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Ammonia is one option to decarbonize long-range shipping

Hy | syn. CHy | MeOH | NHs3
energy density — + 4+ i
storability — 0 T +
transportation cost —— ++ ++ +
CO2 emissions (tank to wake) | ++ — —— ++
risk of other GHG + — ++ 0 |>nN,0
retrofitability (shipping) 0 0 ++ — |5 space

Source: [3] :
requirements

* No retrofit of currently existing vessels with ammonia
* Vessel lifetime > 30y
- Suitable ammonia engines, fuel systems and vessels need to be developed now!

Valentin Scharl, TUM, 05.03.2024
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The HPDF combustion is promising for NH,

« Spray combustion via diesel process Pilot fuel

(diesel)
« High ignition energy by diesel pilot

* No knocking, no throttle losses, less near-wall
guenching

» Diesel-only operation possible

Main fuel

_ (ammonia)
—> Proof of concept required

Valentin Scharl, TUM, 05.03.2024
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The AmmoniaMot project progresses ammonia‘s introduction as a marine fuel
« Fundamental combustion research

* Fuel system
* Requirements & regulations « CFD code development

faan) > woobwARD

MAN Energy Solutions
* Engine design N
- Technology transfer w « HPDF injector development

INNOVATIVE SCIENCE & RESEARCH

* Engine testing
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The HPDF combustion process in 4-stroke engines requires new injector

developments

* Multi-needle injector

* High volume flux requirements
for ammonia

* Space constraints in 4-stroke
engines

« HPDF injector development

Valentin Scharl, TUM, 05.03.2024
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The combustion process is optimized in a single-cylinder engine

Single-cylinder research engine FM18

. . . . Parameter Unit Value

» High-speed single-cylinder engine p— — e
Bore mm 175

. . .. Number of cylinders - 1

» Testing of various injectors and Piston displacement _dm® 517
operating strategies, e.g. injection Conrodiength  mm 7

. . . . Rated power kw 180
timing, piloting strategy Rated speed min 1800
Number of valves 4

Compression ratio

19.2:1 (variable)

*  Optimization regarding Camshat Ay trskoned
o Engine efficiency, Source: [1]
o Ammonia fuel share
o Combustion stability w
o Exhaust emissions i

(N,O, NO,, NH,)

Valentin Scharl, TUM, 05.03.2024

A
INNOVATIVE SCIENCE & RESEARCH

* Engine testing




Lehrstuh fir - Lehrstuhl fir Thermodynamik
7HERMOD / TUM School of Engineering and Design

Technische Universitat Minchen

Ammonia supply system for the single-cylinder engine

Exhaust Air
Rioe I NH; - Container : -'} Exhaust sabiansli
Su(l)ly _______ b — . ® |/ Fan est benc!
NH; - Supply System @ - &9
Upper Storage e e e P it oo SR i o S i N - Supply System Safety Control 0 | ine

: O QP ® NH; - Recirculation Safety Relief Pulsation |

Valve
- M Valve../ Damper®(,) (y)® .| - / -

Injector

- Safety Shut-Off

7 Valve

Check Valve Filter

Venting nnp
—
Charge Air

Inlet Exhaust Gas

4lln
= —§

dump water tank for  Single-Cylinder

High Pressure

Ammonia -
Booster-Unit

gas scrubbing  Research Engine SOUrce: [1]
* Pressurized tanks (N, cushion) supply liquid ammonia
* Apiston pump provides injection pressures of up to 500 bar i ,
- Safety measures: shut-off valves, nitrogen purging, dump tank, w_a‘ | _(/-j?f
gas warning, protective equipment ,NNOVA,,VESE,EN‘Ej;DEfﬁ

NEFTUN SHIP DESIGN

Valentin Scharl, TUM, 05.03.2024
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The obtained knowledge is transferred to MAN‘s medium-speed engines

» Supply of engine components and knowledge for single-cylinder
experiments

@ » CFD code validation using TUM and WTZ experimental data

MAN Energy Solutions
» Transfer project results to medium-speed engine concept

- Injectors ¥ weeeware
- Engine components
-> CFD

Valentin Scharl, TUM, 05.03.2024
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The AmmoniaMot project progresses ammonia‘s introduction as a marine fuel

4 N( R
NEPTUN SHIP DESIGN m

* Fuel system * Fundamental combustion research
" Requirements&regulations) « CFD code development

faan) > woobwARD

MAN Energy Solutions
* Engine design

INNOVATIVE SCIENCE & RESEARCH

* Engine testing
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The on-board ammonia system requires new designs and certifications

+ Development of modular, containerized ammonia
module: CAPSAM

NEFTUN SHIP DESIGN

= - increased safety, lower cost, easier certification, low
M space requirements

* Risk analysis and mitigation strategies in cooperation
with ABS-Houston &ABS

« Concept for integration of fuel system into vessels

» Support of maritime regulation adjustments

DESIGNED BY NEPTUN

Valentin Scharl, TUM, 05.03.2024
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The AmmoniaMot project progresses ammonia‘s introduction as a marine fuel

JG
NEPTUN SHIP DESIGN

* Fuel system
* Requirements & regulations

fraar)

MAN Energy Solutions
* Engine design
* Technology transfer

Valentin Scharl, TUM, 05.03.2024

INNOVATIVE SCIENCE & RESEARCH

Engine testing

-

TUTl

~N

Fundamental combustion research
CFD code development

J

> woobwARD

HPDF injector development
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TUM conducts fundamental experiments and CFD simulations

7? f

S@:Fi:[: |
» Feasibility studies A m
and injector G g —
design guidelines | )j g ®
O

Single-shot engine experiments

reacting & inert )
/ MAN Energy Solutions

1 Engine simulations
- RANS, detailed chemistry

» Improve understanding of
ammonia spray
combustion behavior

CFD valldatlon

Valentin Scharl, TUM, 05.03.2024
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Experiments are conducted in a single-shot engine

?? 7

=
/ I
S ®
(D
« ~1000 rpm « TDC temperature: 780-920 K » Single hole injectors
200 mm bore « TDC pressure: 75-125 bar * Injection pressures: 560 bar

(NH,), 2000 bar (Diesel)

Valentin Scharl, TUM, 05.03.2024
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Measurement techniques

* Optical measurement  Exhaust gas * Heat release rate (HRR)
techniques: analysis analysis
— Shadowgraphy, OH*-CL, Mie- - Thermodynamic modeling
scattering, Spectroscopy, Natural lum.
RCEM 9 1
1 sorption ‘ ' ‘ ‘ '
UV Absorption IZ?C:}COSED T Atm E —_—
NH, Uras 26 L5} T L
J@) Limas 21 HW £ fg°§
] = ftmp g
‘Phosphoric Acid Paramagnetism & 1 "é ‘5
é Magnes 206 Tosp st Té =
g

N\ / 0

UV Absorption ] 1 : 1 1
) NO, NO, -4 -2 0 2 4 6
Limas 11 HW t after TDC [ms]

Valentin Scharl, TUM, 05.03.2024
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Ammonia spray flames can fail to stabilize
Shadowgraphy + OH*-CL

* Slow drift-off
 No ,combustion recession® or ,flashback”
e 920K, 125 bar

——125 mg ammonia —— 190 mg ammonia
—160 mg ammonia ——220 mg ammonia
1 T
— 180 _
S 0.8 E
3, len &
> 0.6 60 5
@ £
o 04 140 2
i = o
= 0.2 =
T 4 o
o 20 &
0 =
1 1 1 1 1 1 0

0 1 2 3 4 5
t after SOI main [ms]
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A 1-D spray model is validated using inert spray data

* Optical spray angle as input 70

« Validation via gaseous and liquid penetration o 207
(Shadowgraphy + Mie-Scattering)

—penetration model
stationary LL model

---------- penetration experiments |

---------- LL experiments

= N W
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The spray model reveals low temperatures and equivalence

800
« Extremely low temperatures

700
 Fast lean-out

N
T

600

Valentin Scharl, TUM, 05.03.2024
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Mixing requirements with combustion products to undergo auto-ignition are

high in ammonia sprays

diesel T ammonia
N
*  High auto-ignition temperature Torod, diesel
(1) Upstream: Low reactant temperatures
o High enthalpy of vaporization ATprod,diesel
Tai,NH3
(2) Downstream: Low product temperatures Tai diesel
o Lean combustion AT reac,diesel
Treac, diesel

Valentin Scharl, TUM, 05.03.2024
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Lean conditions increase NO and N,O formation

. O-T map
* NO forms under lean conditions 5 3 — 6000 30000
—— mixing
: ; P adiabatic
: e s s i 2
* N,O results from incomplete L R combustion ) 5000 5000
compgstlon, e.g. due to very lean ° 24000 50000
conditions e Tt e T z £
o« a
] - 3000 — 15000 &
. . . c @) (@)
* Low air pollutant formation for slightly L e o - g =
. .- > | i L L
fuel-rich conditions 5 2000 10000
w 3 3 3 .
| % | 1000 | | 5000
Drifting flame causes lean conditions! 0 o 3 3 ~ Llgo Lligoo

500 1000 1500 2000 2500
Temperature T [K]

Valentin Scharl, TUM, 05.03.2024
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Large marine engines facilitate ammonia spray combustion

« High compression ratios
—> Auto-igniting conditions at high loads

* Long residence times
- Reduced N,O formation and NH; emissions

« Exhaust gas after treatment and fuel handling feasible

Valentin Scharl, TUM, 05.03.2024

S—

Promising results of 4-stroke single-cylinder
engine @ WTZ

=  Ammonia LHV share > 95%
=  Ammonia-NOx-Ratio < 1

= N,O emissions < 10 ppm

- GHG reduction > 90%
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Summary and Conclusions

«  AmmoniaMot takes a holistic approach toward establishing ammonia as a marine fuel

«  Ammonia sprays show low temperatures and flame stabilization may fail
- Increased NO and N,O formation

« Suitable combustion processes for ammonia differ from established low-temperature
combustion processes

« Large heavy duty engines are suitable for overcoming ammonia‘s combustion
challenges

AmmoniaMot 2: Comparison of diffusive and homogenous ammonia combustion processes

Valentin Scharl, TUM, 05.03.2024
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Thank you for your attention!

Supported by:

% Federal Ministry
for Economic Affairs
and Climate Action

on the basis of a decision
by the German Bundestag
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