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The Dual Fuel..
An overview

World’s first LNG driven ocean going ship

Owner: TOTE
Ship type: Container ship
Capacity: 3,100 Teu

Dual Fuel engine type: 8LTOME-C8.2-Gl

World’s first Methanol driven ocean going ship
Owner: MOL

Ship type: Methanol carrier

Capacity: 50,000 dwt

Dual fuel engine type: 7S50ME-B9.3-LGIM

World’s first Ethane driven ocean going ship
Owner: Hartmann Gas Carriers

Ship type: LEG Carrier

Capacity: 36,000 M3

Dual Fuel engine type: 7TGS50ME-GIE

World’s first LPG driven ocean going ship
[soon to be)

Owner: Exmar
Ship type: VLGC Capacity: 80,000 M3

Dual Fuel engine type: 6GE0ME-LGIP

MAN Energy Solutions Public Peter C Quaade — Benaki Museum Event ©2019 23.10.2019



The Dual Fuel.. w

An overview

World’s first LNG driven ocean going ship MAN Eﬂergv Solutions

Owner: TOTE
Ship type: Container ship

s — The MAN-ES Dual Fuel engine

World's first Methanol driven ocean going ship

Owner: MOL
Ship type: Methanol carrier
Capacity: 50,000 dwt

Dual fuel engine type: 7S50ME-B9.3-LGIM

World's first Ethane driven ocean going ship
Owner: Hartmann Gas Carriers

Ship type: LEG Carrier

Capacity: 36,000 M?

Dual Fuel engine type: 7TGS50ME-GIE

World’s first LPG driven ocean going ship
(soon to be)

Owner: Exmar
Ship type: VLGC Capacity: 80,000 M®

Dual Fuel engine type: 6G60ME-LGIP

MAN Energy Solutions :MRH Energy Solutlgns
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The Dual Fuel..
An overview

—>280 Confirmed sales
112 in service (8 LGIM / 4 GIE)

— April 2019 > 500.000
ME-GI design

— LGIP engines

Prototype test December 2019

— Retro Fit solutions
tankers, CV (ME to ME-GI, ME-GI to ME-GIE, ME to LGIP)

— ME-GIE a new member of the family, G60 ME-GIE

Gas atomizers for Methane and Ethane
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TheTripleFuel..
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—100% load confirmed

— 4% fuel penalty at high load
— 1-3% fuel penalty at part load
— Minimum pilot up to max 85%, SDF above

(Methane)

—25/75 %
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Dual Fuel Service Experience




Gas Injection Valves, Development history

Short nozzle design developed: GI-53

— Significant reduction of bulk temperatures

— Design confirmed on testbed Mar. 2016
Extra short nozzle design developed: GI-63
— Further reduction of bulk temperatures
— Improved stress distribution
— Design confirmed on testbed Aug. 2016
New improved internal geometry

Alternative materials tested in service
— X90CrMoV18 G70ME-C-GI Dec 2017 Discontinued due to corrosion
— Bohler M390 G70ME-C-GI Dec 2017 Discontinued due to micro crack
— Tungsten G70ME-C-GI Jan 2019
— X90CrMoV18 L70ME-C-GI Jan 2018 Discontinued due to corrosion
— Bohler M390 L70ME-C-GI Jan 2018 Discontinued due to micro crack

— Tungsten L70ME-C-Gl Oct 2018 GI|-53 GIl-63

GI-35: Long GI-53: Short GI-63: Extra Short
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ME-GI Service Experience

What is this ?

7.6 £0.02 Final orindine =0 be made on Pos. 4 Pas. T1T7. To be mounted as shown
B B ) B & B - i B B .
N TN N ™ N oA P TN SN ~
(1 N7 (7] (T18) ;?1;\; -.419_: | 9\;\:’ (717} 1?1:\,- ( 4)‘;?" 5 ) .,/r; )

j/ A SN N A\ NG N AN N NP AN Y,

Spindle tip of GIV

To be lapped.

Liftirmg khetaglhy 2.2 £0.05% Final arinding 1o be made on Pos, 4
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ME-GI Service Experience

Lifetime of gas injection valves (GIVSs)

ME-GI Engines

Guiding Overhaul Intervals and Expected Service Life

Gas injection valve (GIV) 16,000_J Check and replace if required.
Valve nozzle 4,000 8,000

Spindle tip indicates very low wear after 10,000 hours:
Lapping marks are still visible

Conclusion:

GIV lifetime can be expanded to at leas€32,000 hours
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ME-GI Service Experience

ME-GI Engines

Guiding Overhaul Intervals and Expected Service Life

Gas injection valve (GIV) 32.000 Check and replace if required.
Valve nozzle 4,000 > 8.000

Cracked gas nozzle Lifetime 8,000 hours
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ME-GI Service Experience, GIV atomizers

— Description on how to clean clogged atomizer has been produced

— GIV’s with clogged atomizers in service are returned for closer examination in
Copenhagen at MAN - ES.
Smaller bore engines and larger bore engines (45 and 70)

— New atomizer geometry will be tested in order to establish dependencies with
atomizer temperatures
Longer atomizers tested on G45, even longer will be tested.

— Seal Ol test launched this month

1,00 % 645

Element 0 | G C S 20| PN RS
Mass Norm, [%] 42.51229(21.7/103 19|06 0.1
Atom [%] 49.1110.6(33.5| 6.0 (05|04 0.1
abs. error [%] (2 sigma)|10.2| 1.5 | 54 | 0.8 |0.2/0.1/0.0
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ME-GI Service Experience, GIV atomizers

e

Sealing oil pressure outlet

5745384-0 1
Spindle

Clearance column

g

5745383-9
Spindle guide

Qil flow measured

Spindle mounted in spindle guide

Action Plan (continued)

— Investigate Seal Oil leakage, new GIV'’s
— Exchange with used GIV's

— Investigate Seal Oil leakage, used GIV’s
— G45 and G70 engine type
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ME-GI Service Experience, GIV atomizers

— Test with different length of atomizers

Voyage no.2 from Oxelosund to Riga (Unit no.1 & 2 GIVs complete interchanged)

e = el

Voyage no. 1 from Lule3 towards Oxelosund

GIV complete Mark “117 & "28” in unit no.2
GV compiete Mark "1 1" & "28” in unt no. 1 GIV complete Mark “12” & "6 in unit no. 1
GV complete Mark *12° & "6 in unitno. 2 [

T

Second Fuel Online FOA Offser

=
- x/ — :

Second Fuel Online FQA Offset
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ME-GI Service Experience, GIV atomizers

— Test with different length of atomizers
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ME-GI Service Experience, GIV atomizers i

— Test with different length of atomizers

At current load press Dual Fuel “Manual standby” on MOP
Take load up to 90% (or as high as possible)

Keep high load for about 20min

Press Dual Fuel “Start” to start DF mode

After change-over to DF mode, keep the high load for 5Smin
Reduce load to desired load staying in DF mode

Balance Pi, Pcomp, Pmax

JcZcLsLe 2

Q/W_ B Unit no.2 GIV (AFT

|
i

Before cleaning

Second Fuel Opline FOA Offset

After cleaning
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ME-GI Service Experience, ELWI / ELGI valves

— ELWI / ELGI

65 pcs investigated

Failing ELWI and ELGI valves

We have received a list from HHI with 63 failures of ELWI and ELGI. Approx 1/3 of the
claimed valves are ELWI and 2/3 of the valves are ELGI

The valves can be arranged in four groups

1) Valves with certain malfunction according to claim

2) Valves were sealing ring has failed and in some cases blocked the valve
3) Claims were poor connection/cabling is a likely reason

4) Claims with no info about the failure

Number of failures of each kind

Valves with certain

Valves were sealing

Claims were poor

Claims without any

malfunction has failed and connection/cabling 1s | descrption of failure
according to claim blocked the valve a likely reason mode
4 3 36 20

MAN Energy Solutions
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ME-GI Service Experience, ELWI / ELGI valves

Electrical Health Check

Portside junction box unit #3

1- Loose cables not fixed inside
the junction box

2- Loose cables with ferule
mounted, not insulated and
fixed

3- Cable bracing with no back
plate, have been installed and
damaged the cable for Cylinder
pressure #3

Many cables were found with damaged insulatic;n, inside thejunctin boxes.
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ME-GI Service Experience, Pilot Profile

= Fuel Injection Valves

= Solenoid Valves
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ME-GI Service Experience, Pilot Profile

= Control Oil Pipe for GIV
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ME-GI Service Experience, Pilot Profile

i Test of standard pilot injection profile and
: . modified profile:
. [\ — Reliable pilot injection

I \A — Pilot Oil consumption (SPOC)

1] ZID
\ Pressure transmitter

: 30
a4 S FIVA valve
. > ¢ ‘__'I .. 4 | 8 e -

o -

*

Pressure transmitter
Pos 5635 (lubricator)
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ME-GI Service Experience, Pilot Profile

HCU pressures — standard injection profile

File name: TOS_10TimeA_CXL_2 d7d

SGTOME-C-GI - Standard pilot injection profile - 100% engine load Date: 11-07-2018; Time: 12:45:26; Show time = 33.20 ms 1= 301 Hz
Bl & & ' ' ' ' Operation with present standard

pilot injection profile:

— Pressure fluctuations before
solenoid valve is significant.

PFuelS (bar)

— Pressure peak is above design limit
of solenoid valve

sl 8 BT -

g 8
g
g
8
B.

. |

|
=]
g B

16,764 © NI 18,175 18,180 T 18190 15,155 16,997

t[s]

MAN Energy Solutions Public Peter C Quaade — Benaki Museum Event ©2019 23.10.2019



ME-GI Service Experience, Pilot Profile

Cnh art Area ]

1 —4— SM Seahawk
—sim Mit_T38
—m— MOK_B20

Pressure transmitter
FIVA valve

L1 20

Pressure transmitter
Pos 565 (lubricator)
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ME-GI Service Experience, Pilot Profile

HCU pressures — with new injection profile

BGTOME-C-GI - Mew pilotinjection profile - 100% engine load

File name: TO5_8TimeA_CXL.d7d
Date: 11-07-2018; Time: 12:40:05; Show time = 5275 ms f=19Hz
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t(s)

00

Operation with new pilot injection
profile:

— Pressure fluctuations before
solenoid valve are reduced
significantly.

— Pressure peak is below design limit

— Pressure characteristic is now the
same as for FO mode operation

{\) of solenoid valve

1[s]
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ME-GI Service Experience, Pilot Profile

Status on implementing new pilot injection profile:

— New profile was implemented in service on a few vessel. Improvements have been confirmed by
measurements.

— New profile already rolled out as standard on new engines.
— New profile will be installed on vessels in service, completed.

Offset adjusted, to 0,45mA L] = . I
1 2 3 4 5 1 2 3 4 5
Pilot Profile Offset Gain [%) Pilot Profile Offset Gain [%]
o 3| | | | | | | |
o T T g g g 0 Tw T N~ . T L
BRI SHE S S SRS o LSS S B S E E
Fuel plunger stroke [mA] Fuel plunger stroke [mA]
(o6 ["os5 | 007 | oss | 0| 045 | 05 | o | o6 | oar |

Further reduction in SPOC appr. 43% from VS_Original parameter

Measuring Measured Consumption | Consumption
MOK B20#5 | ppy time C i I/hour 1724 hour
Sthd 65.1 35 min 09 sec 46.6 79.5 1.909
Port 65.1 34 min 53 sec 42.7 73.5 1.762
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Pilot Profiles, SPOC
Low Load Gas operation

A — GI-66
[5) PG — 670
U 600 1 T 500 g 01 e" Y
g 2 £ IR
—d Gl-17 Optimized-3% pilot 2 = g 350
gsoo 2 450 g
~@ G193 Optimized-1.5% pilot E g % 300 4
‘T 400 £ 400 s
Z = IS
® E 300 'E 350 A g
3 - . R - e 5200
% = A ! | . Y | | | . | . !
= Bottom Piece Bottom Seat Center Edge Top Middle Bottom L1 L3 L5
- We—
.- - - “" N
. . . = A - ./J_\
/_,..-— — = : \_il
—= |
/// i L E_| |q-
| .
[74] &5 i} %5 80 as 90 95 100 105 / I (m '[:ll ri(-‘ H
Engine Load % | S
9.5 Gl-15 Gl-66 Possible Possible Possible, when released
9.2 Gl-15 Gl-66 Possible / cert. Possible / cert. Possible / cert.
9.5 EGR Gl-17 Gl-66 Possible Possible Possible, when released

MAN Energy Solutions

Public
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Test of reduced SPOC (1,5%) and Low Load Operation in service

» Re-building in Singapore after delivery from Korea:

» Pilot atomizers, GI-15 to PI-93 incl. new spindle guide
= Gas atomizers, GI-66 to GI-70
» ECS parameter update (IMO Design checksum)

= Amendment to IMO NOX technical file

= MAN ES Attendance:
» Diesel re-commissioning and performance measurements

= Gas re-commissioning, pilot oil profile / low load gas optimization
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Test of reduced SPOC (1,5%) and Low Load Operation in service

» Diesel operation, Performance measurements
* Re-commissioning of fuel index scaling and engine performance due to the increased injection duration of PI-93

R&D measurements Shop Test

STBD ENGINE NO 1 6152 INDEX SCALING Fuel Valve pressure Fuel Valve Ilft
90 800 -
= 80 750 :"'..'-h -
eI
g 70 700 R R
% oo 650 ' : Gl-17
5% 600 . | —— 617 — Gl-93
= .
o :g &= Original g50 - G193
g 20 —®— Recomissioned 500 r 1 £
T 10 g 150 i ' 2
0 F 400 g
0 20 40 60 30 100 120 350 . g
300 L &
% Index 250
i e
200 3
150 V I \
\
PORT ENGINE NO 2 6153 INDEX SCALING 100 ' l
50 : _J \_
a0 0 L 1 Parw 2.
— 80 160 165 170 175 180 185 190 195 200 205 210 215 220 225 230 175 180 185 190 195 200 205 210
@ CAD CAD
g 70
E 60
g 50
40 —@— Original
2 30
£ 20 =@ Recomissione d
o
L9p
0
0 20 40 60 30 100 120
% Index
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Test of reduced SPOC (1,5%) and Low Load Operation in service

= Gas operation, Performance measurements

» Re-commissioning of fuel index scaling and engine performance due to the increased injection duration of GI-70
» Gas change over tuning/optimization

» Pilot oll profile optimization and low load gas operation

STBD ENGINE NO 16152 GAS INDEX SCALING

R&D measurements at Shop Test
Gas valve lift

jection [msec]

£
»
L]
9 20
o
) B0 0o

% index

— GI-66

— GI-70
r"

8 100 160 168 176 184 192 200 208 216
deg ca

S index

PORT ENGINE NO 2 6153 GAS INDEX SCALING

relative lift

jection [msec]
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Performance measurements

= Diesel operation = Comparison against sea-trial meas.
6152 - STB 6153 - Port . .
Dsta Correctos o 150 and et Pmax ) Data Correcied t0 150 and Fef. Pmax . * Ingeneral according to our expectations
g s A - : Ergen Spsed § I I | re— .. .
e R === »  Similar Pscav/air amount for GI-70 at 85, 100% load.

_ _ . T e Similar tendency seen during R&D testing
S i
e I_________.—o—.-—"'_—""'_'_‘-.-'-"- : s //"_—_'

»  Slightly lower exhaust temp. for GI-70

== =t = G t
— == as operation
e g .
- 6152 - ST 5153 - Port
Vo Presouse Data Corrected to 150 and Ret. Fmax . Data Comrected 1o 1SO and Ref. Prnax
“amp. Srecmrs . ; E
14 _______,.__-—-—-—"“_-"—_— -z ——t—— T
e T Erne Sped — . I — & Engien Soed —— o — T T I
. A P F Ao g " “_‘_‘"'"—'-—--_.______—-_3_,.;_,_.--.-_ H
¥ e ! = . H
Fats in Torps x I T = T o~ . | _
A Oa ' ’/‘“ v —
3
o — 1 1 1HC Som —
0 Lot

= Comparison against sea-trial meas. ﬁ S==——mn — 1
p g [ — ,_.--——--"""'__.-.-.-.-‘P ---"""H._‘-_—-“. = v e ______,_._.—-—-"""f_'_______,_._--""_"'_._ -', e
* In general according to our expectations and in agreement with our | e = _ _ — :
previous RD measurements T — : = =" = ; =i =
- 1 — e Ml | ._._-___._._‘_'_________._.————-—‘ LR
T tenp e e i e o e =5

e Higher Pscav for PI-93 at high load due to slightly higher SFOC

e Higher Air amount for P1-93 at high load due to slightly higher SFOC

AN D SE 2184801 s

»  Slightly lower exhaust temp. for PI-93
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Performance measurements

= Gas operation, SPOC

6152 - STB - Pilot oil consumption

o A Sea-trial April 2019 - GI-15 " PiIOt Oil Consumption

B Service test July 2019 - PI-93

o == == CEAS 3% pilotincl.tol

= = CEAS 15% plotnd. to * Measured during 1 hour with flowmeter after optimization
g
g 50 . .
§ peemmmeecccccccccccccccceea- R . reductlon compared to sea-trial measurements at NCR/MCR
3 a0 ‘
g oof " . * As expected and according to our previous R&D results

Wl oEEeeEeeeeeeesemem—., l ] ---T ----- .----

20 a0 a0 S0 E‘.:Iigins Lmu}; B0 a0 100 110
6153 - PORT - Pilot oil consumption
5 A Sea-trial April 2013 - GI-15
B Service test July 2019 - PI-93
o = = CEAS 3% pllot indl.tol
= == CEAS 1.5% pilot incl. tol

i 5.0
f [====--eccccccccccccccccccas ittt
Eﬂ 4.0 ‘
.a 3.0 .
| .

A bt b 2 T ===

Engine Load %
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Performance measurements

= Gas operation, low load

Engine » Process Information

Running Mode Speed Control LDCL

Engine Mode I

Running Mode
2

Estimated Engine Load

Maximum Pressure

Compression Pressure

Pcomp/Pscav

Exh. Valve Open Timing

127.7 "ATDC

2019-07-26  15:52:12

Speed Set Point [RPM] Speed Actual [RPM]

Fuel Index Set Point
Fracass
Hyd. Oil Set Point Hyd. Oil Actual [
[ 2258

Pscav Actual

= Low load Gl operation

« Small endurance (15h) test showed successful low load gas operation is possible

e Index ~20% (~6% load), Eng.Speed = 28 rpm (just below barred speed range)

MAN Energy Solutions

Public

I
PITTeE———

e R PR R PR

R&D measurements on DW2469#2

Fuel: 50% area (P95), 2,0 mm lift
Gas: 50% area (G70), 1,8 mm lift
Load: 5,5%

full needle lift limit - nan ballistic
" very stablel!

W

= More stable Gl operation with small flow atomizer
= Full and stable GIV lift possible at low load

Peter C Quaade — ©2019




Pilot Injection Technology, PIV

Cut-off shaft lift

2.8 mm lift:

1.2 mm lift: reduced for pilot injection:

Only small atomizer holes open for pilot
injection*

*Total nozzle flow area unchanged compared to standard FO nozzle

MAN Energy Solutions Public
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Pilot Injection Technology, PIV

Pilot Injection Valve

Standard fuel valve with new pilot injection
technology
225/300 bar HP oil is moving the thrust piece to reduce movement of cut-off shaft

Cut-off shaft lift 2.8 or 1.2 mm

Thrust piece lift 0 or 1.6 mm

G70 bore design
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Pilot Injection Technology

Application

1. Distribution block.

2. Arrangement of additional
piping for PIV activation
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Pilot Injection Technology

Control system

CYLINDER

One on/off valve per cylinder.
2. Connection to hydraulic

035900 BAR pressure supply.
O Sy LIET 3. Drain to baseplate or sludge
(1)
g 21.5 ?25-300 BAR
O ~7] HYDR&ULIC PRESSURE (2)
/ (A

H
I: gg 1 BAR

71 <\ w )
TANK TN BASEPLATE gﬁﬁg%%u‘
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Pilot Injection Technology - development schedule
-l -l o 00 M~ M~ s o o~ - [9)] M~ 0
Q Q 0 o o o o o o o - - -
- g Ln] =] o~ o Ln] =] o~ o o )] ~
=] =] (=] — (=] =] (=] — (=] =] (=] —
! ! ! ! ! ) ) ) ) S S S S
- - - - - - - - i o o o ol
Q Q Q Q Q Q Q Q Q Q Q Q Q
™~ ™~ ™~ ™~ ™~ ™~ ™~ ™~ ™~ ™~ ™~ ™~ ™~
Valve concept design *
Concept testing
Production
Application design 1
Control software development ]
S50ME-C test rig testing I
Production and installation
Verification on test engine in DRCC 1
Service test on L70ME-C8.2-Gl
Design transfer to G90ME-C-G| I
Production 1
G90ME-C-GI testrig testing
G90ME-C-GI shop test - EPS SH990
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MAN Energy Solutions

Thank you for your time...
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