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Sulfur %, Aromatic % and Ignition Qual@eanendex)
of Japanese LCO Samples
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Difference of Ignition and combustion betwggaraffinicandaromatic
fuel Ignition delay, soot formation and aftéurning by high aromatic LCC

Fuel injection conditions are jus
the same for both fuels
Inj. PresK 70 MPa

v

"~ Visual test engine

Bore/Stroke :

190 mm/ 350 mm
Two-stroke,
Super-charged 0 [deg. after injection]
Engine speedK

AutomobileGO LCO
400 rpm MOVIE 6



Difference of Ignition and combustion betwggaraffinicand aromatic
fuel Ignition delay, soot formation and aftéurning by high aromatic LCO

Fuel injection conditions are jus
the same for both fuels
Inj. PresK 70 MPa
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Reduction of EEDI by changing the fuel

k EED(EnergyHficiencyDesignindex): CO2g ton mile
_ Engine Power (kW)SFGg/kWh) G

DWT (tonk Speed (mile/h)
e 6 2020 -20%, 2025 -30% for newly built ships

EEDI reductioby natural gas, LPG and methanol

MGODbase
MGO100%
Naturalgas76% €24%)
LPG 86%14%)
Methanol 92%-8%)

HFObase
HFO100%
Naturalgas74% {26%)
LPG 84%16%)
Methanol 89%-11%)

Calculated EEDI ratio witlowercalorific value and:-



As a common sense for the conventional fys®r ignition
guality represents theoor combustiomuality like LCO case
Butk Kk

k the following future fuelsMethanol,LPGandnatural gas

have poor selignitability and pilotinjection of diesel fuel
IS hecessary.

k Howevergnce ignited, they show a good combustion st
after that.

10



Characteristics of Diesel fuel,
natural gas and methanol

> LA T

Fuel Methanol Natural Gas_ Diesel
Density (kg/1)* 0.79 0,44 (as LNG 0,85
Boiling point (°C) 65 -162 150-370
Flash point (°C) 11 -188 min. 60
Auto ignition (°C) 464* 540%* 240
Viscosity cSt at 20°C ~ 0,6 na ~ 13,5
Octane RON/MON 109/89 120/120 -
Cetane No. 3* - X 45-55
LHV (MJ1/kg) 20 50%* 42
Flammability Limits, Vol%  7-36 5-15 1-6
Flame Speed (cm/s) 52 37 37
Heat of Evaporation (kJ/kg) 1178 na 233
Stoichiometric Air-Fuel Ratio 6,45 17,2 14,7
Adiabatic flame temp. (°C) 1910 1950 2100

* High auto-ignition point (low CN) needs a diesel fuel pilot injection.



Natural Gas (CH4)
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Methanol spray combustion compared to GO and methane (gas)
Distinguish between ignition and combustion quality.
Less luminous flame represents clean combustion with less soot form:

200 mm

Gas Oill Fie6)
Inj. Hole Dia0.5[mm]
Inj. Press. 89.1[MPa]

Methanol CH3OH F2.8
Inj. Hole Dia0.8[mm]
Inj. Press. 56.9[MPa]

Reference

Methane CH4 Fi6

Inj. Hole Dia. 1.0 [mm]
Inj. Press. 30.1[MPa]

-15.0[deg. ATDC]




Methanol spray combustion compared with GO and methane (gas)
by Shadowgraph technique p MovieP 200 mm

Gas Ol
Inj. Hole Dia0.5[mm]
Inj. Press. 89[MPa]

Methanol CH3OH- Pilot
Inj. Hole Dia0.8[mm]
Inj. Press. 57 [MPa]

Reference

Methane CH4 Pilot
Inj. Hole Dial.0[mm]
Inj. Press. 30[MPa]

< 200 mm

Gas Oil
Inj. hole dia. 0.5 [mm]
Inj. press. 90 [MPa]

Methanol
Inj. hole dia. 0.8 [mm]
Inj. press. 57 [MPa]

3.6 deg. 9 deg. 12 deg. 22 deg. (after inj. sfaf)



Combustion rate of Methanol in the visual apparatus compared with GO case

=
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2> Gas Oil
—— Inj. Hole Dia0.5[mm]
Inj. Press. 91[MPa]

Methanol CH30OH
{ 10 —— Inj. Hole Dia0.8[mm]
Inj. Press. 57 [MPa]

]1°> Two times more mass of
methanolthan GasOilis injected

from a larger hole, becauseof
_ Crank angle [deg. ATDC] differencein LHV

-10 0 10 20 30 40 50 60

Methanol shows ratheshorter afteeburning
in spite of the lower injection pressure.
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Methanol fueled methanol tankers are already in service.

Relative SFC at ISO condition [g/kWh]

42700 kJ/kg)
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Improvement of thermal efficiency and NOx
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s 7S50ME-B9.3-LGI

Cylinders 7

Bore 05m
Connection rod 2.214 m
Stroke 2214 m
Compression volume 16 l/cyl
Power 8,470 kW
MEP 16.9 bar
Speed 99 rpm
Max. pressure 185 bar
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A design of LPG career propelled by a LPG fueled low-speed two-stroke engine
(LPG for fuel is stored at 18 bar (not cooled) on the deck and is sent to the engine as liquid.)
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LPG combustion k Table : Properties of propane compared with Gas Oil
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e of heat release [kJ/deg.]

k Unlike the natural gas case, propane is
convenient as it can be injected as
liquid phase (LPG) at a high injection
pressure similarly to diesel fuel.

k Some reduction of emissions could be
obtained compared with gas oil (GO)

by the experiment (right).

Fuel Gas Ol Propane (C3H8)
Density @288K [kg/m?] 835 508
Boiling point [ 8] 287 _42
Ignition Point / Flash point [ 8] 250/ 40 70 432 / -104
GO LPG + Pilot

Inj. Hole Dia. 0.6 [mm)]
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Emissions from GO and LPG combustion

GO Liquid propane

CO (ppm) 38 16
HC (ppm) 84 72
NOx (ppm) 320 268 (-16%)
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LPG (Liquid Propane) injection + pilot

LPG (+ pilot) spray combustion compared with Gas Oll

200 mm

GO LPGt+ Pilot

Inj. Hole Dia. 0.5 [mm)] | Inj. Hole Dia. 0.6 [mm
Inj. Press. 110/P4q Inj. Press.  100/Pq

Total Q 19.9 [kJ] | Total Q 19.9 [kJ

el

LPG
+ Pilot

Direct Photos

Shadowgraph

k After ignition, propane flame quickly expands and burns rather fast

similarly to Gas Oil spray.
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Table 1:
Categorization

Leanrburn (premixed)
(low-pressure gas suppl

Gl (Gas Injection)
(high press. gas injection)

Mediumspeed 4st.| Currently all Possible but not yet applied
Lowspeed 2st. | Existing Existing
Otto-cycle type Diesel-cycle type
gas engine gas engine
\ /L / '\ A N \ /L / \
p . SR, A
- - -~ Pre-mixture Al e
T o __.-{Natural Gas + Air) "
Proods: Pr oods:
ALow pressure gas supply AKnocking-free, pre-ignition-free,
ALow NOx any Methane Number is OK.
Conés : ALess methane slip
AOutput limited by knocking Conods:

Sensitive to Methane Number

AHigher gas pressure system
AHigher NOx
21



3.1 Natural gas(methane) combustion

k Leanburn (Otto-cycle)type

MDO C16H347 16 CO2+17 H20+Q
Natural gas 12 CH4 12 CO2+24 H20+Q

Bl Diesel
m Gas !

100+
90+
80+
704
60
50+
40+
30+
20+
104

e ————,

“Amilght y’ effect of n gt



Natural gas fueled ships in service
(Ferry, offshore supply vessel, etc., mainly in North Europe).

from Seagas (LNG supply vessel) to
Viking Grace (Natural gas fueled ferry). 23



Key word :

Methane numbeKMN) : Antiknocking number for natural gas

To keep safe operation at high load, MN higher than 80 is desirable.

5-6 bar gas

J‘

IN

AIR & GAS
INTAKE

COMPRESSION
OF AIR & GAS

IGNITION
BY RIL®T FUEL

Function of mediunspeed learburn gas engine
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Table 1:
Categorization

Leanrburn (premixed)
(low-pressure gas suppl

Gl (Gas Injection)
(high press. gas injection)

Mediumspeed 4st.| Currently all Possible but not yet applied
Lowspeed 2st. | Existing Existing
Otto-cycle type Diesel-cycle type
gas engine gas engine
\ /L / '\ A N \ /L / \
p . SR, A
- - -~ Pre-mixture Al e
T o __.-{Natural Gas + Air) "
Proods: Pr oods:
ALow pressure gas supply AKnocking-free, pre-ignition-free,
ALow NOx any Methane Number is OK.
Conés : ALess methane slip
AOutput limited by knocking Conods:

Sensitive to Methane Number

AHigher gas pressure system
AHigher NOx
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At fi1rst, | et S See a movi e @uiomibiheo c

gasoline engine as a reference.
pGasoline with high ¢Octane Number al |




Current Methane Number of natural gas in each area

trade movements
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- -
1244 '
MN 100 -~
MN 100
’ L J
14.4 y ™ "
| MN75 | =
j MN73 |
MN 65 %
us
Carada

Maoco
2 A0 Arveea

Methane number (MN) :

e S " Anti-knockingnumber
0 Az Pacte o for natural gas

—
SRS KT o

3 :MN HRIINPSRIE
7 BP Statistical Review of World Energy 2008

27



\
%n. VEEgE & T ——— -

aSNAUG 2F 5C o6W5dz &

(An example of platform supply vessel in

rough sea condition in the North Sea
Wartsila32DF + Electric propulsion =

e Escapdrom knocking caused by load t  ——— ”‘
fluctuation by availing DF system e
(Switching to diesel fuel from gas mode)



| \ )
Punctlen Gﬁ liqwd fuel injector for DF eng
(for Wartsua DF -enginese & Wartsila

- The smaller holes are used for pilot injection at gas mode
When emergency has occurred at gas mode, fuel gas is stopped

and full amount of heavy fuel injection starts from the larger holes.

29
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Intake
~ valve
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Flame propagation

How is the flame propagation
O Homogenous and abnormal combustion in

air / gas -
i tuTe leanburn type gas engirie
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Leanmixture burns with noAuminous flame. (Burning area looks black

200 mm L by applying Shadowgph.)
. § . —24
. =z Excess air—2.3
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Natural gas fueled largsized ships in service
(Car career and container vessel)

AUnited European Car Carriers (UECC) jointly owned

by NYK and Wallenius Lines has ordered KHI two PCCs propelled by MAN low-speed ME-GI gas (DF) engine.
propelled by MAN low-speed ME-GI gas (DF) engine. (Route: FloridaK Puerto Rico)
(for voyage in European ECA)

Dual Fuel Low-speed
Two-stroke Engine

| LNG Tank

A design of engine room~ (mu) 33
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Lowspeed 2stroke
Leanburn type test engine
(IHI DU)

6 cylinders X-DF
Bore x Stroke: 720 x 3086 mm
MCR: 19350 kW @89 rpm
BMEP: 17.3 bar

CIMAC Helsinki 2016 | Paper No.136
Combustion Behavior in Largest 2-

Stroke Gas Engine
Takayuki Hirose, IHI Corporation
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Mixture formation in the case of o
Excess air ratio [-]
2-stroke + lean-burn - -_

EVC High

gy Lf' |
Jul

|
|
|
|
|
¥
|
|
|
|
|

y &

60 90 120
Time after SOI (start of gas injection) [deg. CA]

Figure 4: Gas admission valve section

Figure 11 A distribution of fuel gas injected from the liner

2-stroke gas concepts i Low pressure DF (16 bar max.)

CIMAC 2016e Paper No.207
AStudy on Mi xture Formation Process in Two S

Takahiro Kuge (IHI Corporation, Japan)
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3.2 Natural Gas (Methane) high pressure injection + pilot

For Gl (Gas Injection)typek k named o6Di esel <cyc

Merits : Free from knocking & abnormal combustion (Any MN is allowable.)
Lower methane slip




Observation of Methane GI multi flames in air swirl
Gl flame compared to diesel flame
Gl flame under the lower oxygen air simulating EGR to reduce NOXx
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Diesel Gas Oil Pinj 135MPa

Diesel(d 4x 0.3mm) -80[de

Pilot fuel
= (Gas injection {Gl)
Diesel
Gap
Sensor
signal

Diesel, Gl and pilot injection duration

Gl

(Air: Pc 9.9MPa Tc5000)

Methanes e 31.5MPa

Pilot fye|3

240 mm !

Rate of Heat Release [Ki/fdeg.] e
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O Crank angle deg. ATD

Diesel Std. GI  EGR GlI7%02 Diesel Std. Gl EGRY%@D2
2 40
Emissions |Diesel| Std. G | “o GIRate of heat release
1.5 - kJ/deg. - 303
COlppm] [ 17 30 45 o
NOx[ppm] [ 499 | 300 44 " — 173%02 |
o5 - —21.0% 02 | m_é"—j
EGRor SCR is necessary for Gl to clear N . E
EGR condition is simulated by 17% O2 air and 0 &
is reduced to 10% of diesel mode with minimunr20 0 20 40 0o £
sacrifice of combustion in this fundamental sttidy. deg. CA '103,9



Thank you for your kind attention.
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Data retrieved end July 2018, Dept. EELC. Source: Bunkerindex, EIA& Methanex
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Fig. 11: Fuel price fluctuations for some gaseous fuels and conventional fuel during the last 13 years.
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