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BACKGROUND - New Attempts in Diesel Fuel
Injection System for Exhaust Emission Reduction

Injection + (Suction Flow)

Improve atomization | Optimize temporal and spatial mixture distributions
and turbulent mixing | in-cylinder to reduce both soot (PM) and NO by

to reduce soot DISC combustion
Injection Rate Control Pre-mixtgre Intake
(Boot Injection, Pilot In-cylinder Injection

High-Pressure Injection) (Fumigation, Dual-Fuel)
Fuel Injection

Split Injection

Lean-Homogeneous Mixture Formation and Rapid
Combustion by Early Injection or Retard Injection

High-Pressure PREDIC MULDIC
Fuel '”JfC“O” UNIBUS HIMICS
Small Orifice Nozzle Single Stage Two Stage

Fuel Conversion / Additive Injection
Water Injection
Emulsion Injection

—> Our Fuel Design Approach
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Diesel Combustion Scheme
in Equivalence Ratio — Temperature Map

Low temp. rich combustion [Akihama et al., SAE Paper 2001-01-0655]
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Borderless Situation in Gasoline Eng. & Diesel Eng.

Spark Ignition Engines
omogeneous eterogeneous
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Proposal of Fuel Design Approach
for Both Engines

Key technology = Flash Boiling Spray

1. Mixing Fuel with Liquefied CO2
2. Mixing Fuel with High and Low \olatility Fuels

3. We are now extending the Fuel Design Approach into HCCI
—we will present the summary of this approach in future

*Possibility of Flashing Spray due to lower Ta & Pb

*Mixing Additives can control the Ignition Process

*Controllability of Spatial Vapor Distribution due to the Two Phase Region
Profile
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What is Flash Boiling Spray ?

Improvement of Spray Atomization by Flash Boiling

: = o Mashing Spray o Yentane
Flash Boiling Injection Process Flashing Spray ol n-Pentane
(™ 56.5 kPa )

Flash Boiling
"Apse Injection
& \fapor.l:'
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Modeling of Flash Boiling Spray

Nucleation process Vapor formation process
N =1.11><10lzexp(-5.28/ATo) (1) By caw?tlon bubble: grov;/th
X{10-4.34exp(-51)} dMm b — gp V7Z'N (le = Rn )
Initial bubble diameter 2R, 5 / (2) Owing to heat transfer
2R,=20mm |l 25 o, (Ta —Tf’) A-dt
—| o i o) M, =— L
o i o hy,
o : o
Bubble growth process i 6’? (3) By superheated degree
s Do a, T"—TS)A-dt
RR+ZR2=E(PW_Pr) dM_ =- h( : !
3 r sh h
and fg

Droplet formation process

&= Vbubble
Vbubble +Vliquid
Droplet number = 2x Bubble number

2 Emax
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Atomization & Evaporation in Pressure atomizer
- Time & Spatial delay depending on A, p,, T,

Aerodynamical Process : disturbance  ligament  droplets
SMD

saturation
AP 2—”)

e

Cavity  Turbulence flow Piny

Breakup delay of spray Evaporation of droplets Evaporation length of spray
NX/:CARe“APr” .
Nu =c-Re“-Pr’ — Nu=2 m, < p,-d,-U,

t = 2865 P %

p.(Fy=F) m,c\p,-p,-d-x-U -tan(@/2
t T
b q=a-AT At beu
-
Pinj t Pinj
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Atomization & Evaporation in Flash Boiling Spray
—>Non Time & Spatial delay depending on Two Phase profile( AP, (A6))

Bubble Nucleation rate N«C ~exp(—%)

AA:im‘?2 e
3

Evaporation rate = Bubble growth Rate

Rayleigh-Plesset Eq.  RR + %RZ = 1(PW -P)
P

R R« AP,
Evaporation due to Enthalpy balance «— Liquid jet or film Breakup
of fuels without aerodynamic force : by Bubbles growth
Single Component ~Multi-Component :
PA P/ e
Vapor :
by mass | 10 Breakup fime
fraction[ T~ ' 200 ps
AP i
bv 5 100 p
:
40 >T >T Order of ys~ms  t APy,
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Our Fuel Design Approach Concept

1.Physical Control = Capability of Time and Spatial Control on Fuel Vapor
Distribution by Formation of Two Phase region in Mixing Fuel
- Formation of Flash Boiling Spray = Improvement of Spray Evaporation
Lower B.P. fuel could promote the evaporation of Higher B.P. fuel

2.Chemical Control = Capability of Control on Combustion Process
-> Emission Control — Soot & NOx
Simultaneous reduction of both Soot and NOx (CO2-gas oil mixing fuel)
-> Ignition Control (Gasoline-gas oil mixing fuel)
- HC Control (Gasoline-gas oil mixing fuel)
Higher B.P.fuel could assist the ignition and combustion of Lower B.P. fuel

3.Improving Thermal Efficiency by Lower Injection Pressure
- High Spray Atomization and Evaporation Quality with Flashing Process

4.Control the Fuel Transportation Properties in Mixing Fuels

5.Effective liquefaction of gaseous and solid fuels
-> Conversion of Heavy Fuels or Solid Fuels into high quality
Lighter Liquid Fuels through Chemical-Thermodynamics & Sono-chemistry
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Two Phase Region Formation in Multi-component
Fuel in Phase Change Process

Pressure-temperature diagram Fine atomization and prompt
evaporation
Critical point | | Without High Pressure Injection
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Numerical Simulation of Two-component
Fuel Spray 0—

141+

itial fuel properties
NIST mixture database
(f(m £(T,P))

€
E
=
(5]
—» Fuel injection 2 28
Injection of multicomponent §
fuel parcel e 42¢
Breakup -g -
KH-RT model bl 56
Ref) Reitz et al, SAE Paper 971591 g
‘D B @
Evaporation (I )
Vapor-liquid equilibrium NCy3H,5(B.P.509K) /iC5H;,(B.P.301K)
(non-ideal mixture) (;,=0.8 ms)
Modified spalding model (a) Droplet radius 120,80 69 40 20 1
(Le=1 Le=Y) [zm]
Two-zone model (b)Vapor massof 45 36 27 18 09 00
L Renewal of fuel properties iC5 [kg/m3]
Wﬁkm—@mmsmm

(fMm f(T.P)) of C13 [ka/m?3] ==




Comparison of Spray Structure
—Vapor Spatial Distribution—

with Experiments and Numerical Results at t=3.0ms
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Proposal on Fuel Design Approach Research

(1) Physical Control = Capability of Time and Spatial Control on Fuel Vapor
Distribution by Formation of Two Phase region in Mixing Fuel
- Formation of Flash Boiling Spray = Improvement of Spray Evaporation

(2) Chemical Control = Capability of Control on Combustion Process

- Emission Control — Soot & NOx

Simultaneous reduction of both Soot and NOx (CO2-gas oil mixing fuel)

-> Ignition Control (Gasoline-gas oil mixing fuel)
- HC Control (Gasoline-gas oil mixing fuel)

(3) Improving Thermal Efficiency by Lower Injection Pressure

- High Spray Atomization and Evaporation Quality with Flashing Process

(4) Control the Fuel Transportation Properties in Mixing Fuels

(5) Effective liquefaction of gaseous and solid fuels
-> Conversion of Heavy Fuels or Solid Fuels into high quality
Lighter Liquid Fuels through Chemical-Thermodynamics
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Ignition delay of mixing fuel of CsH12 with C13H28
and single component fuel (Experiments)

1.75
m Single component fuel
15 | O Mixed fuel of n-C3H,g/ n-CsH;,
%)
E
125
=
S
§ 10}
z
=
0.75
0.5 1 1 1 1 L
0.0 0.25 0.5 0.75 1.0
Mole fraction of n-Pentane
13 11 9 7 5
Carbon number
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Ignition Delay of Mixing Fuelof i-Octane &
n-Tridecane (Experiments)
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Possibility in coupling of Physical Control
and Chemical Control for Spray Combustion

By using the Mixing Fuel of Higher Boiling Point Fuels
(gas ail, etc) and Lower Boiling Point Fuels (gas fuel or
Gasoline, etc)

1.L ower B.P. fuel could promote the evaporation
through the formation of Two Phase Region

->Spatial overlap vapor distribution in the chamber

2.Higher B.P.fuel could assist the ignition
and Higher B.P. fuel could burn out the lower
ignitability fuel such as Lower B.P. fuel

wv Doshisha University — Energy Conversion Research Center & Spray and Combustion Science Laboratory —

- Fuel Combination for Fuel Design

High Volatility Fuel | Low Volatility Fuel

Phase 1 CO, Gas Ol
Gasoline Gas Ol
Phase 2 Gaseous Fuel Fuel Oil
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- Chemical Thermodynamics and Two-Phase Region

Estimation of Two-Phase Region ==P-T Diagram for Mixing Fuel with s
Liquefied CO, & n-tridecane

Expanded Corresponding

s 30 =
State Principle Conditions
inside nozzle

Mole fraction

P=P/P. , T.=TI/T, s 0f CO; : Xcop
Peng-Robinson 2 Ambient |
Equation of States Ty 0 conditions in
o_ RT a(T) g 7\ Diesel Engine

V-b {V(V+b)+b(V-b)} | &
|Fugacity of Liquid & Gas| 3
6= 1S /(y.-P), g = £ /(X,-P) Injecti Tt
O 2T = ..
e _fL 100 200 300 400 500 600 700 800
Fuel temperature T; [K]
g

The prediction of Two-Phase Region
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Combustion Experiments in
CO2 & n-Tridecane Mixing Fuel

Experimental conditions - - -
P-T Diagram for Mixed Fuel in RCEM
Equivalent crank speed 200 [rpm]
Water jacket temperature 353 [K]
Compression ratio 15 30
-~ o . dn=0.18 [mm] Molar fraction of COz Xcoz=0.6
njection nozzle dimension In/dn=2.17 = (Ambient condition)
— o Condition inside nozzle
Injection pressure 16 [MPa] = o0 | \ Critical point
Xc02=0.0 | 10.0 +0.0 [mg] & 1
Injection quantity Xco2=0.4 | 10.0+1.6 [mg] @
(n-tridecane + CO2) | Xc02=0.6 | 10.0 + 3.6 [mg] 03’ |
Xc02=0.8 | 10.0+9.5[mg] € 44 | - i
(=5 H 7
Injection timin 50+ 05 g | 77
J 9 [deg.CA.BTDC] i ; /e 4
Excess-air ratio 25 e , ~ e
Ambient t t t injecti 750 [K i
mblent femperature at injecion K] 0 100 200 300 400 500 600 700 80
Ambient pressure at injection 3.2 [MPa] Fuel temperature Tr [K]
Initial cylinder pressure 0.1 [MPa]
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Scenario of Low Emission Diesel Combustion by Mixing
Fuel Injection of Liquid CO2 & n-Tridecane (gas oil)

——1 ow Emission Scenario
Concept —— |NOreduction

Lower Flame Temperature by

1.Low injection pressure
J P (1) Latent heat of CO2 flashing

to improve efficiency
(2) Thermal dissociation of CO2

2.Improvement of spray atomization (2CO2  2C0O+02)
(3) Improvement of spray atomization
Formation of vaporizing spray and vaporization due to CO2
to form lean & homogeneous separation and flashing
mixture Soot reduction

(1) Soot formation

3. Control of combustion processes - h )
avoid the fuel rich mixture

\—> to reduce both NO and soot

(2) Soot oxidation & re-burning
Dissociation of CO2 into CO and O
Boudouard reaction C+CO2 2CO
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Spray and Flame Structure of
C0O2/C13 Mixing Fuel in RCEM

B Low pressure injection —> Improve the Thermal Efficiency

- Flash boiling spray

by CO2 component —> Promotion of Spray Evaporation

B Spray internal EGR —> Reduction of NOx
00—

50—

100
0

50— B

100

1.00 1.33 1.67 2.00 3.00 5.00 6.33 7.67 10.30

Time after injection [ms]
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Combustion Characteristics of
CO2/C13 Mixing Fuel in RCEM

- — Xc02=0.0 Break through the trade off relation
: — Xco2=0.6 between NO and smoke
700 — Xc0o=08 by use of liquefied CO2 mixing fuel
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Rate of heat release [J/deg.]

Xco2=0.8

NO concentration [p.p.m.]

10

Total heat release [J]

Experimental Conditions for Heated up
C5/C13 Mixing Spray

Cs/C13
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wv Doshisha University — Energy Conversion Research Center & Spray and Combustion Science Laboratory —

12



Shadowgraph Images of Flashing Spray of
C5/C13 Mixing Fuels in RCEM

r,= 0.765 kg/m3

P,,= 15 MPa
300 P,=0.1 MPa
T,= 440 K

340 .uuuu!] With FIash Boiling

] | 003 AAL
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Time after injection start t [ms]
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Fuel temperature T; [K]

Combustion Experimental Conditions and
Emission Results in Cs & C13 Mixing Fuel in Engine

Test fuel

=
_ Xesp12=0.0
X csh12=0.0 , 0.25 o /\C5HI2
n-CsH,, + n-Cy3H,g (C5/C13) 050 .0.75 N Xcsp12=0.25
. . N Xesn12=0.50

Operating condition Xesp1=0.75

Engine speed [rpm] 3600 " S0%Load

_________ 0

Engine load [%] 0, 20, 40, 60 36

Injection condition — 30 40%L0?ﬂ *
o mmmmmees g
Injection nozzle (n-¢ d) 4-¢ 0.21 % 24
Injection pressure [MPa] 15MPa (% 18
————————— 0
Iniection timing [dea CABTDC 2 2 20%Load

6 0%Load j ¢
DO R

80 100 120 140 160 180 200 220 240
NOy [ppm]
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Emissions Result in LPG/C13 Mixing Fuel

in Engine
400 T
—_ WI/O flash boiling |  With flash boiling
O 380F —— 14
§ a0l j O T=310 O T=370
Q 340 = 1o} A TF410 O TE440
T o -
= 320} \ < -
\ S W/O Flash Boiling
300} @ 1.0F
l -
1 15.0 —é —— -
Juss @
2 sosf
14035 %
I 2 g With Flash Boiling
1 {355 & osk it as oilin
1 w .
: J130 @
L L L L L I L L 125 04 3 3 [l
300 320 340 360 380 400 420 440 0.6 0.8 1.0 1.2 1.4
Initial fuel temperature [K] NOy; /NOys310[A.U.]
(a) THC Emission and Engine Performance (b) Relation between Smoke and NOy
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-(5) Effective liquefaction of gaseous and solid fuels

1.Possible application for Gas Fueled Engines and Transportation

Liquefied Pressure of Gas Fuels can be reduced by mixing

the higher boiling point fuel through the Two Phase Region

( It means saturated vapor pressure is reduced )

- Safety of compressed gas bomb or liquefied gas bomb

- Longer driving distance in CNG or LNG engine transportation

2.As a Future study

Conversion of Heavy Fuels or Solid Fuels into high quality
Lighter Liquid Fuels through Chemical-Thermodynamics
with assisting by Sono-Chemistry Process

- Effective usage of fossil energy resources
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Finally,

We are intending to couple Fuel Design Process
- Two Phase Region Profile -

with Combustion Chamber Geometry Design
considering Fuel Spray Evaporation Process

-> Artificial Control to optimize the Fuel Spray
Evaporation Process for each Engine Chambers
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Optimization of Spray Evaporation Process and Chamber
Geometry by adjusting Two Phase Profile of the Fuel

W Spray should be penetrated to near the chamber wall where air mass is enough

M HC and PM should be reduced by avoiding the spray and wall interaction

@ Formation of Shorter Spray
%J.— Small Engines

./;\o

Optimization of Two Phase Region Profile

L{ Selection of Mixing Fuels
Mixing Fraction

@ Formation of Longer Spray
1] Large Engines

\\\ Combustion
High B.P.Fue

-
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- HCCI Application of Fuel Design Approach

<HCCI Engines >
*Advanced fuel Injection = Lower Ta & Pb
eIgnition control is required > Ignition improver
Some additives
eImportance in Spatial Vapor Distribution
- Homogeneity or Heterogeneity ?

< Fitting of Mixing Fuels to HCCI >
*Possibility of Flashing Spray due to lower Ta & Pb
*Mixing Additives can control the Ignition Process
*Controllability of Spatial Vapor Distribution

due to the Two Phase Region Profile
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- Considerable Issues in HCCI Combustion Scheme

1. Formation of Lean Mixture inside cylinder/combustion chamber
Early Injection = Fuel ~Wall interaction - HC emission
Rapid Evaporation € Application of partially Flash Boling Spray

2. Mixture Ignition Control
Diesel fuels - early ignition ; Gasoline fuels = emission of HC & CO
Promising Mixing Fuels are required to control the ignition timing

3. Range extension to Higher Load operation
suffering from Knocking & NOx Emission due to higher pressure rise rate

Here, Heterogeneous Mixture allows substantially Higher Load Operation due to
equivalence ratio dependence of Low Temperature Reaction of the Fuel
(UW-Madison, Sandia Labo., Keio Univ., Ritsumeikan Univ. etc)

Our HCCI Research with focusing Mixture Distribution Control
2 Stage DI Injection ( 1%t Early Injection = Partially flashing Spray)
Combination of Port Injection & Direct Injection
Spatial Separated Distribution of Fuel Species inside Single Injected Spray
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The 32th IEA/TLM in Nara (2010.7)

The END - -

1. Mixing fuel of liquefied CO2 and n-Tridecane is applied to Diesel like
combustion field with a variation of CO2 mole fraction. As a result, the
simultaneous reduction both soot and NOx can be obtained with improving
the combustion efficiency.

2. Mixing fuel of n-Pentane as a component of Gasoline and n-Tridecane is
applied into actual small DI Diesel engine with a variation of the fuel
temperature. And the reduction of soot emission can be obtained for all
engine load conditions.

3. Finally, mixing fuel of LPG and n-Tridecane is applied into actual small DI
Diesel engine with a variation of the fuel temperature. And the simultaneous
reduction of BSFC and HC and soot emissions can be obtained for flashing

spray cases.

Thank you for your kind attention
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