Best Possibilities to use ammonia (>95% !) in ICE 7

PFl injection

qaseos | e
W liqud | Direct injection
Spark

\ PFI + pilot Ignition

direct injection y  engine N
Compression
op : C ignition
. Difficulties to auto-ignite NH, e?,gine

4. spark igniter, pilot fuel ignition, prechamber ?



Best Possibilities to use ammonia (>95% !) in ICE 7

. Difficulties to auto-ignite NH,
+. spark igniter, pilot fuel ignition, prechamber 2 _

PEl injection RO\ V4
gaseous / —
M iqud | Direct injection oA
Spark
\ PFI + pilot Ignition

direct injection y  engine N

Onboard direct/indirec SR o
nboar npre
racker injection \ 'gg:gg”

prechamber




Best Possibilities to use ammonia (>95% !) in ICE 7

. Difficulties to auto-ignite NH,
4. spark igniter, pilot fuel ignition, prechamber ?

gaseous

liquid

PFELinjectior

/

—

N

Direct injection

PFI + pilot
direct injection

Onboard
racker

N

direct/indirec
injection
prechamber

A\ v

(&

L

eactive fuel

Pilot injection

Ignition
engine

ompression

ignition
ngine

load /rpm

~———
Y

cold start

[ N —

N
NH,/NOx
trade -off




Yousefi, Amin; Guo, Hongsheng; Dev, Shouvik;
Lafrance, Simon; Liko, Brian

A study on split diesel injection on thermal efficiency and emissions of an ammonia/diesel dual-fuel
engine

Wang, Du; Ji, Changwei; Wang, Shuofeng; Yang, [
Jinxin; Wang, Zhe

Mumerical study]:n‘the premixed ammonia-hydrogen combustion under engine-relevant conditions

Kurien, Caneon; Mittal, Mayank

Review on the production and utilization of green ammeonia as an alternate fuel in dual-fuel compression

—

2021

= T

' More than 8 review papers
« More than 12 research papers

n a spark-ignition engine by means of

nmonia/hydrogen mixtures on a marine

lled engines

ydrogen mixture under high-pressure

Zhang, Zhifei; Li, Tie; Chen, Run; Wang, Ming; Wei,
Yijie; Wu, Dawei

Koike, Makoto; Suzuoki, Tetsunori; Takeuchi,
Tadashi; Homma, Takayuki; Hariu, Satoshi; Takeu...

Ji, Changwei; Xin, Gu; Wang, Shuofeng; Cong,
Xiaoyu; Meng, Hao; Chang, Ke; Yang, Jinxin

0Oh, Sechul; Park, Cheolwoong; Kim, Seonyeob; Kim,
Yongrae; Choi, Young; Kim, Changgi

Yousefi, Amin; Guo, Hongsheng; Dev, Shouvik; Liko,
Brian; Lafrance, Simon

Liu, Long; Wu, Yue; Wang, Yang

Cardoso, Jodo Sousa; Silva, Valter; Rocha, Rodolfo
C: Hall, Matthew 1; Costa, Mario; Eusébio, Daniela

Boyiikdipi, Omer; Tiiccar, Gékhan; Soyhan, Hakan
Serhad

Berwal, Pragya; Kumar, Sudarshan; Khandelwal,
Bhupendra

Frost, James; Tall, Abdoulaye; Sheriff, Abubakar
Mahmud; Schénborn, Alessandro; Hellier, Paul

Injection characteristics and fuel-air mixing process of ammonia jets in a constant volume vessel

Cold-start performance of an ammaonia-fueled spark ignition engine with an on-board fuel reformer

2022

2021

2022

2021

2021

2021

2021

2021

2021

Fuel

International Journal of
Hydrogen Energy

Energy Conversion and
Management

Proceedings of the Combustion
Institute

International Journal of
Hydrogen Energy

Energy Conversion and
Management

International Journal of
Hydrogen Energy

Fuel

International Journal of
Hydrogen Energy

12/2022-now (Science Direct, 0 SAE, 1 IJER)

30 research papers !!!
A lot of new interests but ..

onal Journal of
n Energy

Jourrar of Cleaner Production

Journal of the Energy Institute

AITITGNTE a5 an enerqy VectorT COFFEnt and TOTOTE prospects 1o [0W-Carbon TOEl appications 1 Fermal 2071
combustion engines
Experimental investigation and artificial neural networks [ANNs) based prediction of engine vibration of 2021  Fuel
a diesel engine fueled with sunflower biodiesel — NH3 mixtures
A comprehensive review on synthesis, chemical kinetics, and practical application of ammeonia as future 2021
fuel for combustion

2021

An experimental gnd modelling study of dual fuel agueous ammeonia and diesel combustion in a single
cylinder compresgion ignition engine

International Journal of
Hydrogen Energy



A lot of papers based on simulation,
~ especially for marine applications !

Table 6
Various CFD studies on ammonia combustion in ICEs.

Authors Year Case study Experimental Software/code
validation
Boretti (2012) 2012 A 1-D model was used to explore a novel dual-fuel approach considering Hs jet ignition followed by NH; direct Yes GT-POWER
injection.
Kumar et al. 2014 Experimental and CFD analysis was employed to assess the ability of an 5CR system with Urea orNHzasa  Yes AVLFIRE
(2014) reducing agent for NO, emissions in a single-cylinder diesel engine.
Lauer (2017) 2017 An LES modelling approach was set to simulate injection designs and mixing sections for NO, emissions Yes Simcenter
reductions in a diesel engine. STAR-CCM+
Boretti (2017) 2017 A 1-D model was set to implement a novel dual-fuel approach considering diesel injection ignition followed by No GT-POWER;
NH> direct injection. WAVE
Lamas and 2017 A CFD study was developed to compute the injection of NH; into the combustion chamber for NO, emissions Yes OpenFOAM
Rodriguez reduction.
(2017)
Tay et al, (2017a) 2017 The effects of injection timing variation and multiple pilot fuels injection were investigated for the combustion Yes KIVA4
of kerosene-diesel and NHs blends.
Lasocki et al. 2019 A 1-D model was set to gauge the feasibility of injecting a pilot dose of diesel fuel to ignite an NHz-air mixture in Yes AVLBOOST
(2019) a Cl engine.
Galdo et al. (2020) 2020 A CFD approach was set to study NO, emissions reduction through NH; injection in a commercial marine engine. Yes OpenFOAM
Frankl et al. (2020) 2020 A numerical CFD model approach was employed to assess NHz and Hz as COx-free fuels for heavy-duty engines Yes CONVERGE
using a high-pressure-dual-fuel (HPDF) combustion process CFD
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Ammonia and ‘reactive’ fuel injections

.. Port-vapor fuel injeCtion : T e gasious injection
. Displacement of the air supplied to the combustio "“f i U
4. Reduction of volumetric efficiency of the engine. 3 v , \
4. Direct-vapor fuel injection . o njection

+.Reduction of in-cylinder temperature (ammonia’s T 6 | I
4.Liquid ammonia injection Tintets Pinet

«+.better volumetric efficiency (no air displacement r and intake mixture cooling).



Ammonia gaseous injection

- Only 1 study for gaseous injection

Experimental conditions.
Fuel type NH; (base),
entrainment wave CH; (comparison)
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hree-stage behavior of the tip penetration of ammonia jets. (Py,; = 8.0 bar, P, = 2.0 bar, =298 K, T = 2.0 ms).
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Ammonia injection : main results
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Comparisons of time evolutions of tip penetration between ammonia
and methane jets at different PRs (T, = 298 K, T = 2.0 ms).

A.Similar between ammonia and CH,
A CH, substitute for modelling ?

4.But strong difference on local equivalence ratio due to
difference on A/F stoichio (6 instead of 14)!
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Ammonia liquid injection i T Y T e
4. More and more studies focused on liquid injection

+. Flash-boiling specificities ? o
4. Accuracy of vaporization model/CFD
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First measurement of droplet diameter

4. Malvern droplet size analyzer

. Central point

+ 4 on the spray boundary close and

far from the injector nozzle

» Sauter diameter D32 ym, Tamb.=20° C

Position 2bar 4bar 7bar 10bar 15 bar
0 8.6 144 204 263 33.6
o 85 126 177 222 303
2 120 185 269 315 39.2“)
{ 3 11.5 172 28.6 377 485
[ 4 8.4 145 158 28.2 41.0<
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GDI Ammonia Spray Numerical Simulation by
Means of OpenFOAM

oni Universita degli Studi di Perugia
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First simulation : how classical models can predict
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High Pressure liqguid ammonia injection

4. High pressure injection

Table 4: RCEM specifications and injection parameters

Bore diameter [mm] 220
Start of diesel injection [ms BTDC] 2
Ammonia injection pressure [bar] 480 — 530
Ammonia nozzle diameter [pm)] 940
Injected ammonia mass [mg] 210
Duration ammonia injection [us] 2700
Relative ammonia injection timing [us] | —1000 — +1500

Figure 1: RCEM driving system and cylinder head: (1) driving-air bottles, (2) driving piston,
(3) hydraulic Auid, @) flow orifice, (8) working piston, &) combustion chamber, (7} cylinder

head, & diesel injector, (@) ammonia injector.

» High pressure injection pump ?
» Time life ? Add some ‘lubricants’ ?
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