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/ Why Ignition-delay should be Shortened ?
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/ A Tool for OH Formation ?
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/ Can OH Initiate Avalanche
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/ Common Understandings and Misunderstandings =

1. OH plays a significant rolein LTO - True
2. Thermal ignition takes place by radical chain branching - True
3. In the radical chain branching phase, ™ Trde

OH increases exponentially
4. Thermal ignition can be triggered by trace amount of OH - False
5. Ignition is triggered;

not by radical - True
but by radical increasing condition

U-Fukui IC Engine Labo. D: My Document/Universal Rule 2010/9/26 17:32



Global Understanding of
Combustion Chemistry

U-Fukui IC Engine Labo. D: My Document/Universal Rule 2010/9/26 17:32



/Regimes of Combustion Chemistry @
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| RO, Chemistry and Fragment Chemistry
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/ RO, Chemistry

nc7hl16

oh/h2o

oh/h20

oh/h2o0

R RO2 QOOH
c7h15-3 c7h1502-3 c7hl400h3-5
c7h15-2 c7h1502-2 c7hl4o00h2-4
c7h15-1 c7h1502-1 c7hl4o00h1-3
c7h15-4 c7h1502-4 c7hl4o00h4-2
c7h15-3 c7h1502-3 c7hl1400h3-6
c7h15-3 c7h1502-3 c7hl4o00h3-4
c7h15-3 | 02/ | ¢7h1502-3 |iso | c7hl400h3-2
c7h15-3 c7h1502-3 c7hl1l4o00h3-1
c7h15-2 c7h1502-2 c7hl4o00h2-5
c7h15-2 c7h1502-2 c7hl1400h2-3
c7h15-1 c7h1502-1 c7hl4o0hl-4
c7h15-1 c7h1502-1 c7hl4o0h1-2
c7h15-4 c7h1502-4 c7hl1400h4-3
c7h15-3 c7h1502-3 c7hl400h3-4
c7h15-3 02/ c7h1502-3 iso c7hl1l400h3-2
c7h15-2 c7h1502-2 c7hl1400h2-3
c7h15-1 c7h1502-1 c7hl4o00hl1-2
c7h15-3 c7h1502-3 c7hl1400h3-6
c7h15-3 c7h1502-3 c7hl1400h3-1
c7h15-2 02/ c7h1502-2 iso c7hl4o00h2-5
c7h15-1 c7h1502-1 c7hl1400h1-3
c7h15-1 c7h1502-1 c7hl4o0hl1-4
c7h15-3 c7h1502-3 c7hl1400h3-1

o2/

/ho?2

/oh

nC7H16, T0:759 K!
P,=2.0 Mpa, $=0.5

QOOHO?2

c7hl400h3-502
c7hl4o00h2-402
c7hl4o00h1-302
c7hl4o00h4-202
c7hl1l4o00h3-602
c7hl4o00h3-402
c7hl400h3-202
c7hl1l4o00h3-102
c7hl4o00h2-502
c7hl400h2-302
c7hl4oo0hl-402
c7hl4o0h1-202
c7hl14o00h4-302

alkene

c7h14-3
c7h14-2
c7h14-2
c7h14-1

cyclo-ether

c7h1402-5
c7h1401-3
c7h1402-5
c7h1401-3
c7hl401-4

ketcarcoxyl
nc7ket35
nc7ket24
nc7ketl3
nc7ket42
nc7ket36
nc7ket34
nc7ket32
nc7ket31
nc7ket25
nc7ket23
nc7ketl4
nc7ket12
nc7ket43

/oh

Expression of Reaction

X aa/bb Y

X+aa=Y+bb

iSo: isomerization
B: B scission
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/ Fragment Chemistry

B Scission

ketcarcoxyl alkene aldehyde ketone miscelleneous
nc7ket35 c2h4 | /oh | c2h5cho c2h5coch?2 ch2co c2h502
nc7ket24 /oh | nc3h7cho | /oh | ch20 | ch3coch202 ch3co3 ch3coch2o02h
nc7ketl3 /oh | nc4h9cho | /oh | ch20
nc7ket42 /oh | ch3cho nc3h7coch?2
nc7ket36 c2h4 | /oh ch3cho c2h5coc2h4p c2h5co c2h502
nc7ket34 c2h4 | /oh | nc3h7cho c2h502
nc7ket32 c2h4 | /oh | ch3cho | /oh |ch2o0 c4h8ooh1-302| nc4ketl3
nc7ket31 /oh ch2o nc4h9coch?2
nc7ket25 c2h4 | /oh | c2h5cho ch3o02h ch3co3
nc7ket23 /oh | nc4h9cho | /oh | ch20 ch302
nc7ketl4 c2h4 | /oh | nc3h7cho
nc7ketl2 /oh | nc5h1licho
nc7ket43 c3h6 | /oh | c2h5cho nc3h702

11

U-Fukui IC Engine Labo. D: My Document/Universal Rule 2010/9/26 17:32



/ RO, Chemistry

12
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/ Fragment Chemistry

13

=

B Scission

ketcarcoxyl alkene aldehyde ketone miscelleneous
nc7ket35 c2h4 | /oh | c2h5cho c2h5coch?2 ch2co c2h502
nc7ket24 /oh | nc3h7cho | /oh | ch20 | ch3coch202 ch3co3 ch3coch2o02h
nc7ketl3 /oh | nc4h9cho | /oh | ch20
nc7ket42 /oh | ch3cho nc3h7coch?2
nc7ket36 c2h4 | /oh ch3cho c2h5coc2h4p c2h5co c2h502
nc7ket34 c2h4 | /oh | nc3h7cho c2h50
nc7ket32 c2h4 | /oh | ch3cho | /oh |ch2o0 c4h8ooh1-302| nc4ketl3
nc7ket31 /oh ch2o nc4h9coch?2
nc7ket25 c2h4 | /oh | c2h5cho ch3o02h ch3co3
nc7ket23 /oh | nc4h9cho | /oh | ch20 ch302
nc7ketl4 c2h4 | /oh | nc3h7cho
nc7ketl2 /oh | nc5h1licho
nc7ket43 c3h6 | /oh | c2h5cho nc3h702
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/Elementary Reactions Triggering LTO )
10 Start of LTO [ T”C;;éleK
c7Th14ooh-o2"20%*(M)=oh+oh+(m) " =2.0
8xnc7ket+oh ch3o2h=ch3o+o MPa
-F—O_R

Contribution Ratio (%)

ch3+ho2=ch3o+oh

k= = e e e e e e e e e e e e e e e - - —— = =T = =

''''''''''

0

nc7%=Aldehyde+Ketone+oh/ Nea

——————————

Ly

1.5

TH T7 T8

Time (ms)

nC,H;s + OH = OH + nC,Ket32

nC.Ket32 > OH + CH,H,CO = pC,Hy> PC,H,0, >
C,HzOOH1-3 > C,H,00H1-30, > OH + nc4Ket13 >
CH, CHO + CH,CHO + OH

CH,CHO + O, & CH,0 +OH +CO
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/Elementary Reactions Terminating LTO )

End of LTO
0= . _ = — . — —] 1200 nC7Hh16
Reaction Rate - T.=759 K
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T 3 f=0.5
5 2
£ c7h16 + oh > " 110 =
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Iy 3
g 001} S
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15 T goo @
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¥ ch2o0+ oh 2> ‘ - o
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R+0O, > RO, .
Ketone - CH,O + Alkene
RO, - QOOH 2
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ooha 2 o HCO + OH 3 CO+H.0
QOOHO, > Ketocarboxyl +OH A el _ ’
Ketocarboxyl > Aldehyde + Ketone + OH Ver-all EXpression

Over-all Expression RH +20,+ OH - Alkene + 2CO + 2H,0
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/ RO, Chemistry =

Formation No Reédbtion Consumption by nC,H,q
By LTO Thermal Ignition To=759 K
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I,— — —] $=0.5

N
>
o
S ¢ > FES I
=y
2
> )
>
D
)
D
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/ Definition and Heat Balance of H,O, Loop Reactions )
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H,O,+(m) + 216kJ - 20H+(m)
2CH,0+20H > 2HCO+2H,0 + 244kJ
2HCO+20, = 2CO+2HO, + 278kJ

2HO, 2> H,0,+0, + 164kJ

2CH,0 + 0, >
2H,0 + 2CO + 470 kJ

F H,0,

10

OH
CHOo— ]| = H,0
HCO
o, =8 = co
HO,

8 = o

1 H,0,
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Influence of OH Addition
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/lnfluence of Timing =

nC7H16
T,=759K
pP,=2.0 MPa
¢=0.5

OH : Equilibrium Level (0.5% by Mole Fraction)

1200

L))

S L

800

700 t t ‘.‘ t t ‘.‘

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035

Add OH Time (s)
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/ Rates of Reactions Composing RO, Chemistry @
1.0E+02
1.0E+01
;(; 1.0E+00 ﬁ nc7h16+oh=c7h15+h?20
g 1.0E-01
D 1.0E-02 /;-*"‘\ c7h15+02=c7h150
é 1.0E-03 - U W——
. 1.0E-04 =
% 1.0E-05 / c7h1502:c7h14oz_:):h
X 1.0E-06 Vi
S 1.0E07 f,// :
g 1.0E-08 '~ :
v 198083 ] no Addition
1.0810 4~ add OH
1.0E-11
1.0E-12

0.0E+00 5.0E-04 1.0E-03 1.5E-03 2.0E-03 2.5E-03 3.0E-03 3.5E-03
Time (s)
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/ Rates of Reactions Composing RO, Chemistry @

3.5E-02 add OH
o
e 3.0E-02 C2h50h0+oh c2h5co+h20
2 0.0E+00 ‘
o)
£ g -1.0E-02
g = [ S v 2+0h=h2q+02
© [ |
X o ch2chcj+02:ch20+co+ohJ:'2°°E'°2 chfo+oh=Hco+h4o
S 2
© 10602 g -3.08-02
g c7hl4o0h2-402=nc7keét24+@h D_:
S
Ll 5.0E-03 > _4.0E-02
T o
O é,_/ /s =
0.0E+00 o -5.0E-02 - -
5.0E-04 5.5E-04 6.0E-04 s.sE-mcI) '
ng7h16+oh=c7h15-4+h20
Tim
add OH e (s) -6.0E-02
5.0E-04 5.5E-04 6.0E-04 6.5E-04

Time (s)
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/Elementary Reactions Triggering LTO

10
¢7h14ooh-o2"202+(m)=oh+oh+(m)
8xnc7ket+oh ch302h=ch3o+oh

Contribution Ratio (%)

k= = e e e e e e e e e e e e e e e - - —— = =T = =

0 nc7%= s

t=Aldehyde+Ketone+oh /| -i

ch3+ho2=ch3o+oh

..........

______________

1.5

T6

7 e 1.9' 50
Time (ms)

nC,H;s + OH = OH + nC,Ket32

CH, CHO + CH,CHO + OH
CH,CHO + O, & CH,O +OH +CO

nC.Ket32 - OH + CH,H,CO = pC,H,> PC,H,0, >
C,HzOOH1-3 > C,H,00H1-30, > OH + nc4Ket13 >

22
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/ Influence of OH Quantity

Timing : 0.5 ms

Temperature (K]

1200

23

nC7H16
T,=759K
pP,=2.0 MPa
¢=0.5

1100

0.01 /x 0.0001
OH:EquiIibriunZ /x/ /x /B

1000

)
/ ngAddition

900

800

e

T

700

S

0.0000

0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035

Add OH Time (s)
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/ Influence of OH Quantity @

10E-04 T OH:equilibrium | | ' '
1.0E-06 H:eJFuilibri HAXO-01

oh 1.0E-08
1.0E-10 )\% /\;_é,
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1.0E-14 i%g/h’fﬁ Ohtequitibrium—x0.0001
1.0E-16

G I s =
w1 T L L

1.5E-06
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-
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/ Influence of OH Quantity

25

=

1.0E-04

OH:equilibrium

OH:equilibrium x 0.01

OH:equilibrium x 0.0001

1.0E-05

1.0E-06

........

1.0E-07

1.0E-08

1.0E-09

1.0E-10

s s 0 o g re
-

1.0E-11

1.0E-12

1.0e-13

1.0E-14 +4

1.0E-15

1.0E-16 -

o oo oole" ce e ee"
RS SRR XSO Xy A e ) i

addOH

0.0E+00

1.0e-03 2.0E-03

3.0E-03 0.0E+00

I T T T

1.0E-03 2.0E-03

I

3.0E-03 0.0E+00

1.0E-03

2.0E-03

3.0E-03
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| Add OH after LTO i)

rl(:7H16
R T,=759 K
Timing : 2 ms pv=2.0 MPa
$=0.5
0.005
0.004 —

F{> H202

c
'% 0.003 / ﬂ
N H,0, \
< 0.002 OH
= / \ CH,0=>]1 = Ho
0.001 ' HCO
} I OH X o, —f§ = co
0.000 - ! | T 1
0.0015 D.‘.ZD 0.0025 0.0030 0.0035 H02
AddOH  Time (s) 3 =o
-<:|H202
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/ Influence of Quantity @

r]C7H16
) T,=759 K
Timing : 1.8 ms p,=2.0 MPa
$=0.5
1200 0.005
OH : Equilibrium OH : Equilibrium
B 1100 - 0.004 \ddition
b
7 5
v 1000 - .E 0.003 -
= g
1] LL
. no OH Additior , -
£ x 0.01 =
-
: x 0.001
i x 0.0001 e || Solid: CH,0
1| Dotted : H,0,
700 T T | 0.000 - T T T |
0.0000 0.0010 tﬂﬂZﬂ 0.0030 o.oolstuuzu 0.0025 0.0030 0.0035
Add OH Add OH
Time (s) Time (s)
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/When Initial Temperature is Higher than LTO End Temperd@rl

NC.H
T,=759 K
P,=2.0 MPa
RNy EABELY ¢=0.5
OH : Equilibrium Timing : 1 ms
1500 1500
1400 1400
X no Addition = Equilibfium
v 1300 =\ ¥ no Addition
=) =)
2 = x 0.01
8 1200 2 1200
E £
A A
1100 /‘/ 1100 (/
1000 4' _t 1000 ,t | .

0.000 AddoDH Ad8HH 0.003 0.000 ABEPDH 0.002 0.003

Time (s) Time (s)
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/When Initial Temperature is Higher than LTO End Tempera{@rl

nC,Hyg
T,=759 K
pP,=2.0 MPa
$=0.5
no OH Addition OH : Equilibrium Equilibrium x 0.01
3.0E-03 ﬁ 7 : 5.E-07
/| |

— 2.5E-03 & —1

# T F '. ' /1 - 4a.E07

& 2.0E-03 | : £

E [ [ - 3.E07 g

~ 1.5E-03 I;'f i ; | £

dﬂ | | | —

n C-H.-/ | # - 2E07 [,

~ 1.0E03 3 15,’/\f -}

2 / / N\ o

i / B 4

Y  5.0E-04 / . 1.E-07

/H,0,
0.0E+00 ——="" : 0.E+00
0.000 0.001 0.002 0.003 0.000 0.001 0.002 0.003 0.000 0.001 0.002 0.003
Time (s) Time (s) Time (s)
add OH add OH
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/ Influence of Fuel Properties

0.06

nc7h16
1200

< 1100
N

o )
S 1000

IS

o 900

o

E; 800
|_

700 :
000" 0001 0002 0.003
add OH
ic8h18
1200

X 1100

@

3 1000

o

()

D 900

% /
L 800 ’

700 :
0 002 0.4
add Ohie (s)

c4h10
1200
1100
1000 /J
900 //”____,,»
800 { /
700 :
0.005 0.010
add OH
ic4h10
1200
1100 -
1000 -
900
800 -
700 .
Aﬁ 0.1 0.2 03
add Bfe )

Ignition Delay (ms)

1000
'e4h10
100 ic8h18
c4h10
10
nc7hl6 Q§§§§\
1
650 850 1050

Initial Temperature, T, (K)
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Summary and Conclusion
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/ Summary and Conclusion

32

Influence of OH Addition

Fuel High CN Low CN
.. Higher than
Initial T Lower than LTOENd T LTO End T
Timing before LTO after LTO
.. realized even
Ignition when small
Delay realized only when large amount of OH is added
Shortenin amount of OH
9 |is added
Process | RO, Chemistry | H,0, Chemistry
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/ Gasoline and Diesel Combustion =

O Auto Ignition O Even asingle droplet straying
from flame area is ignitable
A Uncontrollable

N Lower HC
N Stratified
Gasoline
O Flame Traverse O Fuel escaped from flame
traverse area cannot be burned
N Controllable O Flame is locally quenched
N Homogeneous N Higher HC

& Stratified
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/ PPSAI

34

To Complete =-> Auto-Ignition
To Control -> Sl or Plasma Support

Plasma Generation
Dual Spark
Laser Ignition
Microwave Plasma + Spark
-> lons, Atoms and Radicals
-> Relatively Stable OH

o

PPSAI :
Premixed Plasma Support Auto-Ignition
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