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From fundamental to application
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China’s GAC Unveils World’s First
Ammonia Car Engine

» The low carbon alternative fuel is already used in shipping

Japanese Projects Achieve Stable
Combustion on Ammonia-Fueled

= GAC said its engine can burn ammonia efficiently and safely

trains in

By Julian Atchison ol

Deutsche Bahn (DB’
(FFI) will collaborat

engines torunont

locomotive & other t GAC said it has deve
pair will utilise Amn__ cars. Source: Guang:

technology in their design. We reported on

Ammonigy’s “Ammonia Fuel Refinemse

earlier this vear, and how it had been installe

tested in a converted speedboat to simulate t

operation of an inland cargo barge. DB repor

prototype, bench-top system (converted dies

plus cracking unit) is currently being tested (

“endurance” and NOx emission testing), witt
—a _

Ammonia—a renewable fuel made from sun, air, and
water—could power the globe without carbon

By Robert F. Service \ Jul. 12,2018, 2:00 PM




RESEARCH GAPS FOR CLEAN AND EFFICIENT NH; ENGINE

Challenges Impacts Research needs
(Experiments & modeling)
Hard to ignite Cold start (Auto-) Ignition properties of NH, blends & related
Need ignition strategy/promoter chemical kinetics

Narrow flammability | Stability/operability problems Extinction and stability characteristics of NH, blends

Slow flame Stability/operability problems Flame propagation characteristics &

propagation Depleted thermal efficiency chemical kinetics of NH, blends
Fuel-bound nitrogen Pollutant emissions Chemistry and physics of low-emission combustion

modes
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+. No appropriate combustion properties

AMMONIA COMBUSTION CHARACTERISTICS | for piston engines 2

. |Hydrogen| CH, | Gasoline | Methanol | Ammonia_

Research octanenumber () | | | | |
UAdiabatic lame temperature (0) IS 1[I O

+. similar energy input (by air charge)

+. Good to limit knock occurence: high Compression Ratio or turbocharging \
conditions

+. Lower flame temperature = Lower thermal NOx but fuel NOx, N,O emissions




CASE OF NH, AS FUEL FOR ICE A
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AMMONIA

How improve ammonia combustion in ICE

it ”
Reactive fuel addition CR increase lgnition Improvement —T

® v =8

HW Conf 01 : CR16
HW Conf 02 : CR18

HW Conf 03 : CR20 ngh energy |gn|ter Prechamber igniter

Biofuels (diesel, dme, additive)
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How improve ammonia combustion in ICE

.. Citation: Lhuillier, C., BREQUIGNY, P, Contino, F, and Rousselle, C., "Combustion Characteristics of Ammonia in a Modern Spark-
H, addition Ignition Engine,” SAE Technical Paper 2019-24-0237, 2019, https://doi.org/10.4271/2019-24-0237.
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= Pure NH, possible

Not real difference between IMEP with H, or not

Maximum work obtained for 1<¢<1.1

Example at ¢ = 1.1 and Pintake = 1.2 b : similar IMEP than CH, !
But not possible at low load and various regime

_ IMEPR,
Mind = T o IMEP

a) P, =100 kPa b) P, =120 kPa

Highest efficiencies :

> lean mixtures (no excess fuel)
» 50 < XH, < 20%
> MNind S 40 % — comparable with conventional fue




; . : : AMMONIA
How improve ammonia combustion in ICE o

o nerease Easy way : Compression Ignition engine with Spark Plug !
dRetrofit ‘current’ Diesel engine (less expensive ...)
A High Compression ratio : better for Ignition and Flame propagation

Diesel architecture

Sl architecture

TKE+ Turbulent vortices

JBut
I No turbulence ? Only strong swirl motion ?
‘classical piston bowl! : unburnt ammonia ?
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Another solution : increase the CR

) ER decrease — Current | SAD PSA
A CR-IT ~_] SIS YR PSAEPEDT |  DV6
® CR=16 e
5 W CR=15 - Displacement Volume ; .
Y CR=14 4 v 400 cm 400 cm
v  SIO0%H2 cyl
E 4 g 2; f?ﬁ;ﬁQ/ Compression Ratio 10.5 1410 17
~ H, increase Valves 4 2
E 3 B g_gg . Tumble ratio 24
é AL/ b—1.1 | Swirl ratio 2
CR increase
1 L . . L i . ' . .
04 05 06 07 08 = Good improvement of NH,; combustion with CR increase
Intake Pressure (bar) despite of flow field

Engine speed :1000 rpm

= No H, needs
= Extension of low load limits

Christine Mounaim-Rousselle, Adrien Mercier,

pirre Brequigny, Clément Dumand, ean = 1.7 b IMEP (as Koike et al. with Reformer)

Bouriot, et al..

Performance of ammonia fuel in

',?\' cTEL L/\N e a spark assisted compression Ignition engine. u CR 1 7, 650 rpm,

International fournal of Engine Research, 2021,

pp.146808742110387. = |ower limit with slightly rich

areNHsa  https://arenha.eu/  (10.1177/14680874211038726). (hal-03519268)




-40 CAD to 27 CAD ATDC

100

= Spark Assisted Diesel engine combustion mode :
= Without H,
= Not 2 identified phases of HRR
= Faster first phase than Sl engine
= Pressure effect ?
= FULLY PREMIXED PROPAGATION ‘without turbulence’ ?

Crank angle (CAD)

Standardized HRR (1/CAD)






PREMIXED TURBULENT FLAMES

Sl engine to ‘SI’ Diesel engine :
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AMMONIA — turbulence interaction : strongly different

azoesc: NH3 combustion™ in Borghi Peter diagram
werr with swirl cylinder head
10° 3
\._\ _ 'D':’ )
.\-*;% B k 15‘3--":' - .
l ) roken Lt
102 "2%2 Reaction Zone L= -
; S NH3 with Sl-éngrihne
L ."'\ - Ll In
Reaction Zone
- A
@ - . @
-~ 10t E
= 1 "',
"w.,\ 100% NH,
10°4 Laminar v’ ~1m/s
{1 Flames
‘1"'-\_ Wﬂnkié’ﬁ-flamelat
10-t 10° 10t 104 10° 10*
, 7),[8|_ *1500 rpm IMEP 8 bar

»\Very different turbulent-flame interaction
»What best flow field for ammonia combustion in ICE ?
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Main questions : pollutant emissions for ammonia cRgiRg=

Combustion exhaust gases from ammonia fueled engine will
include ...

NH; : Strong pungent smell, highly toxic to human body
NO, : Photochemical smog, acid rain, air pollution
N,O : GHG about 300 times more potent than CO,, ozone depleting gas

4NH; + 30, — 2N, +6H,0

auxiliary

. . propulsion . ’

|
ol
- gt d Rt Universite
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Ammonia combustion emission risk triangle

NH3
Safety
NO, N,O
Health Climate
Air pollutant

Greenhouse Gas
Global impact
on the climate

Local impact
on human health
and the environment

Maersk Mc-Kinney Mgller Center
for Zero Carbon Shipping



hermal Nox versus Fuel NOx

BSNOx (g/kWh)

Faster NO at lower temperatures

100 - .
o0 - Zel'dovich + DeSoete
| \\‘
80 T "'-n-._*
—————a
70 B
o0 | -~
T
50
40 1 il Gasoline
- = Gasoline + NH3
30
20 )
10 - Zel’dovich
0 —_———
1 15 2 2.5
Power (kW)

Ryu, K., Zacharakis-Jutz, G. E., & Kong, S. C. (2014). Effects of gaseous
ammonia direct injection on performance characteristics of a spark-
ignition engine. Applied energy, 116, 206-215.
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= = = De Soete mechanism
10" f ——— Zeldovich mechanism

p R S R

-———— = -

10° b

Time s

Westlye, F. R., lvarsson, A., & Schramm, J. (2013). Experimental

investigation of nitrogen-based emissions from an ammonia fueled SI-

engine. Fuel, 111, 239-247.
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E F F E CT O N H 2 O N E M I S S | O N S Citation: Lhuillier, C., BREQUIGNY, P, Contino, F,, and Rousselle, C., "Combustion Characteristics of Ammonia in a Modern Spark-
Ignition Engine,’ SAE Technical Paper 2019-24-0237, 2019, https://doi.org/10.4271/2019-24-0237.

Exhaust emissions B = 1.0 bar
(PPMVW) 15000 | K
\ ——[NH,] 100% NH, |
\ ---- %H, /
[NOx] RV Y™ H,

[N,O]
(ppmvw) a) Pin =1 bar
40vol% H, 100 N ' '

“Low” emission window
0.7<¢p<1

1 60 vol% Hz\‘

I\ 2 A

Texhaust= 700-800 K 06 07 08 09 1 1.1 12 0.6 0.8 1 1.2

Equivalence ratio ¢ Equivalence ratio ¢

H2 = one parameter to reach E—EX ~1 (SCR/SNCR) for post-treatment !

3 16




ONLY AMMONIA ?

A CRi7 3 . 3000 11 =
o CR16 e, 2
4| ®m CRis _ - = =) 0.8 °F
< Y% CRI14 NH3’ | CSS = 9000 | %
z & X 2=
- 2 §= £ 1000 045
~ A 11 60 5 3
o= . ) % e CZ) 0.2 E
- 0 - 0o
s i 'l l I - -50 0 50 100
0.9 1 1.1 Angle (CAD)
¢ (-)
Stagni et al. 2020,
OD SI engine modelling CHEMKIN ANSYS
3 1 C ' :
o +(1_a)< i, +2N2> SACI combu§tlop mode : -
=HT/HP = in situ NH,; decomposition in H,
4‘ ,,,,,, -7 =For Phi>1
ORLEANS




Last important question : what emissions for ammonia €

Premixed ammonia S| engine
» Similar trends as usual Sl engine

3 way catalyst window
.‘—

NOx

Emissions

0.6 1.0
Rich fuel

m NH3 SI
m— Natural gas Sl

1.5 Lean

Air/fuel ratio (lambda)

, 1 Université
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1 NH,

A Minimum for lean mixture/stoichiometry

A max : 4%

4. Function of engine design ! Crevice trap !

4 H, emissions due to ‘in situ’ cracking of NH,
 NO,

A. Minimum for rich mixture,

Maximum around 0.7-0.8 until 5000 ppm !
4 Increase with H, addition




Comparison between Spark lanition and Pilot Reactive fuel ianition

Caneon-Kurien -and-Ehrist'lne-h.l'lnu maim-Rousselle,-Comparative-study-on-the-effect-of-premixed-eguivalence-ratio-on-

engine-characteristics-of-ammoniafuelled-engine-under-DieSEL-Pllot-IGNITION vs-SPARKIGNITIOMN-combustion-mode, -
ICEF2024-140740,-Proceedings-of the-ASME-2024,-The-Westin-Riverwalk,-5an-Antonio, TX, -USAY

4. Same engine with premixed gaseous NH/air intake
A. no injector

A. 2 configurations :
4. Original CRI Bosch injector
A Spark plug

Parameters
NH3 + diesel
Less than 5%

Diesel pilot injection

Diesel enerqy share

Injection duration 550 us
Charge duration = [
d)p,emixed (NH; + air) 0.80 -1.25
Engine speed 1000 rpm
Intake pressure 1 bar
M Intake temperature 80°C
"ﬁ]!dsp.MdEm Université
‘WV """" SN p d'ORLEANS

Cl Mode ' Sl mode

100% NH3

1000 rpm
1 bar
80°C

1994
Cswokelmm] [

5
154
!
20
Re-entan

single cylinder

engne FTIR (NH;, NOx,

Air pressure transducer —» N,0,H,0)
compressor T " Other sensors on
l Tin l out "
dried gases

Gas heater H, O,

Brooks Thermal
P » >

flowmeters ’ d h — = =
Intake
plenum
X, Xy

Electric motor

gaseous
NH,




Ammonia flame propagation in ICE

-40 CAD to 27 CAD ATDC Spark plug location

= CR=16,
PSA DW10 0.5
l, 1000 rpm,
= Intake pressure
=0.9 bar Tintake
=35°C
Spark Assisted Ignition Decane spray ignition
Spark timing : -40 CAD = Sol -22 CAD before Top dead Center
= %decane/fuel (vol.)=11% in Energy input
ERNH3=0.9
IMPE = 6.7 b = ERNH3=0.9, E.R. total =1.07,
P 2 -~ — « IMEP=7.4b
et o ORLEANS



1) Decane

injection

- duration = constant for all conditions

- injection timings adjusted to minimise cyclic variabilities (COVIMEP)
- 4.5% to 3.2% with premixed equivalence ratio

2) Spark timing :

- sweep to to minimise cyclic variabilities (COVIMEP)
- larger spark advance required at lean operating conditions due to lower

laminar flame speed

- near-stoichiometric rich conditions, no significant adjustement needed
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» Higher load for Pilot Reactive Fuel Ign.
= not only due to Diesel fraction
= better combustion efficiency ?
» Longer combustion duration for Sl
= strong enhancement by diesel comb. ?
= |ncrease the number of high reactivity zones
= multi-point ignition
= Orenhancement of local turbulence ?




Cylinder Pressure (bar)
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20 0 10
CAD (°CA aTDC)

20 30

—0.80 Phi _ CI mode
[T 1.00 Phi “.J.('"""' B 80
- --1.20 Phi
60
4 4o
S|
0

HRR (J/CAD)

HRR (J/CAD)

MAX pressure + Max HRR
> t with Premixed Phi
Pp and PHRR CI| > S| mode.
2 combustion phases in Cl :
= mode premixed + diffusion phases for @ eqmiyeq
=0.8
= Not for the other Phi : combustion development
= S| mode.
ID for @ emixeg = 1.2 >> due to the retarding
influence of ammonia on the ignition




Comparison between Spark Ignition and Pilot Reactive fuel ignition

25 ® CI mode

6 20 m SI mode —_

< i =

s 10I I EEETCEEL R e S A I § . . :

;O:/ ..................... L I TR R 2 | . Similar phaS|ng of the combustion (CA5O =
5 -

5 0 crank angle where % of fuel is burnt)

@ = |onger combustion duration with Sl

40 [ T n c 1Al 1

i e T = PRFI : more efficient combustion

< 30 ¢---0---0-__e___ > ' |

9 voee-a S = |ower fuel consumption !

& 20 >

= =

S 10 =
0

08 08 09 095 1 105 1.1 1.15 1.2 1.25
4 b 1
( ) Phi ((I)premixed)



Last important question : emiscinne

Q NH,

A o Cl mode A. Similar order of magnitude : due to crevice
: = Sl mode and piston design
S o 4. Slightly lower with Cl
- - R ... R
% 2 e e s e -y 4 NO,,
1 A. Higher Peak with Sl
. 4. Max around 0.85-09
| 3000
3.0 N e —0.80 Phi
6000 e joi% M 100 Phi P
e 2.5 3 ; 2500111 20 phi PN
5000 I, " - ‘.. - \\ % E ,“._..-" \‘ .
, S ak. o = . “.. >~ _CI mode
2 4000 . m §°° 2, 2000 U
a. a, 8 & .
S 3000 515 AR N e
o - R < 1500
> 2000 ot 510 =
1000 "‘m’ LLJo.s_,'; oo
O T T T I I T T T ..N.T O %‘:.';- e L.
0.8 0.85 0.9 095 1 1.05 1.1 1.15 1.2 1.2 10001500 2000 2500 3000 500

Temperature [K] -40 20 0 20 40 60 80

Phi (cl)premixed) Hiraoka et al., SAE 2023-32-0102 CAD (°CA aTDC)



Last important question : emissions

ASI o(CI

085 09 095

Ingéwierie des Systémes, Mécaninue, Energétigue
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dGlobal Warming Impact euialt
N0 =265 *CO, GWI at 100 years !
A.Same order of magnitude

between both ignitions for lean
mixture and Decane

A.Lower from ER >= 1 for SI
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--------
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4.C0O2 equivalent remains higher
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Ammonia fuel : a lot of scientific challenges

Impact & requirements on practical

Challenges . Knowledge gaps requiring new research
combustion systems
Problems at cold start o :
. S . Autoignition behavior of NH; under elevated
Difficult Improved ignition system or combustion = . :
o = conditions. and in blends
lgnition promoter (SL, GT) Related chemical kinetic modeling
High CR (CI) ‘ =
Narrow Stability/extinction problems Flame-stretch and extinction behavior of pure
flammability Operability and blended NH;

Low reactivity
& slow flame
propagation

Fuel-bound
nitrogen

High latent
heat of vapor.

Low combustion efficiency
Depleted thermal efficiency
Stability
Combustion promoter
Improved aerodynamics
Improved thermodynamic conditions

Potential high N>O. NOx and NH3
exhaust emissions

Challenging direct injection
Power penalty

Experiments in practical systems for
phenomenological understanding and validation
of models
LBV measurement under elevated conditions
and 1n blends
Chemical kinetic modeling with combustion
promoters
Investigation and modeling on flame-turbulence
mteractions and stretch effects
Investigation and modeling on thermal effects

Chemuical kinetic modeling
Investigation and modeling of low-emission
combustion modes

Optimization of system design for premixed
combustion

Lhuillier, phd thesis, Univ.
Orléans, Dec. 2020



BEST POSSIBILITIES TO USE AMMONIA (>95% !) IN ICE 7

gaseous

Ignition
engine
Compression

ignition
engine

\ INIA
-A_.ML.L

Ammonia combustion emission risk triangle

Autoignitiog

NH3
Safety
NO, N,O
Health Climate
. pqllutant Greenhouse Gas
Local impact Global impact
on human health T -

and the environment

Maersk Mc-Kinney Mgller Center
for Zero Carbon Shipping

Pilot-fuel spray
A

=1 | Lean LRF/air

(" Reactive fuel }/P :
_ Bio fuel injection O
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