cal.

dt : numerical time-step
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emporal change of distribution of flame temperature
(fuel: n-heptane, T,,,,,=900[K], p,,=16.2[kg/m?], 4p,,=70[MPa], At,=2.65[ms])
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Temporal change of equivalence ratio in jet
(fuel: n-heptane, T, ,=900[K], p,,,=16.2[kg/mq], Ap;,=70[MPa], 4t ;=2.65[ms])
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ion of naphthalene mass fraction and soot volume fraction
=900[K], pam,=16.2[kg/m?], 4p,,=70[MPa], At,=2.65[ms])

(fuel: n-heptane, T
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Soot Measurement Scheme

Soot measurement
Soot volume fraction and soot particle diameter
in a combusting diesel jet

/Laser—lnduced Incandescence\

\

S Soot volume fraction : f, )
4 N

Time-resolved LII

M

Y Soot particle diameter : d, )
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Principle of LI1

Laser-Induced Incandescence (LII)

Soot particle temperature increases rapidly
by high energy laser

( N
Soot
0e®e°®
,l .ll.', °® ‘|
/ 1 \
I3 ¢_ v ¥
L Radiation )

Soot incandescence (LIl signal) irradiates
- Visualization of soot distribution

In addition, LIl signal intensity oc f,
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Previous Study about Laser Induced Incandescence

B, A.C.Eckbreth
Fundamental properties of LI
* LIl signal intensity increase with increasing laser power
* Decrease in soot diameter due to soot vaporization
B, L.A.Melton
Numerical analyze of LI
¢ LIl signal intensity is proportional to soot volume fraction
F, N, d?

Application of LIl to diesel engine
W, J.E.Dec
Advantage of LIl for soot diagnostics

e Lack of scattering influence due to droplet or cylinder wall
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Theoretical Equations

8rak,
Qabs = T

qrad = 472'3.286(1_ ‘ _Tﬂ‘;me)

LIl signal (S;,)
S, = — 27cih
25, [eXp(NCy /Ay KT ) 1]
At maximum temperature of soot particle (by Melton¥)
Su =N, -d, 7% =N d P o,

(* L. A. Melton, APPLIED OPTICS, Vol.23, No.13, pp.2201-2208, 1984)

N, 47a%eAA
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Time-Resolved LI11

LII signal decay after
laser incident depends
on particle diameter.

Increasing diameter
20, 40, 60, 80
100, 150, 300nm

iy
<
5

LIl signal ratio at two different 102

times also depends on particle o
i 10 20 30 40 50
dlameter' \_ Time after laser incident [ns] )

LIl signal [Normalized] )
[
o

N

<

@
o

Temporal change in LIl signal decay after laser incident
(LIl signal ratio at two different timing, etc)

—

.

Numerical simulation
as well as Melton’s method
(L. A. Melton, APPLIED OPTICS, Vol.23, No.13, pp.2201-2208, 1984)
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Laser-Induced Incandescence (LII)

Cylindrical lens
{ﬁﬁ 100mm)

LIl Cylindrical lens
(=1000mm)
°;3ﬁ.z"e;a- @f%

Nd:YAG Laser

i
L ’
- \
Notch filt
otch filter \

\ (532nm)
Band pass filter \
N|
°q — Soot
[ )
o ®o
® e
o ff g z
® radiation
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Ratio of black body radiation at 4500K an
that at 2200K
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Power balance of a laser-heated soot particle

Absorption change o Vaporization
internal

energy

Thermal radiation Heat transfer

[ Energy balance equation ]

AH, dM 4 daT
K ra’ —4za’(T -TH)A ——L . —— -—rza*pC.—=0
abs A Ay (T 0) W, dt Uraa 3 Pss dt
absorbed heat transfer heat loss heat loss internal
laser energy loss soot thermal energy
evaporation radiation change
[ Mass conservation equation ]
dM da RT
— =4ga’p, — =4ra’® —
dt Pt a V\/ 2w,

(Stefan Will, et al, APPLIED OPTICS, Vol.37, No.24, pp.5647-5658, 1998)
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LIl

- 50nm 1 2200K 4.1MPa 1 0.92J/cm?

100

. Ll signal

101 g

~\ Laser pulse

102}

Normalized LIl signal intensity
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L11 signal decay for various particle sizes

ol B increasing diameter

= 10%¢ TN 20, 40, 60, 80,
> ' 100,150, 300nm
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©
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Z ! / N
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[Pamb:4.1MPa, Laser fluence=0.92J/cm?, Tf,ame=2200K]
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LI1 signal decay for various particle sizes

100} increasing diameter
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_5, i 100,150, 300nm
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L1l signal decay for various particle sizes
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L11 signal ratio of first and second gate versus
particle diameter
0.5
04r
=
T o3}
©
oy
R
0 02F
3
01 r = Ssecond
Sfirst
0 N 1 N 1 N 1 N 1 N 1 N
0 25 50 75 100 125 150
Particle diameter [nm]
[ P.m=4.1MPa, Laser fluence=0.67J/cm?, Tﬂame=2200Kj
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o
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Diameter distribution
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Schematic diagram of experimental system

.———-E Timing control unit }:::1— -------------- 1'
: [ 1 i
. I :
i v |
! Amp |~~~ """~ a l
E 1
| -'Pressure =
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1
Tttt =
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—XH Mixing
—H  tank

e pick up
C,H,0, N, Stirrer l Pressure gauge
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Optical measurement system for Time-resolved LI 1

Nd:YAG Laser (4=532 nm)

Cylindrical lens (f=100mm)
Convex lens (f=800mm)

>

Combustion vessel

Half mirror
Short pass filter (1=450nm)
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Property of test fuel

Fuel:N-heptane

Density at 298K [kg/m3] 680
Boiling point K] 372

Kinematic viscosity ~ [mm?/s] 0.584

Lower calorific value  [MJ/kg] 47.8

Cetane number 56

Stoichiometric A/F [kg/kg] 15.1
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Experimental condition

Ambient gas temperature Tomp [K] 900
Ambient gas density Pamp [KG/M?3] 16.2
Ambient oxygen concentration Xg, [%0] 17,21
Nozzle orifice diameter d [mm] 0.2

Injection pressure drop AP [MPa] | 40 70 100

Set injection duration At [ms] | 3.2 | 2.65| 2.1

Injection quantity Qinj [Mma] 18.3
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f,and d, distribution (#,=70MPa)

“é%so

5% 60

0 o

o< 70

§€4o

“é%so

8 N 60 ‘
0 Q i
a < 70

TASI*= 0.4(1.00ms)  0.44(1.10ms)  0.52(1.30ms)

f, d,, [nm]
low high 0 20 40 60 80 100<
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f,and d, distribution (#,=70MPa)

3 % 50
5% 60
0 Q
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£ — 40
S 'E
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3 % 50
g N 60
B o

TASI*= 0.6(1.50ms) 0.72(1.80ms)
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v Doshisha University — Energy Conversion Research Center & Spray and Combustion Science Laboratory —

f,and d, distribution (~,=70MPa)

“é%so
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Conclusion
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Experimental conditions

Fuel n-Heptane
Ambient gas temperature Tomp [K] 800 900 1200
Ambient gas density Pamp [KG/M3] 16.2
Ambient oxygen concentration X, [%0] 13 17 21
Nozzle orifice diameter d [mm] 0.2
Injection pressure drop APy, [MPa] 70
Injection duration At [ms] 2.5
Injection quantity Qinj [Md] 18.3
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Distribution of soot volume fraction and soot particle
diameter in diesel jet flame obtained by Time-resolved LI11

fuel: n-heptane, T,,,,=900[K], p,,,=16.2[kg/m?3], X,=21%, 4AP,,=70[MPa] F
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Distribution of soot volume fraction and soot particle
diameter in diesel jet flame obtained by Time-resolved LI11

fuel: n-heptane, T,,,,=900[K], p,,,=16.2(kg/m?], X,,=21%, AP, =70[MPa] ]—
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Distribution of soot volume fraction and soot particle
diameter in diesel jet flame obtained by Time-resolved LI11

\
fuel: n-heptane, p,,,,=16.2[kg/m?], X ,=21%, 4P,,=70[MPa] )
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Distribution of soot volume fraction and soot particle
diameter in diesel jet flame obtained by Time-resolved LI11
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Integrated LI11 intensity and characteristic
particle diameter
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Conclusions
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Effect of flame temperature on calculated diameter
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Effect of laser fluence on calculated diameter
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Log-normal fitting of soot particle
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Temporal changes in particle size distribution for
n-heptane
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Temporal changes in particle size distribution for
DGE
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Time-Resolved LI11
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