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WELCOME BY
THE RECTOR OF UPV

It is a great honour to welcome you to the 12th Edition of the THIESEL
Conference on Thermo-and Fluid Dynamics of Clean Propulsion
Powerplants. As our longing for a return to normality makes its way
through steadily, this is the first post-pandemic edition of one of the
most renowned conferences on this subject, a proof of how science and
human ingenuity can turn the perspectives even in the most challenging
situations.

Not only the pandemic, but the risks and threats that geo-political
events pose, have speeded up the pace of a steady change towards more
sustainable propulsion systems, and not deepening our dependence on
fossil fuels will make our societies more sustainable and more resilient,
bringing, inthe long term, a higher level of wellbeing and freedom. Results
from this conference, and its shift towards topics like decarbonisation,
hydrogen, and electric mability, will show the road map to follow, where
an entrenched ecosystem of universities, research institutions and
companies will make the change we all crave to achieve a sustainable
future.

CMT is not only a reference in its field, but one of the most productive
institutes, in terms of research and industry cooperation, in our university.
Therefore, | can only thank them, and the THIESEL 2022 organisers for
taking the responsibility of making possible a new edition of this event.

| wish you the highest success for this conference and that you make
the most of your visit to our university, an institution where technology,
engineering, arts and business meet, and the highest standards of
research and industry collaboration are in place.

José E. Capilla
Rector



OVERVIEW
AND OBJECTIVES

THIESEL 2022, the twelfth edition of this biennial conference, will mark
a turning point in its history. Throughout the years, the conference has
gained in visibility because it has adapted its topics to the changing
conditionsimposed by pollutantregulations, with afirst significant change
in 2012 to include DI gasoline engines. However, it has become clear that
the electrification of automobiles is displacing the thermal engine from
its primary role, as this is one more component of hybridized powertrains.
And this major change will be reflected in the new direction taken for
THIESEL 2022, first through a totally renewed Steering and Organizing
Committee and, second, with a renewed name to include the complete
propulsion system. However, the first part of the conference title does not
change, thereby bringing continuity to the conference topics.

The focus of THIESEL 2022 will still be on the thermo-and fluid dynamic
processes but adapted to include thermal and noise challenges in electric
components, energy optimization in the global electrified propulsion
system, new injection/combustion concepts based on hydrogen,
ammonia, renewable-fuels and not excluding any other clean propulsion
approach.

Since research in all these areas is in full swing, the aim of the THIESEL
2022 Conference is to facilitate the exchange of ideas and experiences
between Industry, Universities and Research Centres, as well as to create
adiscussion forum for the most recent advances and for the identification
of future lines of research.
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PRELIMINARY PROGRAMME

TUESDAY 13™ SEPTEMBER 2022

18:00-19:30  Registration / Registration also open on 14" September from 7:30 am onwards and 15*"-16'" September from 8:00 am onwards

19:30-20:00 Welcome address

20:00-21:30 Welcome cocktail

WEDNESDAY 14™ SEPTEMBER 2022

S1.1 ECOFUELS: NH3-BASED FUELS

8:30-9:00 KEYNOTE LECTURE: Energizing mobility transition with low carbon synthetic fuels.
Amer Amer. Saudi Aramco, Saudi Arabia

9:00-9:25 Performances and pollutant emissions of spark ignition engine using direct injection for blends of ethanol/ammonia
and pure ammonia
R. Pelé', P. Brequigny', J. Bellettre?, C. Mounaim-Rousselle’
Université d'Orléans, France
2UMR Université de Nantes, France

9:25-9:50 Effect of compression ratio and ignition energy on ammonia premixed combustion process in a single cylinder engine

H. Won', D. Kumar', V. Morel', A. Mercier?, C. Mounaim-Rousselle?, J. Bouriot®, S. Houille?, C. Dumand®
'Aramco Overseas Company B.V. Rueil-Malmaison, France

2Université d'Orléans, France

Stellantis - Centre Technique Velizy, France

9:50-10:15 A study of flame dynamics and structure in premixed turbulent planar NH,/H,/air flames

P. Tamadonfar, S. Karimkashi, 0. Kaario, V. Vuorinen
Aalto University, Finland

10:15-10:45 Coffee break

S1.2 ECOFUELS: BIOFUELS

10:45-11:10  Performance and exhaust emissions of a Diesel engine fueled with pyrolytic oil from plastic wastes

J. Tejada-Hernandez, M. Carmona-Cabello, J.A. Serrano, S. Pinzi, M2 P. Dorado-Pérez
Universidad de Cérdoba, Spain

11:10-11:35 Design, vehicle testing and Life Cycle Analysis (LCA) of 100% renewable EN228 gasoline formulation

C. Esarte, M.D. Cardenas, R. Miravalles, J. Ariztegui
Repsol Technology Lab., Spain

1:35-12:00  Numerical analysis of the combustion of Diesel, dimethyl ether, and polyoxymethylene dimethyl ethers
(OMEn, n=1-3) using detailed chemistry
T. Franken', V. Srivastava?, S.Y. Lee?, B. Heuser?, K.P. Shrestha’, L. Seidel*, F. MauB'
'BTU Cottbus-Senftenberg, Germany SFEV Europe GmbH, Aachen, Germany
2RWTH Aachen University, Germany “LOGE Deutschland GmbH, Germany

12:00-12:25 Influence of fuel bound oxygen on soot mass and polyaromatic hydrocarbons during pyrolysis of ethanol,
methyl acetate, acetone and diethyl ether
Z.A. Khan', P. Hellier', N. Ladommatos', A.A. Almaleki?
University College London, UK
’King Abdulaziz City for Science and Technology, Saudi Arabia

12:25-12:50  Characterization of waste cooking oil biodiesel as a low carbon fuel for direct injection Diesel engine

0.A. Kuti', S. Bahmanisangesari', R. Gilmour', A. Albarbar’, L. Qian', K. Nishida?
'Manchester Metropolitan University, UK
’Hiroshima University, Japan
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WEDNESDAY 14™ SEPTEMBER 2022

12:50-15:30 Lunch

14:00-15:30  Poster session / Commercial exhibition / Visit to CMT laboratories

S1.3 H2 - FUNDAMENTAL STUDIES

15:30-16:00 KEYNOTE LECTURE: Hydrogen as a new energy carrier - what does this mean for the future mobility?

Robert Plank. Horiba Europe, Germany

16:00-16:25 A fundamental investigation of premixed hydrogen oxy-combustion in carbon dioxide

N. Nasim, B. Nawaz, S.K. Das, A. SubLaban, J.H. Mack
University of Massachusetts Lowell, USA

16:25-16:50  Experimental investigation of hydrogen combustion in a single cylinder PFl engine

L. Buzzi, V. Biasin, A. Galante, D. Gessaroli, F. Pesce, D. Tartarini, A. Vassallo, S. Scalabrini, N. Sacco, R. Rossi
PUNCH Torino, Italy

16:50-17:20  Coffee break

S1.4 H2 - ICE EMISSIONS

17:20-17:45  Examining trade-offs between NOx emissions and hydrogen slip for hydrogen combustion engines

P. Atkins', N. Fox', A. Saroop?, J. Hughes?, Nicolas Coles?, Trevor Downes?, A. Thurston®
University of Brighton, UK

’Ricardo Ltd., UK

*Horiba United Kingdom, UK

17:45-18:10 Emission behavior and aftertreatment of stationary and transient operated hydrogen engines

S. Roiser, P. Christoforetti, E. Schutting, H. Eichlseder
Technical University of Graz, Austria

LD Hydrogen internal combustion engine: viable technology for carbon neutral mobility

Y. H. Chi', B. S. Shin', S. Hoffmann?, J. Ullrich?, P. Adomeit?, J. Fryjan’, R. Drevet*
'Hyundai Motor Company, Korea

2Hyundai Motor Europe Technical Center GmbH, Germany

SFEV Europe GmbH, Germany

“BorgWarner France SAS, France

IJER SPECIAL ISSUE

A selection of papers

from THIESEL2022 will be
published by the
International Journal of
Engine Research(IJER)ina
special issue.

VI



THURSDAY 15™ SEPTEMBER 2022

S2.1 THERMAL MANAGEMENT

8:30-9:00 KEYNOTE LECTURE: Battery storage technology in future electrified vehicles.
Noshin Omar. ABEE, Belgium

9:00-9:25 Computational investigation on radiation induced Li-ion battery thermal runaway
L. Zhang', Y. Chen?, H. Ge?, P. Zhao'
University of Tennessee, USA
2A123 Systems, USA
*Texas Tech University, USA

9:25-9:50 Battery system lumped thermal model for efficient temperature prediction

H.Jang, B. Park, T. Kang, J. Yi, W. Kim
Hyundai Motor Company, Korea

9:50h-10:15  Energy consumption of mobile air-conditioning systems in electrified vehicles under different ambient temperatures

S. Gil-Sayas', G. Di Pierro?, A. Tansini?, S. Serra?, D. Currd®, A. Broatch', G. Fontaras?
'Universitat Politecnica de Valéncia, Spain

’European Commission’s Joint Research Centre, Italy

*Piksel s.r.I. Milano, Italy

10:15-10:45  Coffee break

S2.2 FUEL INJECTION AND SPRAYS

10:45-11:10  Characterization of end of injection events for a high-pressure gasoline direct injection systemin
a constant volume chamber

V. Chakrapani', J.E. Stolzman’, E.S. Simoes?, M. Medina? M. Wooldridge'
'University of Michigan, USA
“California State University, USA

11:10-11:35 Measurement of needle and armature dynamics in a gasoline direct injector by high-speed neutron imaging

M.L. Wissink, T.J. Toops, D.A. Splitter, E.J. Nafziger, C.E.A. Finney, H.Z. Bilheux, Y. Zhang
Oak Ridge National Laboratory, USA

1:35-12:00 Investigation on effect of nozzle diameter and inclusion angle to combustion and emissions under
high compression ratio heavy-duty Diesel engine

K. Cung, C. Bitsis, M. Smith, T. Briggs
Southwest Research Institute San Antonio, USA

12:00-12:25  Parametric evaluation of ducted fuel injection in an optically accessible mixing-controlled
compression-ignition engine with two- and four-duct assemblies
B.F. Yraguen', A.M. Steinberg', C.W. Nilsen?, D.E. Biles?, C.J. Mueller?

'Georgia Institute of Technology, USA
’Sandia National Laboratories, USA

12:25-12:50  Computational analysis of ducted fuel injection at high-pressure transcritical conditions using
large-eddy simulations

J. Guo, W. T. Chung, M. Ihme
Stanford University, USA
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THURSDAY 15™ SEPTEMBER 2022

12:50-15:30  Lunch

14:00-15:30  Poster session / Commercial exhibition / Visit to CMT laboratories

S2.3 ADVANCES TOWARDS ICE EMISSION REDUCTION

15:30-16:00 KEYNOTE LECTURE: Pathways for near-zero emissions from the transportation sector - an overview of challenges
and opportunities.

Ameya Joshi. Corning Incorporated, USA.

16:00-16:25  Experimental validation of laminar flame model for CH,/Diesel dual fuel engine applied to H,/Diesel combustion

R. De Robbio', E. Mancaruso', B.M. Vaglieco', S. Artham?, J. Martin?
ISTEMS - CNR, Italy
2Universitat Politecnica de Valéencia, Spain

16:25-16:50  The impact of Diesel-hythane dual-fuel combustion on engine performance and emissions
in a heavy-duty engine at low-load condition

K. Longo, X. Wang, H. Zhao
Brunel University London, UK

16:50-17:15  Innovative Diesel piston geometries for soot emissions reduction and cleaner combustion: an optical investigation

J.V. Pastor', C. Micd', F. Lewiski', F.J. Tejada', A. Vassallo?, F.C. Pesce?, G. Belgiorno?
'Universitat Politecnica de Valencia, Spain
2PUNCH Torino, Italy

17:15-17:45 Coffee break

S2.4 NEW CONCEPTS FOR ULTRAEFFICIENT & CLEAN ICEs

17:45-18:10  Developing an accelerated procedure for assessing the injector fouling abatement of different fuel additives
G. Brinklow', J.M. Herreros', S. Zeraati-Rezaei', A. Tsolakis', F. Oliva?
The University of Birmingham, UK
’Repsol Technology Lab., Spain

18:10-18:35 A three-stage Arrhenius approach with a coupled 0D-Model to predict ignition delays
in a Premixed Charge Compression Ignition (PCCI) Diesel engine

M. Wahl', M. Bargende', A. Casal Kulzer', H.-J. Berner?, S. Schneider®

'University of Stuttgart, Germany

2Forschungsinstitut fir Kraftfahrwesen und Fahrzeugmotoren Stuttgart (FKFS), Germany
SMAHLE International GmbH, Germany

18:35-19:00  CFD modeling of ducted fuel injection compression-ignition combustion

T. Lucchini, L. Sforza, Q. Zhou, G. D’Errico, D. Severgnini, A. Onorati
Politecnico di Milano, Italy
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FRIDAY 16™ SEPTEMBER 2022

S3.1 ADVANCED POWERTRAIN

8:30-9:00 KEYNOTE LECTURE: Propulsion system contribution to Hyundai Carbon neutrality Road Map.
Alain Raposo. Hyundai, Korea.

9:00- 9:25 Understanding the fuel consumption of plug-in hybrid electric vehicles: a real-world case study
M.A. Ktistakis, A. Tansini, A. Laverde, D. Komnos, J. Suarez, G. Fontaras
European Commission’s Joint Research Centre, Italy

9:25-9:50 Development of hybrid electric vehicles in the context of life cycle assessment

P. Weber, 0. Toedter, T. Koch, T. Weyhing
Karlsruhe Institute of Technology, Germany

9:50-10:15 Horiba Intelligent Lab - Digitalisation of propulsion system development for emissions compliance

P. Roberts, K. Tabata, L. Bates, A. Headley, S. Whelan
Horiba Mira, UK

10:15-10:45 Coffee break

S3.2 ADVANCES FOR ULTRAEFFICIENT ICEs

10:45-11:10 Optical imaging for understanding of thermal barrier coated piston engine performance
C. Koci', K. Svensson', G. Martin', C. Kim', P. Seiler, F. Caliari?, J. Saputo?, S. Sampath?
'Caterpillar Inc. - Technical Center, USA
2Stony Brook University, USA

11:10-1135 A novel combustion control to achieve higher thermal efficiency for a heavy-duty Diesel engine
with high compression ratio
N. Uchida', K. Watanabe?
'New ACE Institute Co., Japan
’Denso Corporation, Japan

11:35h-12:00h  Experimental optimization of a medium speed dual fuel engine towards RCCI operation
M. Merts'2, J. Hyvonen$, M. Lundgren’, P.A. Veenhuizen? S. Verhelst'
'Lund University, Sweden
2HAN Automotive Research, The Netherlands ~ *Wartsila Finland Oy, Finland

12:00h-12:25h  Advances in pre-chamber combustion technology for fuel-flexible high efficiency engines
H.G. Im', M. Ben Houidi', P. Hlaing', F. Almatrafi', 0. Tang', M.M. Silva', H. Aljabri’, X. Liu', K. Hakimov', W. Tang', |. Gorbatenko',
J. Turner', G. Magnotti', A. Farooq', S.M. Sarathy', B. Mohan?, A. AlRamadan?, A. Nicolle’, E. Cenker?, A. Amer?, W.L. Roberts!
'King Abdullah University of Science and Technology, Saudi Arabia
2Aramco Research and Development Center, Saudi Arabia *Aramco Fuel Research Center, France

12:25h-12:50h A numerical study of fuel stratification, heat transfer loss, combustion, and emissions characteristics
of a heavy-duty RCCI engine fueled by E85/Diesel

A. Willems', P. Rahnama'?, B. Somers', R. Novella?
Technical University of Eindhoven, The Netherlands
2Universitat Politecnica de Valéncia, Spain

12:50h-15:30h  Lunch

14:00h-15:30h  Poster session / Commercial exhibition / Visit to CMT laboratories

S3.3 ADVANCED POWERTRAIN CONTROL

16:30h-16:00h KEYNOTE LECTURE: Sustainable powertrains for commercial vehicles.
Nicolas Tourteaux. Volvo GTT Lyon, France.

16:00h-16:25h  V2X-based engine management and transient control in HEVs with planetary gear unit
Z.Xu', B. Zhand', S. Narita!, F. Xu?, T. Shen'
'Sophia University, Tokyo, Japan
*Tokyo City University, Japan

16:25h-16:50h Economical predictive cruise control-based real-time energy management strategy for connected HEVs

Y. Zhang'?, X. You', Z. Wei', X. Jiao'
'Yanshan University, China  *Tsinghua University, China

16:50h-17:15h  Assessment of driving patterns influence on a BEV supercar range using system simulation

M. Montesinos, M. Rivas, E. Elipe
AVL Ibérica, Spain

17:15h-17:30h  CLOSURE

20:00h GALA DINNER




POSTER SESSIONS

Three poster sessions are planned to enable the presentation of interesting work that could not be included in the
Conference regular sessions. Extended abstracts of these works are included in the Conference Proceedings.

The poster sessions are planned after lunch every day, between 2:00 pm and 3:30 pm. The exact timetable for the poster
presentations will be established once all posters are confirmed.

Conference participants are invited to visit the poster sessions and discuss the issues with their authors.

LIST OF POSTERS TO BE PRESENTED

OH* and NL measurements of two HD Diesel Injectors with
identical cetane number fuels, RME and Diesel

H. Fajri, S. RieB, R. Clemente, M. Wensing
FAU Erlangen-Nirnberg, Germany

Very low soot combustion with modulated liquid length and
lift-off length of Diesel spray flame

C. Zhai, K. Nishida, Y. Ogata

Hiroshima University, Japan

Numerical and experimental investigations on the ignition
behavior of OME
F. Wiesmann', L. Straus?, S. RieB?, T. Lauer!

"Technische Universitat Wien, Austria
2FAU Erlangen-Nirnberg, Germany

Effect of injection mass ratio of flat-wall impinging spray
on fuel adhesion characteristics

F. Chang', H. Luo', Y. Hagino', T. Tashima', K. Nishida,
Y. Ogata', R. Hara?, K. Uchida?, W. Zhang?

'Hiroshima University, Japan
2Mazda Motor Corporation, Japan

A simulation and experimental study of the feasibility of a
hydrogen fuelled split cycle engine

R.E. Morgan', E. Wylie', A. Panesar’, A. Atkins?, N.J. Owen?,
R. Pickett?, A. Harvey?

University of Brighton, UK
2Dolphin N2, UK

Modeling of dual-fuel combustion under different fuel
ratios and injection timing conditions

S. Moon, K. Min

Seoul National University, South Korea

A numerical study of hydrogen combustion in Wankel
rotary engines

K. Moreno-Cabezas, G. Vorraro, X. Liu, J. Turner, H. Im

King Abdullah University of Science and Technology, Saudi Arabia

Numerical analysis of emissions and operating range
of acetone fuel in an homogenous charge compression
ignition at different engine speeds

J.M. Garcia', J.M. Riesco?, J.P. Perez', A. E. Mendoza',
0. Rodriguez', R. Hernandez'

'Polytechnic University of Queretaro, Mexico
2University of Guanajuato, Mexico

Towards the integration of heavy-duty vehicles in the
hydrogen sector: development of a spark ignition engine
using hydrogen as fuel

B. Walter', D. Serrano’, F. Foucher?, J.-M. Neveu?, F. Duffour’

'IFP Energies nouvelles, France
Prisme, France
*Volvo Group Trucks Technology, France

High performance and Near Zero Emissions H,Engine

S. Caprioli, F. Scrignoli, A. Volza, C.A. Rinaldini, E. Mattarelli
University of Modena and Reggio Emilia, Italy

The Argon power cycle: characterization of hydrogen injections

M.M.E. Peters, N.C.J. Maes, N.d. Dam, J.A. van Qi en University
of Technology Eindhoven, The Netherlands

The Argon power cycle: Exploring DI-H, and DI-0, injection
strategies using CFD

N. Diepstraten, L.M.T. Somers, J.A. van Qi en

University of Technology Eindhoven, The Netherlands

Spray combustion of fast pyrolysis bio-oil in a constant-
volume combustion chamber

Y. Wang, N. Maes, B. Somers

Eindhoven University of Technology, The Netherlands

The influence of hydrogen direct injection on the combustion
characteristics of a compression ignition engine

M. Aghahasani', A. Gharehghani', A. Mahmoudzadeh Andwari?,
J. Kénno?

'Iran University of Science and Technology, Iran
2University of Oulu, Finland

Numerical analysis of the effect of pre-injection strategy on
performance and emissions of an opposed-piston two-
stroke engine

R. Menaca, G. Vorraro, M. Silva, H.G. Im, J.W.G. Turner

King Abdullah University of Science and Technology, Saudi Arabia

Large eddy simulations (LES) towards a comprehensive
understanding of ducted fuel injection concept in non-
reacting conditions

F. Millo', C. Segatori', A. Piano', B. Peiretti Paradisi', A. Bianco?

'Politecnico di Torino, Italy
’Powertech Engineering, Italy
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Abstract. Combustion and emissions characteristics of a spark-ignition engine using direct injection of
ethanol blended with ammonia and also pure ammonia were investigated in this study. The
experiments were conducted using five different fuel compositions of C2HsOH/NHz: 100/0, 75/25,
50/50, 25/75, and 0/100. Two strategies of injection were conducted to reach homogenous or
stratified conditions with three different intake pressures, 0.5, 1.0, and 1.5 bar corresponding to 2.8,
7.9, and 12 bar of IMEP. The performances and the pollutants emissions are compared as a
function of fuel compositions at identical IMEP. High stability is observed for all blends and even for
pure ammonia. However, operating conditions are more restrictive for pure ammonia: the injection
must be made during the intake phase to be in fully premixed mode to guarantee the engine stability.
Delaying the injection time for pure am-monia is not possible and requires the split of injections with
50% of the ammonia amount injected during the intake. The thermal efficiency is improved by adding
25% of NHzs in ethanol but with NOx emissions increase. The stratified strategy for blends improves the
combustion duration and the addition of ammo-nia decreases the NOx emission. On the contrary, CO
emissions roughly increase for blends. The pres-ence of NHs in the fuel composition clearly influences
the change of formation of NOx and CO between both strategies.

1. Introduction

Climate change has been one of the greatest challenges in the last decades and is unfortunately still
an ongoing concern. Consequently, Europe has decided on a drastic reduction of greenhouse gases
emis-sion by 55% in 2030 compared to 1990 [1]. To take up this challenge, the share of renewable
energy must reach at least 32% and the use of low carbon fuels and biofuels is necessary. Biofuels are
high-lighted as alternative energy sources and bio-ethanol is the most attractive one [2]. It can be
produced from a wide variety of sources such as starch, sugarcane, lignocellulosic material derived
from agricul-tural waste, and algae [3] reducing its CO2 footprint.

To limit fossil fuel consumption, the first step of transition has been to blend current fuel as gasoline with
bio-fuel. Bio-ethanol blended with gasoline provides positive effects as increasing engine efficiency [4]
and decreasing dramatically CO and HC emissions [5]. Elfasakhany [6] explored the ternary blended
fuels of bio-ethanol, bio-acetone, and gasoline and the results showed a reduction of CO, COz, and
Total unburnt HydroCarbons (THC) emissions directly on a tailpipe for the ternary blend compared to
ethanol/gasoline and acetone/gasoline. However, in the future decades, fossil fuels will be not available:
the oil reserves will run out by 2066 [7].

To do without fossil fuels and mitigate climate challenges, carbon-free fuels such as hydrogen and am-
monia are highlighted to be interesting solutions to decarbonize energy, transport, and industrial sectors,
especially by considering their production from water electrolysis with green electricity. Hydrogen is an
attractive energy carrier [8] but its storage and transport issues, its low ignition energy, and very wide
flammability range are the main drawbacks to safety [9]. Ammonia, containing 17.8% by weight of hy-
drogen, can be stored in the liquid phase at approximately 9 bar at 20 °C or -34 °C at ambient pressure.
Its high auto-ignition temperature and research octane number (RON=130), narrow flammability range,
and low laminar flame speed [10] make its combustion difficult. Consequently, ammonia needs to be
boosted, i.e. its reactivity could be improved by adding a supplementary fuel, i.e. a promoter. Several
studies have addressed the potential of ammonia as fuel in internal combustion engines, mainly blended
with another fuel to promote ignition/combustion properties, as reviewed in Mounaim-Rousselle and
Brequigny [11] and Dimitriou and Javaid [12]. Kurien et al. [13] also reviewed the use of ammonia as an
alternate fuel in dual-fuel compression ignition engines. This study demonstrates the effectiveness of
ammonia combustion using the dual-fuel approach with secondary fuels like diesel, dimethyl ether,
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kerosene, and hydrogen. Direct injection of ammonia/dimethyl ether in a compression-ignition engine is
feasible [14,15] nevertheless, high cycle to cycle variation is observed when the blend content up to
60% of NHs. The ignition delay becomes longer and limits the engine load conditions due to its high
autoignition temperature and low flame speed. Relative high CO and HC emissions are observed and
dedicated exhaust after-treatment is required. The use of ammonia in compression ignition engines is
limited by its properties, and mainly by its high autoignition temperature, one of the key parameters of
these engines. Nonetheless, in these difficult ignition conditions, the help of a spark can be useful as in
[16,17].

The spark-ignition engine has the advantage to optimize combustion by controlling the ignition time.
However, fewer studies focused on spark-ignition than on compression ignition engines with ammonia.
Recently, Lhuillier et al. [10] confirmed that ammonia/hydrogen is a suitable fuel for current spark-ignition
engines with indirect injection and without any design modifications. A numerical work [18], studied the
ternary blend of gasoline, ethanol, and ammonia for a spark-ignition engine with port injection and high-
lighted an increase of the power engine up to 1.4% for 10% of ammonia content but the CO and HC
emissions increase also. The experimental study of Haputhanthri et al. [19] focused on the same ternary
blend in a spark-ignition engine with direct injection. The blend of gasoline, ethanol 20%, and ammonia
12.9% by volume was identified as the optimum blend in terms of engine power showing the positive
impact of ammonia. The preliminary analysis of this work evaluated the solubility of ammonia in gaso-
line/ethanol with a vapor-liquid equilibrium cell. The solubility of ammonia in pure gasoline is limited but
the addition of ethanol helps to improve the solubility. This improvement is due to the polarities of ethanol
and ammonia molecules [20] providing a total solubility between ammonia in ethanol proved in these
studies [21,22] while gasoline molecules are not polarized. The direct injection used in [19] has the
advantage to inject the liquid blend directly from the tank into the internal combustion chamber. Further-
more, the total solubility of ammonia in ethanol in liquid phase and their high difference of vapor pres-
sures [23] will generate an effervescent atomization when the pressure is below the saturation pressure
of ammonia during a direct injection improving the fuel vaporization [24]. Moreover, the time of direct
injection can be advanced to obtain a homogenous air/fuel mixture or on the contrary, a stratified/heter-
ogeneous mixture by delaying the time of injection; these strategies will influence the performance and
the pollutants emissions. The previous studies highlight the feasibility to store a stable homogeneous
blend of ammonia and ethanol in the liquid phase providing an efficient way of storing the fuel energy
by a unit of volume. Consequently, the direct injection of the liquid fuel into the combustion chamber
seems to be the easier solution of injection. The potential of ammonia as a future carbon-free fuel blend
to bio-ethanol as an alternative fuel to fossil fuel in a spark-ignition engine needs to be evaluated. This
study aims to provide the first data on the performances and pollutants emissions of ethanol blended
with ammonia using direct injection.

2. Experimental set-up

The engine experiments were conducted in a single-cylinder long-stroke spark-ignition engine (based
on PSA-EP6) with a flat piston and a pent-roof chamber. The engine specifications are indicated in Table
1, and more information can be found in [17]. The engine is driven by an electric motor maintained at
1000 RPM. The main shaft is equipped with a Kubler optical encoder for angular position monitoring
with a 0.1 Crank Angle Degree (CAD) resolution. A water-cooled AVL piezoelectric pressure transducer
with a 0.1 CAD resolution provides in-cylinder pressure measurements. Its measuring range is 0—-25
MPa. Engine intake and exhaust temperature and pressure are monitored using type K thermocouples
and piezo-resistive absolute pressure transducers. The absolute cylinder pressure is obtained by equal-
izing the in-cylinder pressure and the mean absolute intake pressure (Pin), 20 CAD in the middle of the
intake stroke.

Table 1: Engine characteristics

SI(EP6LC)
Displaced volume (L) 0.535
Stroke (mm) 115
Bore (mm) 77
Connecting rod length (mm) 177
Compression ratio 11.75
Number of valves 4
Coolant and oil temperatures (°C) | 80
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The spark plug used is the original one with a coil charging time set to 2 ms (~80mJ). Air gaseous flows,
preheated to the intake temperature were measured and controlled using Brooks thermal mass flowme-
ters with +- 0.7% accuracy. The ethanol is blended with ammonia beforehand with a mixture set up and
then store in a tank. The liquid fuel is pressured with helium at 120 bar and injected with a current
gasoline direct Bosch injector (7 holes of 365 um diameter) located at the central position. A scheme

Relative pressure quartz
transducer

FTIR
Air compressor
Ta Injector; Tou
Gas heater
A
e/ N
Intake plenum
Brooks Thermal
flowmeters P, SI Engin P..

Electric motor

of the experimental setup is shown in Fig.1. The mass injected is deduced with the time of injection
controlled and the mass flow rates for each blend were previously estimated in a constant vessel.

Fig. 1. Experimental set-up

The apparent Heat Release Rate (HRR) was computed from pressure trace post-processing with the
first law of thermodynamics, as follows:

dVey 1 dPgy
1 Pag =1 Pap

dQNet __Y
dég Y-

1

where y is the heat capacity ratio, Pc,,;, V¢, and 6, the cylinder pressure, volume, and crank angle
respectively. The Burnt Mass Fraction (BMF) is obtained by integrating the heat release using a constant
y. Then the apparent HRR is recalculated using the variable heat capacity ratio computed from the
previous BMF. In addition, the wall heat exchange was modeled:

dQwan _ 1
do 6N

ke Swan- (Twau — TCyl) (2)

Where N is the engine speed, h, the convection coefficient, S,,; wall surface, Ty, the surface temper-
ature and T, is the temperature in the combustion chamber. The Woshni model was used to estimate
the energy fraction lost at the wall and the convection coefficient was optimized by changing only the C,
value from Eg. (3) as showed in table 2 until the energy balance, Eq. (4), becomes true.

0.8
Pq,, — P, Tpy; 053 3
PBDCVBDC( Cyl 0) Cyl ( )

with B the cylinder bore, C,, the mean piston speed, C, the engine displacement and P, the cylinder
pressure without combustion, BDC the bottom dead center. C, is a constant value, function of the fuel
and optimised with minimized error function in Matlab subroutine (Table 2), ¢;=2.28 and, C,=3.22e-3
between SIT and CA90 else C,= 0,

C,C,T,
he = Co | B~02P;,*® ((Clcm) 4 2w BDC
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CA90 CA90 CA90
f dQComb = f dQWall +f dQNet = Oig-mFuel'LHVfuel-nComb (4)
S

IT SIT SIT

The different phases of combustion propagation were determined by estimating different characteristic
timings, named CAXX, which are the Crank Angle degrees corresponding to XX% of the burnt mass
fraction.

The wet exhaust gases were analysed using a Gasmet Fourier Transform Infrared (FTIR) spectrometer
to assess H20, CO2, NO, CO, THC, and NHs concentrations. The FTIR did not make it possible to
measure thresholds <50 ppm of N20 for the present spectra optimisation: no higher detection was noted.

Table 2: Values of C, and the heat capacity ratios for unburned and burned gasses

CH4 XO X25 XSO X75 XlOO
Co 21.13 10.92 9.78 18.18 23.02 31.62
Yanburned | 1.37 1.34 1.34 1.34 1.35 1.35
Yourned 1.27 1.27 1.27 1.27 1.28 1.27

2.1 Operating conditions

The performances and the pollutants emissions are compared as a function of the different fuel compo-
sitions at constant IMEP. Each operating condition is selected with optimum Start Ignition Time (SIT)
and a fuel mass injected to obtain the target IMEP with a minimum of Covariance as well as possible.
These target IMEP were obtained with the methane conditions (reference case) for the three intake
pressures, as indicated in Table 3. Two strategies for the fuel injection were explored: the homogenous
condition which corresponds to a fuel injection timing (Start of Injection - SOI) at 175 CAD before Top
Dead Center (bTDC) and the stratified condition to a SOl of 90 CAD bTDC. Table 4 sums up the exper-
imental conditions.

Table 3: Equivalence ratio correspondence for the different ethanol/ammonia blend, based on CHa ref-
erence

Inlet Pressure (Bar) Py, | PMIcy, Dyo Dyys Dyzo Dys D100
0.5 1 2.8 0.75 0.8 0.8 0.92 X

1 1 7.9 0.75 0.74 0.75 0.8 1.36
1.5 1 12 0.79 0.74 0.77 0.79 1.27

Table 4: Experimental conditions for both injection strategies

Injection pressure (bar) 120

Intake temperature (°C) 80

Blend (%NHsin mole) 0, 25, 50, 75, 100

Inlet pressure (bar) / Target IMEP (bar) 0.5;1.0;1.5/2.8;7.9;12
Engine speed (rpm) 1000

From pure ethanol to pure ammonia, the different fuel compositions follow the complete combustion
reaction described as:

Npyel Fuel + Nair Air = ncoz COZ + nHZO H20 + nNz NZ (5)

By considering 1 mole of npye; = (1 — Xyp,)CoHsOH + Xy, NH; With Xy, the mole fraction of ammonia
in fresh gases. Therefore, the equivalence ratio (ER) is defined as:
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M) (6)

Npir Stoichiometry

The thermal and combustion efficiencies are defined as:

IMEP. chl
Mrhermat = Ty —= (7)
n ] _ 14 _ LHVCOXCO, Exhaust + LHVCZHSOHXTHC, Exhaust + LHVNH3XNH3, Exhaust (8)
combustion LHV,g06 (1 = Xniy) + LHVyp X,
LHVpye = (1 — XNH3)LHVC2H50H + LHVNH3XNH3 )

With LHV¢, s on = 1234.8 kJ /kmol and LHVy,, = 316.8 kJ/kmol.

2.2 Kinetics modeling

Two-zones spark-ignition engine model in Chemkin Pro — Ansys was used to simulate the experimental
conditions in order to help the analysis. The experimental CA10, CA50, CA90, and SIT are the input
data to fit the Wiebe function for the built-in OD simulation. This function describes the mass transfer
between the 2 zones. The kinetic model used is CEU from [25], the unique one available currently for
ethanol and ammonia blends. As the simulation model considers premixed conditions, therefore, only
the homogenous conditions are modelled. Moreover, the heat losses are calculated in the simulation by
implementation of the heat transfer coefficient k., as function of the crank angle, estimated in the post-
processing step of the experimental data with Eq.3.

3. Results and discussions

The results presented correspond to the intake pressure set at 1 bar (IMEP=7.9 bar) for the two strate-
gies homogenous and stratified to limit the number of figures.

3.1 Homogeneous results

The homogenous strategy corresponds to a SOl at 175 CAD bTDC to ensure a premixed mixture before
ignition. The methane reference points are added to the figures. In the case of pure ammonia, the injec-
tion was set earlier at 340 CAD bTDC due to the combustion instabilities.

3.1.1 Performances

The lower heating value of the fuel (Eq.9), plotted in Figure 2.a, decreases strongly with the increase of
ammonia content due to the high difference between LHV of ethanol and ammonia, i.e. a ratio of 3.9.
Figure 2.b shows the pressure traces as a function of the crank angle for the different fuel compositions.
The maximum pressure is in the same order of magnitude for all, reaching around 12 CAD after TDC
(aTDC). The small differences are due to the same target of IMEP. The IMEP covariance, in Figure 2.c,
highlights the good engine stability, less than 1.5% for pure ethanol and blends and lower than 5%, for
pure ammonia. The heat release rate is plotted as a function of the crank angle, in Figure 2.d: the
maximum decreases as a function of the ammonia content increase and the combustion duration
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increases. 30 CAD is necessary to release almost all the heat for pure ethanol. But for pure ammonia,
the maximum is 40% less than for pure ethanol, and a double combustion duration can be noticed. This
can be explained by the difference in combustion duration between ethanol and ammonia;-the-chemical

LHV [kJ/mol]

1200R
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Fig. 2. Combustion specificities as a function of the Ethanol/Ammonia blend, LHV at stoichiometric ratio
(a), in-cylinder pressure (b), cycle by cycle stability (c), and heat release rate (d) at 1 bar of intake

pressure and homogeneous injection strategy.

These observations are more visible in the characteristic durations as CA90-CA10, the combustion du-
ration, CA10-SIT, the flame kernel development, and CA50-CA10, the self-sustained flame propagation
phase. Figure 3.a shows these characteristic timings: they increase non-linearly with ammonia content.
CA90-CA10, CA10-SIT, and CA50-CA10 increase by 33%, 31%, and 18% respectively from pure etha-
nol to X50 and 90%, 147%, and 61% respectively from pure ethanol to pure ammonia.
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Fig.3. Characteristic of different combustion durations (a), fuel consumption and global equivalence ratio
(b), and thermal and combustion efficiencies (c) for all fuel compositions at 1 bar of intake pressure and
homogeneous condition.

The change of combustion durations with the ammonia content increases mainly due to the decrease
of laminar flame speed with ammonia content, -41% and -86% from pure ethanol to X50 and pure am-
monia respectively, at ignition conditions, with CEU mechanism (Figure 4).
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Fig. 4. Laminar flame speed for all fuel compositions at ignition conditions, predicted by CEU mecha-
nism at 1 bar of intake pressure and homogeneous conditions.

Due to these properties of combustion durations, the start of ignition should be advanced by increasing
the ammonia content to have the optimal IMEP with minimum fuel consumption. The fuel consumption
is shown Figure 3.b and increases with the ammonia content to counterbalance the decrease of the
LHV, Figure 2.a, and the combustion efficiency, Figure 3.c. The combustion efficiency is maximum for
X25 and then decreases with ammonia increase to reach a minimum at 0.958. The thermal efficiency,
Figure 3.c, has the same behaviour as the combustion efficiency and up to 40.5% for X25, providing
good performances and a positive effect of ammonia by considering ethanol as the main fuel. It has to
be underlined that the global equivalence ratio, Figure 3.b, is lean for pure ethanol and blends but ex-
tremely rich for pure ammonia. It can be explained by the injection strategy at 340 CAD bTDC that
decreases the intake airflow and consequently increases the global equivalence ratio.

3.1.2 Pollutant emissions

NH3 exhaust, Figure 5.a, increases as a function of the ammonia content, and furthermore pure ammo-
nia reaches the highest value due to the high equivalence ratio. In terms of NOx, the behaviour is com-
pletely non-linear with a maximum value 4 times higher than in the case of pure ethanol and obtained
for X50. The lean equivalence ratio of blends and ethanol are favourable conditions for NOx formation
and the addition of nitrogen from ammonia increases the NOx formation. The same trend was observed
for methane/ammonia [26,27] with a maximal NO emission for a 50/50 blend. NOx emissions for pure
ammonia are lower by 12% than for pure ethanol, mainly due to the rich global equivalence ratio. Some
details about reaction paths are provided in following. The Total unburnt HC (THC) emissions, Figure
5.b, are not linear with the amount of ammonia, always lower for the blends than for pure ethanol with a
minimum for X25, and zero THC pure ammonia as expected. CO emission decreases as the decrease
of carbon content in the fuel composition. However, in Figure 5.c, CO emissions as a function of the
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load (i.e. intake pressures) highlight the non-linear dependence on ammonia content with a maximum
for X25. Niki et al. [28] confirmed that CO emissions for blends of diesel and ammonia increase with the
NHsintake flow rate in a diesel engine. Moreover, Ryu et al. [29] showed a rise in CO emissions for a
blend of 60%NHs/40% DME. As not expected, adding free carbon fuel could not reduce carbon emis-
sions and as a function of the conditions could have a reverse effect. Figure 5.d compares CO2 emis-
sions measured and CO: resulting from the combustion reaction described in Eq.5, the trend is very
similar between both. To reduce by a factor 2 the CO2 emissions, adding 80% of NHs is necessary.
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Fig.5. Pollutant emissions as a function of the ethanol/ammonia blends: NHz and NOx (a), CO and THC
(b), CO2 (d) at 1 bar of intake pressure, and CO (c) at 0.5,1 and 1.5 of intake under homogeneous
condition.

The results of the simulations are shown in Figure 6 for the same previous conditions. The simulated
pressure, Figure 6.a, is overestimated by around 10 bar (up to 20 bar for pure ethanol) compared to the
experimental results. Due to the inaccurate estimate of the wall heat losses, the estimated in-cylinder
temperature reaches 2473K for pure ethanol (X0), as it can be seen in Figure 6.b while only 2088K, for
X75. The highest CO and NO mole fractions are obtained for pure ethanol (X0), as it can be seen Figure
6.c. Then, the peaks of CO and NO mole fractions inside the cylinder decrease with ammonia addition,
as opposite to the experimental values measured at the exhaust that do not present any trend. But CO
is estimated as being totally post-oxidized due also to the high in-cylinder temperature Moreover, the
maximum of NO productions seems to be linked to the maximal CO one, as highlighted in Figure 6.d,
for the blends and pure ethanol. The relation between the CO and NO production can provide additional
information to understand the similarities of experimental trend of NO and CO as a function of ammonia
content, Figure 5.c and Figure 5.a.
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Fig.6. Results from OD kinetics simulations for all fuel compositions: in-cylinder pressure (a), in-cylinder
temperature (b), CO (continuous line) and NO (dashed line) mole fraction evolutions (c) and the rela-
tionship between maximum of CO and NO mole fractions compared to the experimental data at the
exhaust (d) at 1 bar of intake pressure.

The kinetics simulations complete the analysis to better understand the pollutant formation. The 10 re-
actions that most influenced the production of NO were selected. Their rates of production were inte-
grated during all the time of the simulation and compared to the integrated global rate of production of
NO. Figure 7 illustrates the influence of the different pathways on NO production and 3 major pathways
are identified.

NO path [%]

20t I HNO path |
[ NO2 path

w0l [C__THONO path

X0 X25 X50 X75 X100

Fig.7. Percentages of the different pathways of NO production at 1 bar of inlet pressure for all fuel
compositions with ethanol at 1 bar of intake pressure and homogeneous condition.

The thermal path is not identified in the NO formation, but Figure 7 indicates about 85% of the NO is
formed via the HONO path for a carbon fuel while for pure ammonia is about 60%, following this reaction
(reverse-path):

NO + OH (+M) <=> HONO (+M) R1

This reaction occurs above 1060K and this importance increases lowly from X0 to X75. Another path
via the NOz2 path is important for fuel composition with carbon 10% of the NO production while only 1%
for pure ammonia. The reaction of the NO2 path becomes important at 1060K and follows:

NO + O (+M) <=> NO2 (+M) R2

The HNO path is in the minority for pure ethanol and blends while for pure ammonia this HNO path is
important as shown also in [30] and contributes to 13% of the production following these reactions:
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HNO + 0<=>NO + OH R3
HNO + H<=>NO + H> R4
HNO + OH<=>NO + H.0 R5
NO + H (+M) <=> HNO (+M) R6

The R6 contributes to 95% of the NO formation from this kinetic. The sudden change of NO2 to HNO
reaction path for blends to pure ammonia is remarkable. This difference can be explained by the high
equivalence ratio for pure ammonia (ER=1.36) compare to the other fuel composition (ER~0.75) influ-
encing strongly the reaction paths.

HNO and HONO are also produced in fuel composition with carbon by following theses reactions:

NH + CO2 <=> HNO + CO R7
HCO + NO<=> HNO + CO R8
HNO + NO2 <=> HONO + NO R9

These reactions are mainly produced in burnt gases and can be one of the ways to understand the non-
linearity dependence of NO and CO on the amount of NHs. Adding a small quantity of NHz as X25
increase the quantity of NH pool while the CO2 decrease weakly and consequently HNO and CO pro-
ductions increase. Then, HNO reacts to give NO via HNO or HONO path.

The trends as a function of the amount of ammonia are identical for the other intake pressures. Figure
8 compares the results for 1 and 1.5 bar relative to 0.5 bar by relative difference calculated as:

Xl]nlet ressure=1.0 or 1.5bar ~ Xllnlet ressure=0.5 bar
Relative dif ference = £ - - £ -

(10)

Xllnlet pressure=0.5 bar
Figure 6.a shows the relative difference in global combustion development characteristics for X50. Ris-
ing the inlet pressure increases the maximum in-cylinder pressure due to the heat release increase
directly linked to the fuel flow increase, consequently fuel energy. The thermal efficiency increases up
to 28% and 24% for 1 bar and 1.5 bar respectively providing better results at 1 bar. The combustion
efficiency increases up to 0.7 and 1.2% respectively as the equivalence ratio becomes leaner by in-
creasing the intake pressure. In terms of pollutants, unburnt NHs emissions decrease mainly due to the
increase in combustion efficiency and in oxygen content (i.e. leaner mixture). On the contrary, NOx
emissions increase with the effect of intake pressure while CO and THC decrease.
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Fig.8. The relative differences as a function of the load (intake pressure) on the performances (a) and
pollutants (b) for the X50 and homogeneous strategy.

3.1.3 Focus on pure ammonia performance

Supplementary data for pure ammonia was done to minimize the fuel consumption as a function of the
intake pressure, the conditions are detailed in Table 4. The change of injection duration provides a
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change of ER from 1.17 to 1.5. It was not possible to burn ammonia only for lower injection duration
under homogeneous conditions.

Table 4. Extended conditions for pure ammonia

Injection pressure (bar) 120

Intake temperature (°C) 80

Intake pressure (bar) 13-13-11-11-1.0-1.0-0.9

Injection duration (us) 10600 - 8500 - 8500 - 7500 - 7500 - 6500 - 6000
Global equivalence ratio 149-1.18-143-1.24-1.36-1.19-1.27
Engine speed (rpm) 1000

Figure 9 focuses on these additional conditions for pure ammonia in a fully premixed strategy with in-
jection at 340 CAD bTDC. The low COV, Figure 9.a, shows very high stability of combustion for pure
ammonia, and the thermal efficiency for pure ammonia was observed at about 0.33 for all extended
conditions. As expected, NHs emissions are almost important due to the rich mixture but seem to be
constant; NOx emissions decrease until 1000 ppm for the highest IMEP. The HRR in Figure 9.c shows
an increase with equivalence ratio when in Figure 9.b, NOx decrease. These data demonstrate the
feasibility of direct liquid injection of ammonia even if a deeper study should be done to fully understand
and characterize the performances and pollutant formations.
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Fig.9. IMEP and COV (a) and unburnt NHs and NOx emissions (b) and HRR (c) for extended conditions
with pure ammonia at homogeneous conditions.

3.2 Stratified results

A second strategy was explored to see the impact of the injection time on the performance and the
pollutant emissions. The liquid fuel is injected at SOl 90 CAD bTDC; nevertheless, this strategy was not
adapted to pure ammonia.

3.2.1 Performances
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Figure 10.a, shows the in-cylinder pressure for the different fuel compositions, the maximal pressure is
obtained for X75 and the minimal one for pure ethanol. Figure 11.a highlights the difference between
the two injection strategies. The maximal heat release rate, Figure 10.b, is not sorted with the ammonia
content, nevertheless, itis higher with a shorter duration for the stratified strategy than the homogeneous
one. The higher heat release rate can be explained by the increase of fuel consumption and conse-
quently by the equivalence ratio, consequently, the fuel energy as indicated in Figure 11.a. The fuel
consumption is higher while the IMEP is identical (Figure 12.a). Under the conditions, the engine keeps
very good stability with COV of less than 1.5% (Figure 10.c).
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Fig.10. Global characteristics of performances for pure ethanol and blends, in-cylinder pressure (a),
heat release rate (b), and stability (c) at 1b of intake pressure for stratified conditions.
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Fig.11. Comparison of performances and pollutant emissions between the homogeneous and stratified
strategies for all fuel blends.
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Figure 12.b focuses on the characteristic times of combustion: CA50-CA10 and CA90-CA10 are almost
similar for all the fuel blends and lower than the homogeneous strategy. However, CA10-SIT, the first
stage of combustion, increases with ammonia content increase but is two times lower than for the ho-
mogeneous strategy. The stratified strategy accelerates the combustion and the SIT is less advanced,
20 bTDC while 25 CAD bTDC for X75 with homogeneous conditions. However, the thermal and com-
bustion efficiencies decrease (Figure 11.a, Figure 12.c). The maximal thermal efficiency obtained is for
X25 as in the homogeneous conditions.
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Fig.12. Characteristic timings of combustion (a), fuel consumption and equivalence ratio (b), and effi-
ciencies (c) for pure ethanol and blends at 1b of intake pressure for stratified condition

3.2.2 Pollutant emissions

In terms of pollutants emissions, all trends as a function of ammonia content are similar to the homoge-
neous strategy (Figure 13). Figure 11.b indicates a decrease of unburnt NHsz emissions for X25 com-
pared to the homogeneous strategy while for X50 and X75, NHs exhaust increases. NOx and CO emis-
sions, Figure 11.b have an interesting trend versus ammonia addition. NOx increases for pure ethanol
with this injection strategy but decrease with the ammonia addition. On the contrary, CO emissions
decrease for pure ethanol but roughly increase for blends compared to the homogeneous strategy. The
presence of NHs in the fuel composition clearly influences the change of formation of NOx and CO
between both strategies. The difference in THC emissions increases between both strategies and
strongly for X75. The CO:2 emissions are also higher for this one.
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Fig.13. Pollutant emissions of NHz and NOx (a), CO and THC (b), and CO:2 (c) at 1 bar of inlet pressure
for pure ethanol and blends at 1b of intake pressure for stratified condition

3.2.3 Pure ammonia injection

Injection of pure liquid ammonia at 90 CAD bTDC was not feasible, nevertheless, splitting the injection
was tested. The ratio between first and second injections, 50%/50% was not possible (instabilities, mis-
firing), at least more than 50% must be injected during the first injection under homogeneous conditions.
Two conditions were done with constant fuel injection, 104.4 mg/cycle, the first injection of 80% and
60% of the load at 340 CAD bTDC with a second one 20% and 40% of the load at 90 CAD bTDC.

Table 5. Extended conditions for the split injection

Injection pressure (bar) 120
Intake temperature (°C) 92
Blend (%oNHz) 100
Intake pressure (bar) 1.5
Engine speed (rpm) 1000

Table 6 compares the fully premixed to the split injection conditions. The COV is low showing high
stability and further for the split injection with slightly lower IMEP. However, the thermal and combustion
efficiencies are constant, 0.35 and 0.96 respectively for all extended conditions. The equivalence ratio
decreases due to the diminution of fuel injected during the intake phase increasing the airflow for the
split injection conditions while the fuel mass injected remains constant. The SIT was delayed to maxim-
ize the IMEP with the split injection strategy. In terms of pollutants emissions, NHs emissions decrease
while a slight increase in NOx.

Table 6. Comparison of performances and pollutant emissions between one or double injections condi-
tions

100% 80%/20% 60%/40%
COV IMEP 3.29 1.58 1.86
IMEP (bars) 12.79 11.98 12.08
Global equivalence ratio | 1.27 1.19 1.18
SIT -36 -31 -24
NHs Exhaust (ppm) 8064 6412 6233
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| NOx Exhaust (ppm) | 3732 [ 4265 | 4211 |

The in-cylinder pressure and the heat release rate evolutions for the three conditions of injection (Figure
14) indicated that the combustion is delayed with a maximal pressure decrease with the increase of fuel
injected during the second injection due to the combustion phasing later in the cycle. However, the heat
release rate increases by 3% and 5% with the double injection 80/20 and 60/40 respectively compared
to single injection.
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Fig.14. Evolution of In-cylinder pressure (a) and HRR (b) for pure ammonia with single or double injec-
tions

Conclusions

This study provides the first information about ethanol blended with ammonia and pure ammonia using
a single-cylinder spark-ignition engine with direct injection. Two strategies of injection were investigated,
homogeneous and stratified one at different intake pressures. The performances and the pollutants
emissions were compared as a function of the fuel compositions and the injection strategies. Due to the
low LHV of ammonia compared to ethanol, an increase in fuel consumption is needed to reach same
load. Adding 25% of ammonia in ethanol has a positive effect on the thermal and combustion efficien-
cies. However, NOx and CO emissions are higher for blends than pure fuels (ammonia and ethanol
respectively) and are potentially correlated by these reactions: NH + CO2 <=>HNO + CO, HCO + NO<=>
HNO + CO, and HNO + NO2 <=> HONO + NO as shown through Chemkin simulations. Blends with
ammonia and methane highlight the identical NOx behavior. The major path of NO production is the
HONO path and then, the NO2 decomposition or HNO path for blends and pure NHs respectively. The
stratified strategy boosts the combustion time by decreasing the characteristic timings but increasing
NHs exhaust and CO2 and THC emissions. NOx pollutants increase for pure ethanol with the stratified
strategy but adding ammonia to the fuel composition decreases the NOx emissions. On the contrary,
CO emissions decrease for pure ethanol with the stratified strategy but roughly increase as a function
of ammonia increase in the blend. The presence of NHs in the fuel composition clearly influences the
change of formation of NOx and CO between both strategies.

Pure injection of ammonia is more restrictive and to obtain homogeneous conditions ammonia needs to
be injected in advance to be fully premixed. In the stratified conditions, the injection starting at 90 CAD
bTDC, was not feasible, it needs to split the injection but only if more than 50% of the fuel is injected in
homogeneous mode. It is clearly shown from this present study that ethanol/ammonia blends but also
pure ammonia can be accurate fuels for standard gasoline direct injection spark-ignition engine with
both usual thermal and combustion efficiencies and very good engine stabilities.
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Abstract. Attempts in reducing CO: emissions due to greenhouse gas effect with the help of a carbon-
free fuel like the hydrogen and its derivate, ammonia, in the transportation sector are expected to in-
crease. Howewer, not only ammonia is toxic and corrosive due to its alkaline properties, but also the
narrow flammability limits, the high auto-ignition temperature and the low flame welocity are the chal-
lenges to overcome for ammonia (NHs) fueled internal combustion engine. The combustion instabilities
at low loads and / or high engine speed and unburnt NHz emissions minimization are the key points to
make NH; a potential candidate as a fuel for premixed combustion engines.

In this study, the spark ignited combustion of pure NHs in a single cylinder engine, based on a
compression ignition engine architecture, for different high compression ratios (CR: 16.4, 18.4 and 20)
was evaluated as a function of combustion phasing and air fuel ratio in order to improve fuel consump-
tion and engine stability. The experiments were performed over a wide range of operating conditions
and the best hardware was defined mainly based on low-load improvement criteria. The experimental
results addressed the combustion behavior with the exhaust gases emissions (NOx, and NHs) to state
about the potential of using pure NHs as a sustainable fuel on a diesel-like architecture engine.

1. Introduction

The transport sectoris responsible for about a quarter of total GHG emitted, with the road sector
accounting for 70% of total transport emissions [1, 2]. Due to the negative GHG effect on the environ-
ment, more efficient engines and less tailpipe emissions are trending more than before. For many years,
governments around the world have been implementing different legislations to reduce tailpipe pollutant
emissions from passenger cars. The existing gasoline and diesel engine vehicles face a critical chal-
lenge to adjust to these stringent demands. The European Commission (EC) published its regulatory
proposal for post-2020 CO; targets for new passenger cars [3]. The proposed regulation would be the
third set of mandatory CO, standards inthe European Union (EU). Under the new EC proposal, the CO;
emission levels would have to fall by 15% by 2025 and from -37.5% to -55% for new passenger cars
and from -31% to -50% for new vans, both relative to a 2021 baseline [4].

Seweral technological options are being considered as potential solutions for reducing for air
pollution and GHG emissions in the transportation sector. Recently, pure battery electric vehicles
(BEVs), hybrid electric vehicles (HEVs) and hydrogen fuel cellvehicles (FCEVs) are the main solutions
for the environmental issues but the high cost of technologies and the infrastructures for electric charging
of vehicles and hydrogen fueling will be the blocking points to expand these technologies rapidly. For
that reason, alternative fuels have been the focus of many studies since the increasing concern with air
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pollution and greenhouse gas (GHG). The possibility of using NHs, one promising hydrogen carrier, as
a fuel for internal combustion engines (ICEs) appears attractive since NHs is carbon free. NHs can be
liquefied at 20 °C with only around 9 bar of pressure [5]. Liquid NHs contains higher energy density by
wolume than 700 bar pressurized hydrogen itself [6]. In addition, NHs is used in many different industries
and its production, storage and transportation are already well established worldwide.

Many studies hawe tried to develop NHs as fuel for ICEs in the past, and some of them up to
vehicles. The oldest proposal of NH; as a fuel for ICE was Sir Goldsworthy Gurney who developed a
NHs powered engine for a small locomotive. The first pick-up truck with NHz and hydrogen ICE was by
Norsk Hydro company in 1933 [7]. A previous patent of 1938 deals with the possibility of using NHsz with
hydrogen by Ammonia Casale Ltd [8] and Kroch [9] announced the excellent results by burning NHs
with coal gas without any loss of power and corrosion. However, due to the difficult ignitability of pure
NHs under conventional engine operating conditions, most developments were done by blending NH3
with other fuels. The possibility to use pure NHs on ICE or NHs as a primary fuel in Spark-Ignition (SI)
or Compression Ignition (CI) engine were more scientifically discussed since 1960's. When the occu-
pation forces by destroying any oil refineries and storage depots led to low oil stockpiles in World War
Il, the feasibility of using NHs as an alternative fuel instead of hydrocarbon fuels was dominated [10]. In
that time, the US Military funded a project (Energy Depot Project) to develop alternative power source
for any future fuel logistic problems [11]. In 1963, Wagner and Domke commented to extend the NHs
combustion to Cl engines and they operated a Cooperative Fuel Research (CFR) engine on pure NHs.
Based on the study, the engine could only run with NHs after the warming-up using kerosene at a com-
pression ratio (CR) of 35:1 [11-13]. In 1966, Gray et al. checked the compatibility of NHs fuel on ClI
engine and concluded NHz-only combustion requires very high CR [14]. NHs; may be ignited by a pro-
moter fuel (e.g., hydrogen or acetylene) at lower CR. Then, Pearsall and Garabedian investigated an-
hydrous ammonia fuel on US Army Tank Cl engine (with CR, 18.6:1) firstly and then the engine was
modified to Sl engine with different CRs (12:1, 16:1 and 18.6:1) to use NH;z as the fuel [15]. However,
there were some difficulties and requirements of the NHs engine e.g., highly compacted combustion
chamber with high peak cylinder pressure, spark plug (SP) design or air-boosting system requirements.
Starkan et al. also highlighted that pure NHz is able to burn by an adapted spark plug on the engine with
a standard CR like in Cl engine [16]. In the literature, the research in NHsz only ICE remains limited but
demonstrates some successful operations of NHz combustion under specific engine operating condi-
tions as in [17-20]. These recent studies have highlighted some levers to increase the operating range
of NHs engines, such as increasing the wlume ratio and doping with hydrogen or upstream dissociation
of NHs. The NHz only combustion is challenging and requires very high CR or adapted engine with an
ignitor and fuel injection system.

In the current study, the experimental investigations were performed to characterize the spark
ignited combustion of premixed NHs and air at variable engine operating conditions (low, medium and
higher loads) met on a single cylinder engine with a high CR. The goal of the study is also to address
for the first time the limitation of operating boundary of the engine fed with pure NHs, ignited by spark
system. Not only high compressionratio but also high woltage ignition system was investigated for the
first time, in the study at mid and low loads, from 1000rpm to 3000rpm. As interesting result, a CR 18.4
engine could be a good solution to awid the requirement of on-board NHs; cracker. In addition, the
impact of H, additives into NHs fuel on CR 16.4 engine was investigated and the results were compared
with the results of pure NH; with different configurations. This study provides new data and insights into
the potential ofammonia as a fuel for internal combustion engines, by considering not only performances
but also the NOx and NHs emissions trends.

2. Experimental setup

2.1 NHs fuel

Table 1 shows the liquid NHs fuel specifications compared to other fuels. Among with the stor-
age condition of fuels, NHz has a better volumetric energy density than hydrogen and it makes a com-
petitive energy carrier in specific cases. The high heat of vaporization and anti-knocking index (over 120
of research octane number) allows increasing the compression ratio of the engine. However, ammonia
deployment as a fuel still faces some challenges since it is corrosive and presents unfavorable combus-
tion properties by its low Laminar Burning Velocity (LBV), high auto-ignition temperature and narrow
flammability range. The latter is simultaneously a safety benefit, since accidental ammonia fires or ex-
plosions are less likely to happen in case of NHs leakage than with conventional fuels or hydrogen.
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Table 1. NHs Fuel properties and comparison w ith other fuels

Fuel species Liquid Ho Gaseous Hy Gasoline Diesel Ammonia
Stoichiometric AFR 34.2 34.2 14.6 14.5 6.06
LHV [MJ/kg] 120.1 120.1 425 42.6 18.8
Approximate RON >120 >120 95 - 120
Storage Temp. [°C] -253 25 25 25 25
Storage Pressure [bar] 1 700 1 1 10
Fuel density [kg/m?] 71.1 39.7 698.3 834 602.8
Energy density (storage condi-
tions) [MJ/1] 8.5 4.76 29.7 38.6 11.3
Flammability limits in air (equiva- _ _ _ _
lence ratio) 0.09 - 6.81 0.09 - 6.81 0.6 2- 3.89 - 0.63 - 1.53
Heat of vaporization [kJ/kg] 461 461 180-350 450 1370
Laminar burning velocity [cm/s] 210 210 40 - 7
Auto-ignition Temp. [°C] 537 537 275 210 651
Adiabatic flame Temp. [°C] 2519 2519 2392 - 2107
Minimum ignition energy [MJ] 0.019 0.019 0.14 - 8

2.2 The engine and test bench

The experiments were performed on a 0.5 liter single cylinder compressionignition engine (from
a modified four-cylinder engine, DW10F PSA) with CR 16.4:1. The single cylinder engine (SCE) was
retrofitted as a Sl engine with a classical cold type SP (NGK ILZKR8CG), centrally located instead of
the original location of the injector. All engine specifications are presented in Table 2. An original reen-
trant combustion chamberwith 54 mm throat diameterand 12.7 mm depth length was usedin this study.

Table 2. The SCE engine of the NH3 fuel test

Engine DW10
Displaced Volume [cm?] 499.4
Stroke [mm] 88
Bore [mm] 85
Connecting rod length [mm] 141
Compression ratio [-] 16.4:1
Number of valves [-] 4
Swirlratio (50 CAD BTDC) 2.0
Bow | type (baseline) Re-entrant

The scheme of the engine test bench is shown in Fig. 1. The engine was driven by an electric
motor to control the selected engine speed. The in-cylinder pressure measurement was obtained by
means of Kistler piezo electric pressure transducer (6045A). The intake and exhaust temperature and
pressure were monitored and the fuel and air flow rates were controlled and measured by Brooks ther-
mal mass flowmeters (at the normal condition, O °C and 1bar). The temperature and the pressure of
coolant and oil of the engine were also controlled by means of the automat. NHs flowed through a heat
exchanger recowering the heat of vaporization in order to awid freezing of any components and of
ammonia itself. NHs fuel went thus out of the exchanger in a gaseous state and was premixed with air
inside a plenum wolume, before entering the cylinder.
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Fig. 1. Layout of the experimental setup

The wet exhaust gases were analyzed usinga Gasmet Fourier Transform Infrared (FTIR) spec-
trometer to assess H-O, N.O, NO, NOz, and NH3z concentrations. The water vapor is a major interfering
compound in infrared wavelengths, and its presence in the exhaust sample is inevitable due to the
interestin measuring H20 itselfand NHs, that would otherwise condensate along with H>O. Even though
its presenceis accountedforin the interference corrections, the authors believe that it may lead to some
uncertainties in the exhaust gas measurements, in addition with other cross-component interferences.
The analysis ranges of the species of interest are more detailed in [17]. The analysis setting-s for the
wawvelength ranges were as : for H.O, 3950 — 4240 cm™, for N,O, 2000 — 2250 cm, NO 1840 - 2080
cm™, NO; 1250 - 1720 and NHs 1000 - 1240 cm™. Note that error bars are not plotted consistently in
order to improve the readability but it has to be kept in mind that when NHs values are higher than 2%,
the accuracy is only 20%. A thermal conductivity analyzer for H, (XEN-5320) and a paramagnetic ana-
lyzer for O, were also used on a dry exhaust gas sample, which was without any H-O and NH; content.
The water vapor measurement done with the FTIR analyzer was used for wet correction. The accuracy
of the H, and O, analyzers is 6 and 1.5% respectively (range 0 - 20% Hzand 0 - 21% for Oy).

The apparent Heat Release Rate (HRR) was computed from pressure trace post processing
with the first law of thermodynamics, as follows:

dQ _y av 1 dP

TR A TR LT, ®

Where, y is the heat capacity ratio, P, V and 0, the cylinder pressure and volume and crank
angle, respectively. Note that heat losses were not considered in the calculation during this study be-
cause of the large uncertainties that remain in their estimation. The Burnt Mass Fraction (BMF) was
then obtained by integrating the heat release and apparent HRR was then recalculated using the varia-
ble heat capacity ratio computed from the previous BMF. The different phases of combustion propaga-
tion were determined by estimating different characteristic timings, named CA, which are the Crank
Angle degrees corresponding to the percentage of the burnt mass fraction.

CA90
j dQComb = 0!9 * mfuel * LHVfuel *Ncomb (2)
SIT

2.3 Combustion chamber designs

Table 3 summarizes all investigated hardware variations. Regarding the spark ignition system,
the standard SP (around 30 mJ baseline SP for SI gasoline engines and 2 ms of coil charge duration)
was used first for the hardware variation with different CRs. The high woltage SP (up to 90 mJ, same
coil duration, performance spark ignition with a high wltage ignition system) equipped only the reference
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bowl design (CR 16.4). The experiments were performed over a wide range of operating conditions and
the best hardware was defined mainly based on low-load improvement criteria.

Table 3. The list of new bow | designs and spark plug system for the NHz study

Hardw are variation Design of bow | Compression ratio Type of spark plug
CR16.4 Reentrant 16.4:1 Standard SP
CR18.4 Reentrant 18.4:1 Standard SP
CR 20.0 Reentrant 20.0:1 Standard SP

CR 16.4 HV Reentrant 16.4:1 High Voltage SP

2.4 Experimental operating conditions

First, the NHs combustion settings, e.g., an optimal combustion phasing, an ideal air-fuel ratio
and the inlet condition like the intake temperature, were addressed for some selected operating condi-
tions. In selected operating condition tests, three loads (3, 8 and 15bar of IMEP) and different engine
speeds (1000rpm, 1500rpm, 2000rpm and 3000rpm) were chosen as representative of steady state
conditions to understand the NH; combustion development. Spark ignition timing (SIT) sweeps were
investigated to define the optimal combustion phasing of the NHz combustion— phasing that gives the
lowest fuel consumption but with combustion stability criteria, while the Indicated Mean Effective Pres-
sure (IMEP) was kept constant during the sweeps. Based on the optimal CA50, the air-fuel ratio sweeps
(or lambda sweeps) were performed continually while IMEP and CA50 were kept constant. Table 4
summarizes the different testing conditions. In the final stage, the engine load and speed sweeps were
performed to create the full map of NHs engine based on the achievement of the selected operating
conditions. Regarding concerned constrains of the tests, the coefficient of variation of indicated mean
effective pressure (COVver) was targeted less than 5% (but recorded the results until 10% of COV ve
without any misfiring, 10% of IMEP is the criterion for counting a cycle as a misfire) and the maximum
in-cylinder pressure was limited to 150bar for the safety of the engine hardware.

Table 4. The engine test conditions (spark ignition timing, air fuel ratio and IMEP sw eeps)

Sw eeps Spark ignition Lambda | T_intake air P_intake SP charging
SIT 70 - 20 beforeTDC 1.0 40 °C const. IMEP & lambda 2000 ps
AlF Const. CA50 0.8-13 40 °C const. IMEP 2000 ps
IMEP Const. CA50 1.0 40 °C const. IMEP & lambda 2000 ps

3. Experimental results and discussions

3.1 NHs combustion on reference design

3.1.1 Combustion phasing (SIT) sweeps (CR 16.4)

In this section, the NHs premixed combustion behaviors on the SCE based on the original com-
bustion bowl design (baseline Cl engine hardware with the reentrancy bowl) with spark ignition system
are presented for a CR 16.4:1. In selected test operating conditions, the first set of experimental meas-
urement had been gathered to investigate the effects of the combustion phasing on the stability of com-
bustion and engine performances and on the exhaust gases composition. In order to vary one parameter
at a time only, the spark advance was varied while IMEP was kept constant for the stoichiometric am-
monia/air mixture during these set of experiments. The SIT sweeps were performed at all 11 selected
operating conditions and the optimal CA50 when the half mass fraction is burned, was defined by con-
sidering different parameters, e.g., the COVer, NOx and NHs exhaust emissions and Indicated Specific
Fuel Consumption (ISFC). Since NHs has a low laminar flame speed inducing more time to burn, the
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use of such fuel requires a higher spark advance compared to gasoline. Fig. 2 shows an example of the
SIT sweep results, represented by CA50, at different loads (3, 5.2, 8 and 15bar of IMEP) at a constant
engine speed (2000rpm). The range of the spark timing depends on the operating conditions, i.e. the
loads: from 45 ~ 30 Crank Angle Degree (CAD) before Top Dead Center (bTDC) at 3bar, and from 60
to 40 CAD bTDC at 5.2, 8bar and 15bar of IMEP. The spark timing must be advanced to guarantee the
combustion development. The engine efficiency should increase with an early spark timing before reach-
ing a maximum. For gasoline fuel, the spark advance increases as much as possible while awiding
knocking but in the case of NH3; thank to very resistant to auto-ignition, the maximum efficiency is
reached well before the apparition of knock at all operating conditions. At low load, the lowest COV ve
reached very early spark timing, but as presented in Fig. 2, the combustion was very instable and in-
complete leading to important quantities of unburnt NHs emissions in the exhaust gases and modest
engine performances. At medium and higher loads, the decrease of the combustion duration induced a
better stability (lower COV mep) than at low load. However, NOx emissions were relatively higher com-
pared to engine-out emissions in usual Sl engine fueled with gasoline. The unburnt NHs; emissions were
1.3% at 8bar and 1.1% at 15bar of IMEP with a level as high as 1.47% at low loads due to the lack of
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3.1.2 Air and fuel ratio (lambda) sweeps with reference bow! (CR 16.4)

The second set of experimental tests had the objective to investigate the effect of an equiva-
lence ratio variation. For that, the optimal CA50 (defined by SIT sweeps) was kept constant while the
engine runs constant IMEP for each operating condition. Fig. 3 shows the result of the air-fuel ratio
sweeps (i.e lambda sweeps) with three different engine speeds (1000rpm, 2000rpm and 3000rpm) at
8bar of IMEP. In general, the trends of all results were very similar by changing engine speeds. Slightly
leaner combustions had better thermal efficiency but lead to higher quantity of NOx emission and
COVver and richer combustions implied higher unburnt NHz emissions due to the lack of oxygen. It
seems that using a slightly lean mixture was an advantage as observed for a lambda 1.08, with a mini-
mum of NHs emission and the lowest ISFC, which increased again for very lean side or richer one.
Regarding NOx, the level of emissions was dramatically reduced by increasing equivalence ratio, as for
classical hydrocarbon fuel even if NOx was not only produced from the thermal route but also due to
fuel-nitrogen content. Based on the engine out emission results, the ideal lambda should be around 0.95
with lower NOx and NHs and COV vep than for the stoichiometric air/fuel ratio. However, the optimized
lambda might be discussed when an after-treatment system is designed.
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3.1.3 Emission trends on NH; engine compared to a reference Slengine

Fig. 4 summarizes the emission trends versus lambda for NHs fueled Sl engine, based on this
study, compared to one fueled with Natural Gas (NG) as in [21]. The trend of NOx emissions for these
two very different gaseous fuel engines were very similar since the highest peak was located in slightly
lean combustion zone. Howewer, NOx emission was emitted in a narrower range of lambda with NH; as
fuel. Due to the thermodynamics conditions related to the high compression ratio, for rich conditions,
the NHz could be decomposed patrtially into hydrogen as shown in [18, 19]. As schematized here, the
trend of H2 emission could be considered as the CO emission in NG Sl engine. Both emissions were
mainly increased at very rich fuel mixture due to the lack of oxygen. Regarding unburnt gases, NHs
emission was similar trend compared total HC emissions with the lowest emissions near stoichiometric
mixture on both rich and lean sides.

" 3 way catalyst window

NOx

NOx

=— NH3 S|
= Natural gas Sl

Emissions
z
T
L2

0.6
Rich fuel

Air/fuel ratio (lambda)

Fig. 4. The emission trade comparison betw eenNHz SCE and Natural Gas SCE [21]

3.2 Hardware variations

3.2.1 Compression Ratio comparisons

The following analysis focuses on the comparison of the different compression ratios, achieved
by modifying the depth of the bowl as shown in Fig. 5 without any changes in the squish area. The CR
were the followings: 16.4, 8.4 and 20. The SIT sweep was varied to determine the best combustion
phasing. All graphs in this section report results obtained at 2000rpm and 8bar of IMEP. Increasing the
CR had a direct effect on the in-cylinder pressure as plotted in Fig. 5. Consequently, for a same ignition
timing (indicated by a spot symbol), due to the increase of the in-cylinder temperature and pressure, the
ignition delay (defined by CA10 - SIT) decreased as can be seen in Fig. 6. On the other hand, it seems
that an increase in the CR did not necessarily allow faster combustion, it could even be the opposite
trend, which was observed where for the same value of CA50, the combustion duration was seen to be
lengthened at the highest CR (CR 20.0). One hypothesis would be that a decrease in bowl depth could
affect the flame development due to the flow-field.
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In Fig. 6, the optimal phasing (i.e. offering the highest engine efficiency) is indicated by the
double square symbol. The optimal CA50 angle results from the trade-off between the theoretical opti-
mal phasing, i.e. at TDC according to the Beau De Rochas cycle, and the exchanges that may occur
with the walls. Thus, it could be obsered a variation of the optimal phasing with an increase of the CR,
certainly due to the increase of wall heat exchanges due to the higher in-cylinder pressure. The ISFC,
therefore the efficiency seems to be optimal for the intermediate CR, namely 18.4, due to the best trade-
off between the combustion development speed and the wall exchanges. In fact, the slow combustion
development and the higher level of unburnt emissions with CR 20.0 induce an increase of ISFC.

The unburnt NH; emissions seem to be impacted by the change in CR, i.e. they increase with
the CR. This was mainly due to the increase in the mass of NHs trapped in the dead wlumes, a direct
consequence of the pressure increased. Finally, the unburned NH; emissions were higher in very lean
and very rich mixtures owing to the lack of stability and the excess of fuel, respectively, but were far
from zero near stoichiometry since nearly 6% by mass of the fuel was found in the exhaust, confirming
that an important part of the measured NH; should come from the dead zones.
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and 8bar of IMEP w ith different CR (16.4, 18.4 and 20.0)

Lastly, in Fig. 7, regarding low load operating condition, i.e. 3bar of IMEP, the stability was
slightly improved with the compression ratio increase, even though the COVvepr remains quite similar
between CR of 18.4 and 20, for 2000 rpm. Howewver, the combustion behavior was different at higher
engine speed due to the decrease of the time available for the combustion. Therefore, more advanced
spark ignition angles were needed, which did not allow a consistentignition of the mixture, especialy
with low compression ratio due to the longer ignition delay as previously mentioned in Fig. 7. The com-
bination of both, longer ignition delay and less favorable thermodynamic conditions — for same crank
angle — made the optimal CA50 impossible to reach for the lowest compression ratio, inducing more
instabilities. Furthermore, the optimal CA50 should even be shortened at high engine speed because
the time to exchange with the walls was reduced meaning that the optimal feasible setting at CR16 was
very far from the theoretical optimal setting.
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Fig. 7. Effect of SIT sweepon COVvep at 2000 and 3000rpm and 3bar of IMEP w ith different CR (16.4, 18.4
and 20.0)

3.2.2 High voltage spark ignition system
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In order to evaluate the relevance of a more efficient ignition system, similar tests were per-
formed with the reference piston (CR16.4) and the high woltage ignition system, at 2000rpm and for two
different loads, namely 3 and 8 bars of IMEP. First, Fig. 8 clearly shows the beneficial effect of this high
woltage ignition device on the first initiation phase (CA10 - SIT). The decrease of the ignition delays also
leads to a rise in thermodynamic conditions at the time of ignition (for the same angle of CA50), which
results in a faster combustion process. Thus, less NH; emissions were obsened at the exhaust, which
results, combined with the increase in the combustion speed, in a slight decrease in the specific fuel
consumption.
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Fig. 8. Effect of SIT sw eeps on the ignition duration, combustion duration, ISFC and NHz emissions at 2000rpm, 3
and 8bar of IMEP with 2 different spark plugs (REF: reference SP, HV: high voltage SP)

3.3The lowest IMEPs

In the final stage, the IMEP sweeps were performed at different engine speeds and based on
the experimental results (SIT and lambda sweeps). The purpose of the full engine map test was not only
to see the global trend of NHs; combustion on entire engine operating conditions but also to define the
boundary of operating range on NHs engine by changing hardware configurations. In the NHs engine
dewvelopment, the engine operating range (e.g., the stability limit at low load and fuel flow limit at full
loads) will be one of key parameters to make NHs a potential candidate as a fuel for premixed combus-
tion engines. The experiments were performed over a wide range of operating conditions and during the
investigations, we selected a hardware based on low-load improvement criteria. In general, the NHs
engine was able to run at very low load (below 2bar at all engine speeds) without misfire (10% of IMEP)
on all configurations. Howewer, the combustion stability was an important parameter to understand the
repeatability and safety of the combustion from engine development’s point of view. For example, the
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lowest IMEPs were calculated and compared with the different configurations in Fig. 9. The values,
which were the interpolated levels on the IMEP sweeps, represent the limit of the lowest load available
below 5% of COVmer 0N each configuration. The results of different configurations were compared to
the results with different volume of H. additives into NHs fuel on CR 16.4 reference bowl and the refer-
ence spark plug. In general, the lowest IMEPs were high at high engine speeds due to the limited time
to complete NHz; combustion. Based on the results, the higher CR (18.4 and 20.0) gave benefits from
the stability point of view at all engine speeds. CR 18.4 enabled to get significant reduction of the lowest
IMEP compared to CR 16.4 but there was no additional strong benefit by further increasing of CR (from
CR18.4 to CR 20.0). The slow combustion with the highest CR did not bring additional potential in terms
of the combustion stability especially at high engine speed. CR16.4 had the highest level of instability
with the highest lowest IMEP. As discussed before, the instability could be improved by using high volt-
age spark plug (CR 16.4_HV). Furthermore, as mentioned before it was possible to extend the low load
operating range by means of H, addition. One can see that with increasing compression ratio or using
high wvoltage system the minimum IMEPs were similar to those obtained by doping the engine with 2.5%
(in vol.) hydrogen. More than 5% wol. of hydrogen content in the fuel (7.5 and 10% wol.) allowed very
low IMEPs, which does not really depend on engine speed anymore, but the difference between 7.5 and
10% remains in the margin.
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Fig. 9. The low estIMEPs w ith below 5% of COVvep for different CR at differentspeeds (compared to the results
on CR16.4 withHV SP and some additions of Hp)

Summary and conclusions

This study focused on the potential of using pure NHs as fuel in a single cylinder engine with
spark igniter, based on a compression ignition engine architecture, over a wide range of operating con-
ditions:

- Firstly, this study showed the possibility of running pure NHs ICE with stable premixed combustion
owver a wide range of operating conditions, even at low load and high speed. Indeed, for the first
time, results are provided for conditions with pure NH;z at low loads as 3bar of IMEP and for several
engine speeds (up to 3000rpm) without any misfire.

- Inaccordance with[19], high level of NOx and especially unburnt NHswere measured at the exhaust
which mainly came from crevice area that were not optimized for premixed combustion and also
from a lack of combustion stability at very low load.

- To owercome those issues, several hardware variations were investigated, namely compression
ratio increase and the use of a high wltage ignition system.

- CRincrease helps to get more stable combustion at low load at the expense of an increase in
average unburnt NHs emissions due to the increase in in-cylinder pressure that made the unbumt
mass of NHs in the crevice volumes more important. CR 18.4 seems a promising hardware in terms
of the combustion stability and indicated efficiency standpoint.
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On the other side, using a high wltage ignition system provided positive results, such as higher
combustion stability at low load but also lower unburnt NHs level due to a faster and more efficient
combustion. Thus, similar minimum IMEP as CR 18.4 or slight hydrogen doping (<2.5 % vol.) could
be reached with high wltage system only on reference hardware (CR 16.4) without any penalty on
NHs emission and need of on-board NHs; cracker, respectively.

To go further, more understanding of the flow field effect on the NH; flame development would be nec-
essary to design optimized piston shapes that keep allowing pure NHs; combustion at high speed with a
reduced crevice wlume to increase the efficiency. For that, CFD study would be useful to help the
understanding.
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Abstract. Ammonia NH; has received considerable attention as a near future carbon-free synthetic fuel
due to its economic storage/transportation/distribution, and its potential to be thermally decomposed to
hydrogen H,. Since the boiling temperature and condensation pressure of NH; is comparable to propane
CsHg, it could be employed in marine engines running on C;Hg making the combustion processes carbon
neutral. To promote the low burning velocity and heat of combustion of ammonia, it is required to enrich
the pure ammonia with hydrogen. In this study, two quasi direct numerical simulation (quasi-DNS) cases
with detailed chemistry (31 species and 203 reactions) and the mixture-averaged transport model are
examined to study the planar ammonia/hydrogen/air flames under decaying turbulence. The reactants
temperature and pressure are setto 298 K and 1 atm, respectively. The initial turbulent Karlovitz number
is changed from 4.3 to 16.9 implying that all the test conditions are within the thin reaction zones com-
bustion regime. Results indicate that the density-weighted flame displacement speed S, on average, is
higher than the unstrained premixed laminar burning velocity S value for both test cases. This suggests
that the flame elements propagate faster than its laminar flame counterpart. Furthermore, the flame
stretch factor defined as the ratio of the turbulent to the laminar burning velocity divided by the ratio of
the wrinkled to the unwrinkled flame surface area is higher than unity, i.e., the Damkdhler's first hypoth-
esis is not valid for these flame conditions. This indicates that the local flamelet velocity value, on aver-
age, is higher than the unstrained premixed laminar burning velocity. In addition, results show that the
mean value of the local equivalence ratio for the turbulent conditions is higher than its laminar counter-
part due to the preferential diffusion of hydrogen and the turbulent mixing. Furthermore, the net produc-
tion rate of hydrogen is negatively correlated with the flame front curvature suggesting that the local
burning rate is intensified under positively curved regions.

1. Introduction

Increasing the efficiency of combustion devices as well as using novel carbon-free synthetic fuel blends
are considered as of the main targets in order to decrease greenhouse gas emissions. One of the suit-
able options for attaining this target is to utilize hydrogen which is produced from green-energy origins.
However, the economic storage and transportation of hydrogen have not been resolved very well [1].
Therefore, sustainable operation of combustion devices running on pure hydrogen is still a matter of
ongoing research. Among all hydrogen carriers, ammonia has received substantial attention as a car-
bon-free fuel due to its high energy density, and its transportation, storage, handling, and distribution
have been very well established [1, 2]. It should be noted that since the condensation pressure and
boiling temperature of ammonia is relatively comparable to propane, ammonia could be effortlessly used
as an alternative fuel for marine engines running on propane. This helps to decarbonize the whole com-
bustion process. However, the disadvantages of using pure ammonia as a main fuel are its low laminar
burning velocity and heat of combustion [1]. It should be mentioned that increasing the reactivity of pure
ammonia could be done with enriching it with hydrogen and/or oxygen. Figure 1 shows the variation of
the heat release rate with respect to the flame temperature for 1-D premixed laminar ammonia/air, am-
monia/hydrogen/air, and methane/air flames. The simulations are performed using the Cantera which is
an open-source chemical kinetics software. Results presented in Fig. 1 shows that the heat release rate
of pure ammonia is quite negligible, and enriching it with 40% of hydrogen could have a significant effect
on its value. With adding hydrogen, the heat release rate value of ammonia/hydrogen/air flame mixture
is then comparable with methane/air flames. Since the ammonia has the capability to be thermally de-
composed on-board to ammonia and hydrogen, studying the characteristics of ammonia and hydrogen
blend is of a particular interest.
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Fig. 1. Heat release rate with respect to the temperature for 1-D premixed laminar ammonia/air, ammonia/hydro-

gen/air, and methane/air flames. The equivalence ratios for ammonia/air, ammonia/hydrogen/air, and methane/air

flames are set to 1.0, 1.0, and 0.85, respectively. The simulations were performed using the Cantera which is an
open-source chemical kinetics software

Despite the active research in using novel fuel blends for premixed turbulent combustion, there still
exists many unsolved problems for such flames. Among different flame properties, the flame speed is
one of the important characteristics for premixed turbulent flames, and comprehending the behaviour of
this property is required for the flamelet modelling [3]. The flame displacement speed, the turbulent
burning velocity, and the local consumption speed are important flame characteristics, and understand-
ing the behaviour of these quantities is required for less explored novel fuel blends such as ammonia/hy-
drogen/air flames under different turbulent conditions.

The local turbulence-chemistry interactions could be understood in depth by knowing the flame dis-
placement speed S, characterizing the speed of an iso-scalar surface relative to the flow field [4-6]. It
should be noted that the flame displacement speed has been the subject of various numerical studies.
Peters et al. [4] and Echekki and Chen [5] discussed the contributions of the flame front curvature on
the flame displacement speed components using direct numerical simulation (DNS) of a 2-D methane/air
flame. Chakraborty and Cant [7] showed that the flame displacement speed is negatively correlated with
the flame front curvature using 3-D DNS with a simple chemistry, which is consistent with other studies
reported in Refs. [4, 5]. Song et al. [6] analysed the density-weighted form of the flame displacement
speed for highly turbulent hydrogen/air flames, and they concluded that the most probable values of the
local flame displacement speed is relatively equal to the unstrained premixed laminar flame.
Chakraborty and Cant [8] discussed the influence of the Lewis number on the flame displacement speed
statistics based on 3-D DNS with simple chemistry. They showed that the flame displacement speed,
irrespective of the Lewis number, is negatively correlated with the flame front curvature, and the density-
weighted flame displacement speed is higher than the unstrained premixed laminar burning velocity
when the Lewis number is less than unity. More recently, Chakraborty et al. [9] assessed the perfor-
mance of various extrapolation relations connecting the density-weighted flame displacement speed to
the flame front curvature and flame stretch rate for thermo-diffusively neutral flames using 3-D DNS with
detailed chemistry, since the accurate modelling of this quantity is required for the closure of the flame
surface density transport equation. They showed that the density-weighted flame displacement speed
could be evaluated using the linear model based on the flame front curvature in a very robust manner.

In addition to the flame displacement speed, the turbulent burning velocity St is considered as an
important parameter for the premixed turbulent combustion, and many attempts have been done over
several decades to correlate the turbulent burning velocity data obtained from experimental measure-
ments in terms of various parameters such as the turbulent intensity and turbulent length scale [10-12].
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Damkohler [13] hypothesized that the turbulence is responsible for wrinkling the flame front, and the
local flamelet consumption velocity is equal to the unstrained premixed laminar burning velocity. Ac-
cording to this hypothesis, the ratio of the turbulent burning velocity to the unstrained premixed laminar
burning velocity is equal to the ratio of the wrinkled to the unwrinkled flame surface area. It should be
emphasized that the validity of this hypothesis is confirmed based on 2-D and 3-D DNS with simple/de-
tailed chemistry for thermo-diffusively neutral flames (unity Lewis number), see, e.g., Hawkes and Chen
[3], Han and Huh [14], Nivarti and Cant [15], Klein et al. [16], Brearley et al. [17], and Song et al. [6].
However, this hypothesis might be no longer valid for thermo-diffusively unstable flames. Chakraborty
et al. [18] showed that the ratio of the turbulent to the laminar burning velocity is higher than the ratio of
the wrinkled to the unwrinkled flame surface area for thermo-diffusively unstable flames. A similar ob-
servation was previously reported by Han and Huh [14] as well using 3-D DNS with simple chemistry. It
should be mentioned that Gulder [19] and Tamadonfar and Guilder [20] discussed that the validity of this
hypothesis might be disputed under certain experimental conditions for premixed turbulent Bunsen-type
flames. More recently, Chakraborty et al. [21] showed that this hypothesis might become invalid for
flames with high non-zero mean flame front curvature such as the Bunsen-type flames.

Furthermore, in their comprehensive review paper, Lipatnikov and Chomiak [22] discussed thor-
oughly about the local flame structure of premixed turbulent flames. They mentioned that the local burn-
ing velocity for flames with positive flame front curvature is higher than the corresponding value for
negatively curved regions if the Lewis number is less than unity and/or the mass diffusivity of the defi-
cient reactants is higher than the mass diffusivity of the excess reactants. Rutland and Trouvé [23, 24]
and Haworth and Poinsot [25] showed a strong correlation between the local burning velocity and the
flame front curvature for non-unity Lewis humber flame conditions using simple chemistry. Bell et al. [26]
reported a positive (negative) correlation between the local burning velocity and the flame front curvature
for a premixed turbulent hydrogen/air (propane/air) flame indicating enhanced fuel consumption rate in
positive (negative) curvature regions using 2-D DNS with detailed chemistry. They attributed this obser-
vation to the thermo-diffusive instability (stable) characteristics of the hydrogen/air (propane/air) flames.
Day et al. [27] and Aspden [28] demonstrated a similar correlation between the local burning velocity
and the flame front curvature for premixed turbulent lean hydrogen/air flames. More recently, Lee et al.
[29] and Rieth et al. [30] showed a positive correlation between the fuel consumption rate and the flame
front curvature for highly turbulent premixed lean hydrogen/air and ammonia/hydrogen/air flames devel-
oping in the forced turbulence and in a turbulent shear layer, respectively.

To the best of the authors’ knowledge, certain aspects of premixed turbulent ammonia/hydrogen/air
flames such as the flame displacement speed statistics, the turbulent burning velocity, and the local
burning velocity of these flames have been less explored. Therefore, the current study determines on
addressing these fundamental properties using quasi direct numerical simulation (quasi-DNS) with de-
tailed chemistry and mixture-averaged transport model to incorporate the preferential diffusion of high
diffusivity species accurately. In this respect, the main objectives of the current work is (1) to study the
flame displacement statistics, (2) to explore the turbulent burning velocity and the validity of Damkdéhler’s
first hypothesis, and (3) to discuss the local flame structure of premixed turbulent planar ammonia/hy-
drogen/air flames. The remainder of the paper is organized as follows. The numerical methods will be
discussed in section 2. This will be followed by results and discussion in section 3, and the concluding
remarks in section 4.

2. Numerical methods

2.1. Flame configuration

In this study, the quasi direct numerical simulations of premixed turbulent ammonia/hydrogen/air flames
have been performed under the global equivalence ratio of unity. The blending ratio a indicating the
amount of hydrogen concentration in the pure ammonia is evaluated as XHZ/(XHz + XNH3), where Xy,
and Xyy, are the mole fractions of hydrogen and ammonia, respectively. The blending ratio is set to 0.4
for the current study. The reactants temperature T, and pressure p are set to 298 K and 1 atm, respec-
tively. The unstrained premixed laminar burning velocity S and the thermal flame thickness & evaluated
based on the maximum temperature gradient are 30.37 m/s and 0.604 mm, respectively. The adiabatic
flame temperature T,4 is then equal to 2146 K.

The Passot-Pouquet spectrum is utilized for generating the homogenous isotropic turbulent flow field
on a cube with a domain size of 4561 X 787 X 78¢. The Python script utilized for generating the turbulent
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flow field was originally developed by Saad et al. [31], and they later added the aforementioned spectrum
to their script. The non-dimensional turbulence intensity u’/S? is varied from 4 to 10, and the non-di-
mensional integral length scale A/t is fixed to 3.5. The domain has been discretized on a uniform
Cartesian grid of 990 x 154 x 154 and 1100 x 172 x 172 cells for the low and high turbulence intensity
test cases, respectively. Flame-turbulence interactions happen under the decaying turbulence. It should
be emphasized that such turbulence characteristics without active turbulence generation are essential
in internal combustion engine context. The turbulent flow field is then superimposed on a solution of 1-
D unstrained premixed reference laminar flame. The grid spacing ensures that at least 22 computational
data points exist within the flame thickness, and the initial Kolmogorov length scale n = AReX3/4 resides
within one computational cell, where Re, is the turbulent Reynolds number. The turbulent Reynolds
number Re,, Karlovitz number Ka, and Damkéhler number Da are estimated as u'A/v,
W' /S5 (A/81)7%5, and AS?/u’' Sy, respectively. The effective Lewis number, using the methodology
presented in Ref. [32], is equal to 0.76 for both cases implying that the test cases are thermo-diffusively
unstable. Table 1 shows the simulation parameters for the test conditions utilized in this study. Figure 2
shows that all the test conditions studied in this work lie within the thin reaction zones combustion regime
since the initial Karlovitz number is higher than unity.
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Fig. 2. Numerical data on a Borghi-Peters regime diagram for premixed turbulent combustion regime [33, 34]

2.2. Reacting flow solver

The open-source C++ CFD toolbox OpenFOAM [35], where mass, momentum, species mass fractions,
and energy equations are solved with compressible PIMPLE algorithm is utilized to perform quasi direct
numerical simulations (quasi-DNS) with detailed chemistry of premixed turbulent planar ammonia/hy-
drogen/air flames. The chemical kinetic mechanism developed by Stagni et al. [36] consisting 31 species
and 203 reactions is used in this study. The reactingDNS solver [37] where the mixture-averaged
transport model is used to consider the mass diffusivity of each species evaluated from the binary diffu-
sion coefficients is utilized in this study. This approach leads to more accurate results compared to
unity/non-unity Lewis number assumption when simulating the mixtures having high mass diffusivity
species such as molecular/atomic hydrogen. This solver is then linked to the open-source library of
pyJac, developed by Niemeyer et al. [38]. This library provides C subroutines for generating the analyt-
ical Jacobian of a chemical kinetic mechanism which is required for solving a system of ordinary differ-
ential equations. The operator-splitting approach is utilized considering the large differences between
the chemistry and flow time scales. It should be emphasized that to overcome the computational load
imbalance among processors originating from the chemistry problems, a dynamic load balancing model
(DLBFoam), developed by Tekgil et al. [39], is used to distribute the chemistry problems equally among
all processors using the MPI communication protocol.
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Table 1. Simulation parameters for the test cases in this study.

Case a u'/s? A/6r Re, Ka Da
L 0.4 4.0 3.5 150 4.28 0.875
M 0.4 10.0 3.5 374 1690 0.35

Inflow and outflow boundary conditions with zero mean inlet velocity in the direction of mean flame
front propagation are used. On lateral directions, the periodic boundary conditions are employed indi-
cating an unbounded planar flame brush. For pressure, a non-reflecting boundary condition is applied
for both inflow and outflow regions. A second-order implicit backward Euler method for time discretiza-
tion, and the cubic scheme for spatial discretization have been utilized herein. The simulation runs for 2
(2.85) initial eddy turn over times for case L (M) ensuring that the simulation time is equal/higher than
the chemical time scale. The eddy turn over time t, and the chemical time scale tg,.,, are evaluated as
A/u’ and 8;/SP, respectively. Figure 3 shows an example of instantaneous flame front surface, cut plane
of a temperature field, and the logarithm of enstrophy for cases L and M. It should be noted that the
enstrophy values for case M is higher than case L because of higher turbulence intensity. Furthermore,
Fig. 4 shows the Lewis number Le fields of ammonia NH;, molecular hydrogen H,, atomic hydrogen H,
and water H,0. The Lewis number for each species Le; is evaluated as a,/D;, where a, and D; are the
thermal diffusivity of the mixture and the mass diffusivity of species j, respectively. Results show that
the variation of the Lewis number value across the flame brush is insignificant for NH3, H,, and H, while
it varies significantly for H,0. This observation confirms the need for using the mixture-averaged
transport model for the current simulations. A similar observation is thoroughly discussed by Poinsot
and Veynante [40].

Temperature (K) Temperature (K)
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Fig. 3. Instantaneous flame front surface, cut plane of a temperature field, and the logarithm of enstrophy for (a)
case L, and (b) case M
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Fig. 4. Lewis number fields for (a) ammonia NHj3, (b) molecular hydrogen H,, (c) atomic hydrogen H, and (d) wa-
ter H,O for case M. These data are captured at 2.85 initial eddy turn over times
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3. Results and discussion

Before examining a detailed quantitative analysis on the premixed turbulent ammonia/hydrogen/air
flame dynamics, a general overview of the flame front characteristics will be examined. Later in this
section, the conditional mean profiles of major species and the atomic hydrogen, the flame displacement
speed statistics, the flame stretch factor and the turbulent burning velocity, the local equivalence ratio,
the molecular diffusion fluxes of molecular/atomic hydrogen will be discussed. This will be followed by
inspecting the fuel net production rate over the curved flame fronts.

3.1. General overview of the flame front characteristics

Figure 5 shows the two-dimensional slices of temperature, enstrophy, mass fractions of H,0,, HNO, NH
species, and heat release rate for cases L and M from the entire computational domain. The solid lines
in the first four rows (from left to right) correspond to the temperature-based reaction progress variable
¢ values of 0.1,0.2,0.5,0.7,0.8, where c is evaluated as (T — T,)/(T,q — T.). From visual examination of
the temperature field, the flame wrinkling, preheat zone layer, and possibly the flame surface area in-
creases with increasing the Karlovitz number. This could be due to the existence of higher enstrophy
magnitudes, i.e., stronger turbulence structures, in the preheat zone layer for case M compared to case
L. Results indicate that the enstrophy values damped significantly in the reaction zone layer, i.e., ¢ =
0.8, due to existence of high heat release region. Therefore, the reaction zone layer is not disrupted for
both cases. It should be emphasized that the mass fractions of H,0, and HNO are the proper markers
for the preheat and reaction zone layers, respectively, since the maximum value of the former (latter)
species happens in the preheat (reaction) zone layer. Results show that the mass fraction of H,0, is
disrupted dramatically with increasing the Karlovitz number indicating the local broadening of the pre-
heat zone layer, while the mass fraction of HNO is not altered implying that the reaction zone layer
remains relatively intact. Furthermore, results show that the distribution of the mass fraction of NH coin-
cides with the distribution of the heat release rate.
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Fig. 5. Two-dimensional slices of temperature, enstrophy, mass fractions of H,O,, HNO, NH species, and heat
release rate for case L (left) and case M (right). The solid lines in the first four rows (from left to right) correspond
to the temperature-based reaction progress variable values of 0.1,0.2,0.5,0.7,0.8
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3.2. Conditional mean profiles

The conditional mean profiles provide practical information when comparing DNS, LES, and experi-
ments, and evaluating these profiles give more insight than analyzing the mean concentration profiles
[41]. Figure 6 shows the conditional mean profiles of major species and the atomic hydrogen for cases
L and M as well as the unstrained premixed reference laminar flame. The data has been normalized by
the maximum value of the corresponding species obtained from the reference laminar flame. Results
indicate that the conditional mean profiles of NH; and H,0 for the turbulence cases bears a good re-
semblance to the counterpart profiles of the reference laminar flame. However, the conditional mean
profiles of H, and H deviate from the premixed laminar flame profiles. This deviation could be due to the
preferential diffusion of these species as well as the turbulent mixing, as discussed by Aspden et al.
[42]. A similar observation was previously reported by Aspden et al. [43] and Song et al. [6] for highly
turbulent premixed hydrogen/air flames propagating in the forced turbulence. Furthermore, it should be
emphasized that the observed deviation is enhanced with increasing the Karlovitz number.
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Fig. 6. Conditional mean profiles of NH3, H,0, H,, and H mass fractions (solid lines) compared to the unstrained

premixed laminar profiles (dashed lines) for (a-b) case L, and (c-d) case M. The data has been normalized by the

maximum value of the reference laminar flame. The dashed lines correspond to the laminar flame, and the solid
lines correspond to the turbulent conditions

3.3. Flame displacement speed

As mentioned earlier in Introduction, the flame displacement speed S, which is the flame speed relative
to the local fluid velocity is an important flame property, and it is extensively utilized for modelling the
turbulent premixed flames using the flame surface density and G-equation models [40, 44]. Following
the methodology presented [4, 5, 45, 46], the flame displacement speed S; and its components could
be estimated as follows:

w n.V(pa,n.Vc
Se=Sar +San +Sqr = (pain. ¥c)

— 2a.K, (8]
plVel p|Ve| ‘
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where S4 1, Sq n, Sq,t» ©, 1, P, &, and k are the reaction component of S;, normal diffusion component of
Sq4, tangential diffusion component of S;, reaction rate of the reaction progress variable, unit normal
vector to the iso-surface, density, thermal diffusivity of the mixture, and the flame front curvature, re-
spectively. The unit normal vector n and the flame front curvature k are evaluated as —Vc¢/|Vc| and
0.5(V.n), respectively. It should be noted that in order to compare between the flame displacement
values in a meaningful manner, evaluating the density-weighted form of this quantity is of a great im-
portance [5, 6, 45]. As discussed by Song et al. [6], the velocity acceleration across the flame brush
originated due to the thermal expansion is excluded by using the density-weighted form of the flame
displacement speed S; evaluated as:

« _PS 2
s =P &)
Pr

where p, is the reactants density. Each of the flame displacement speed components could be written
in their density-weighted format by multiplying their values by p/p,. Figure 7 shows the probability den-
sity functions (PDFs) of the density-weighted forms of the flame displacement speed and its components
for cases L and M. Each component has been normalized by the unstrained premixed laminar burning
velocity of the reference flame, and the data are conditioned at ¢ = 0.8. Results show that the distribu-
tion of S5 and its components widens with increasing the Karlovitz number. A similar observation was
previously reported by Song et al. [6] for premixed turbulent hydrogen/air flames. It should be noted that
all §; values are positive implying that these iso-surfaces moves towards the reactants, and its value,
on average, is higher than the laminar flame velocity. This deviation from unity could be due to the
preferential diffusion effect. Furthermore, results show that the S; ;. (S4 ,) are positive (negative) within
the reaction zone layer. A similar observation was previously reported in the literature, see e.g. Ref. [47].
It should be added that the negative values for 54, do not occur when conditioning the data near the
preheat zone layer (not shown). In addition, the highest probability of Sj , is around zero for both turbu-
lent test cases.

In addition, the joint probability density functions (JPDFs) of the density-weighted flame displacement
speed with respect to the flame front curvature for both turbulent cases are also shown in Fig. 7. The
density-weighted flame displacement speed has been normalized by the unstrained premixed laminar
burning velocity, and the flame front curvature has been normalized by the laminar thermal flame thick-
ness. Results show that S is negatively correlated with the flame front curvature, which is in agreement
with previous studies, see e.g., Echekki and Chen [5] for 2-D DNS with detailed chemistry, or
Chakraborty and Cant [8] for 3-D DNS using simple chemistry. Furthermore, increasing the turbulence
intensity results in generating the flame front with smaller radii, i.e., larger flame front curvature, and the
variation of S; promotes significantly. As mentioned earlier, Chakraborty et al. [9] assessed the perfor-
mance of different extrapolation relations connecting the density-weighted flame displacement speed to
the flame front curvature and flame stretch rate using 3-D DNS with detailed chemistry for thermo-diffu-
sively neutral flames. They showed that S; has a negative correlation with the flame front curvature. It
should be emphasized that the observed trend in Fig. 7 shows that this negative correlation remains
valid for thermo-diffusively unstable flames using detailed chemistry and mixture-averaged transport
model as well.

3.4. Flame stretch factor

Assessing the validity of Damkéhler’s first hypothesis is of a crucial importance for novel fuel blends
such as ammonia/hydrogen/air flames. As mentioned earlier, Damkohler [13] hypothesized that the ratio
of the turbulent burning velocity to the unstrained premixed laminar burning velocity S;/S? is equal to
the ratio of the wrinkled flame surface area to the unwrinkled flame surface area A;/A.. This means that
the local flamelet velocity S; is equal to the unstrained premixed laminar burning velocity 5. To examine
the validity of this hypothesis, the flame stretch factor I, could be used as follows [48]:

_ St/S0

o mA ©
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where Sy = [ & dV/poA, and Ay = [|Vc|dV are the turbulent burning velocity and the wrinkled flame

surface area, respectively. The unwrinkled flame surface area A, is the cross sectional area normal to
the direction of mean flame propagation. It should be noted that the Damkéhler’s first hypothesis is valid
when the flame stretch factor value is equal to unity.
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Fig. 7. (a-d) Probability density functions (PDFs) of the density-weighted flame displacement speed and its com-
ponents for cases L and M. (e-f) The density-weighted flame displacement speed with respect to the flame front
curvature for cases L and M. All statistics are conditioned at ¢ = 0.8. The flame displacement speed and its com-

ponents have been normalized by the unstrained premixed laminar burning velocity, and the flame front curvature
has been normalized by the thermal flame thickness

Table 2 shows the values of the ratio of the turbulent to the laminar burning velocity, the ratio of the
wrinkled to the unwrinkled flame surface area, and the flame stretch factor. Results show that the tur-
bulent burning velocity and the wrinkled flame surface area increases about 35% with increasing the
Karlovitz number. This could be due to the enhancement of flame surface area due to the turbulent
structures. A similar observation was previously reported in numerous works in the literature, see, e.g.,
Han and Huh [14], Nivarti and Cant [15], and Song et al. [6]. Furthermore, it is shown that the flame
stretch factor values are higher than the unity value for both test cases indicating that the mean flamelet
consumption velocity is higher than the unstrained premixed laminar burning velocity for ammonia/hy-
drogen/air flames. This suggests that the Damkaohler’s first hypothesis is not valid for these test cases.
A similar observation was previously reported in the literature for thermo-diffusively unstable flames
based on 3-D DNS with simple chemistry, see, e.g., Han and Huh [14], and Chakraborty et al. [18]. It
should be mentioned that increasing the turbulence intensity does not have any effect on the flame
stretch factor values for the cases studied herein.
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It should be noted that the local flamelet burning velocity is dependent on the local equivalence ratio
across the flame brush [27, 49]. The local equivalence ratio ¢ is evaluated as 0.5(Zz/Z,), where Z; and
Z, are evaluated as 3Xyy, + 2Xy, + Xy + Xou + Xuo, + 2Xu,0, + 2Xu,0 and 2Xo, + Xy,0 + Xo + Xon +
2Xno, + 2Xu,0, + Xno, respectively, where X; corresponds to the mole fraction of species j.

Table 2. Ratio of the turbulent burning velocity to the laminar burning velocity, ratio of the wrinkled flame sur-
face area to the unwrinkled flame surface area, and the flame stretch factor values.

Case S1/8? Ar/A, I,
L 1.444 1.333 1.083
M 2.271 2.097 1.083

The variation of the local equivalence ratio with respect to the progress variable for the turbulent
cases as well as the reference laminar flame are shown in Fig. 8(a-b). The dashed line corresponds to
the local equivalence ratio for the laminar flame, and the solid line shows the mean value of the local
equivalence ratio for the turbulent conditions. The local equivalence ratio is equal to the global equiva-
lence ratio of unity on the unburned and burned regions, and it decreases from unity value across the
flame brush. It could be seen that the mean local equivalence ratio values deviate from its laminar
counterparts for the turbulent cases, and it promotes slightly with increasing the Karlovitz number. This
deviation could be attributed to the enhancement of molecular/atomic hydrogen mass fractions due to
the turbulent mixing and preferential diffusion effect, and it could be the underlying reason why the flame
stretch factor differs from the unity value. It should be emphasized that the local equivalence ratio varies
under curved flame fronts, and understanding its behavior is of a great interest since the local flamelet
burning velocity is then affected under curved regions. Figure 8(c-d) shows the joint probability density
functions (JPDFs) of the local equivalence ratio with respect to the normalized flame front curvature for
both turbulent cases. In this Figure, the flame front curvature has been normalized with the thermal
flame thickness of the reference laminar flame. It should be noted that the data are sampled at the
reaction zone layer, i.e., ¢ = 0.8. Results show the positive correlation between the JPDF of the local
equivalence ratio and the flame front curvature. Furthermore, increasing the Karlovitz number results
the JPDF to become wider. To unlock the underlying mechanism behind the positive correlation between
the local equivalence ratio and the flame front curvature, it is required to investigate the molecular diffu-
sion terms in the transport equation for a species mass fraction. The molecular diffusion flux could be
written as follows [29]:

V. (0D, VYY) = . V(D . Vi) — pDy VY |V 1, 4)

where D, is the diffusivity of species m evaluated by D,, = (1 — Ym)(Zj:x:ij /ij)_l, where Y, is the
mass fraction of species m, and D,,; is the binary diffusion coefficient between two species. Here n,, is
the unit vector normal to an iso-surface evaluated as n,, = —VY,,/|VY,,|. The first (second) term on the
r.h.s. of Eq. 4 is the normal diffusion (curvature) term. The diffusion flux terms for molecular hydrogen
are shown in Figs. 9(a) and 9(c) for cases L and M, respectively. The diffusion fluxes have been nor-
malized with the total diffusion flux values of the reference laminar flame, and the flame front curvature
has been normalized with the laminar thermal flame thickness. Results show that for the molecular
hydrogen, the curvature and total diffusion flux terms are positively correlated with the flame front cur-
vature, and the normal diffusion term does not have any correlation with the flame front curvature. This
shows that the molecular hydrogen diffuses strongly into the positively curved zones from the reactants.
It should be noted that the positive correlation between the total diffusion flux term of molecular hydrogen
with the flame front curvature could result in having higher molecular hydrogen concentration on posi-
tively curved regions (not shown for brevity). This could then explain the trend observed in Fig. 8(c-d).
In addition, the curvature and total diffusion flux terms are negatively correlated with the flame front
curvature for the atomic hydrogen, while the normal diffusion flux term is not dependent on the flame
front curvature (Figs. 9(b) and 9(d)). This shows the enhanced diffusion of the atomic hydrogen to the
unburned zone when the flame front is concave towards the reactants. A similar trend was observed
very recently by Lee et al. [29] and Rieth et al. [30] for lean premixed turbulent hydrogen/air flames
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(located within the thin reaction zones regime) and preheated ammonia/hydrogen/nitrogen/air flames
(located within the broken reaction zone regime), respectively.
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Fig. 8. Local equivalence ratio with respect to the progress variable for (a) case L, and (b) case M. The scatter
data and the solid lines are for the turbulent cases, and the dashed lines are for the laminar case. JPDF of the
local equivalence ratio with respect to the normalized flame front curvature. The data are conditioned at ¢ = 0.8,
and the flame front curvature has been normalized by the laminar thermal flame thickness
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Fig. 9. Diffusion flux terms of molecular hydrogen for (a) case L, and (c) case M, and atomic hydrogen for (b)
case L, and (d) case M with respect to the normalized flame front curvature. The fluxes have been normalized by
the corresponding values obtained from the reference laminar flame, and the flame front curvature has been nor-

malized by the thermal flame thickness. The normal, curvature, and total diffusion terms are denoted as MD,,

MD,, and MDy. The data are conditioned at c = 0.8
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Fig. 10. Production rates of hydrogen and ammonia for (a)-(b) case L, and (c)-(d) case M with respect to the nor-
malized flame front curvature, respectively. The production rates have been normalized by the corresponding
values obtained from the reference laminar flame, and the flame front curvature has been normalized by the ther-
mal flame thickness. The data are conditioned atc = 0.8

It should be noted that the production rates of molecular hydrogen and ammonia with respect to the
flame front curvature are shown in Fig. 10 for both turbulent test cases. The production rates have been
normalized with the corresponding values obtained from the reference laminar flame, and the laminar
thermal flame thickness has been used to normalize the flame front curvature. The negative (positive)
sign of the net production rate implies that the species is consumed (produced). Results show negative
correlation of hydrogen production rate with the flame front curvature for both cases, and the absolute
values of production rate are higher under positively curved regions compared to the corresponding
values under negatively curved zones. Therefore, the hydrogen consumption rate is enhanced under
positively curved regions. However, the net production rate of ammonia is not dependent on the flame
front curvature. It could be concluded from Figs. 8-10 that the preferential diffusion of molecular hydro-
gen results in enhanced fuel consumption rate and local equivalence ratio on positively curved regions
for the test cases studied in this work. This observation is in line with previous studies showing the
enhanced burning rate/fuel consumption rate based on 2-D/3-D DNS using simple/detailed chemistry,
see, e.g., Rutland and Trouvé [23, 24], Haworth and Poinsot [25], Day et al. [27], Aspden [28], Lee et
al. [29], and Rieth et al. [30].

4. Concluding remarks

The open-source CFD toolbox OpenFOAM was utilized to perform quasi-DNS of premixed turbulent
ammonia/hydrogen/air flames with detailed chemistry and mixture-averaged transport model. The
blending ratio indicating the amount of hydrogen concentration in the pure ammonia was equal to 0.4.
The non-dimensional turbulence intensity was varied from 4 to 10, and the non-dimensional integral
length scale was fixed to 3.5. Therefore, the turbulent Karlovitz number was varied from 4.28 to 16.90
indicating that all the test conditions are located within the thin reaction zones combustion regime. The
chemical kinetic mechanism developed by Stagni consisting of 31 species and 203 reactions was used,
and the recently developed open-source dynamic load balancing model (DLBFoam) was utilized to over-
come the computational load imbalance between processors. These simulations should be considered
as large-scale simulations in the OpenFOAM framework, and they are completely enabled by the recent
DLBFoam package. The main findings are summarized as follows:

1. Under the turbulent conditions, the conditional mean profiles of NH; and H,O were relatively
identical to their counterpart profiles of the reference laminar flame, while the conditional mean
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profiles of H, and H deviated from their reference laminar flame due to the preferential diffusion
effect and the turbulent mixing.

The averaged value of the density-weighted flame displacement speed was higher than the
unstrained premixed laminar burning velocity across the flame brush. Therefore, the flame ele-
ments, on average, propagate faster than the unstrained premixed laminar flame.

The probability density function of the density-weighted flame displacement speed and its com-
ponents became wider with increasing the Karlovitz number. The reaction (normal diffusion)
component of the density-weighted flame displacement speed was positive (negative) within the
reaction zone layer, and the most probable value of the tangential diffusion component was
around zero. In addition, the density-weighted flame displacement speed is negatively corre-
lated with the flame front curvature.

The turbulent burning velocity and the wrinkled flame surface area increased about 35% with
increasing the Karlovitz number from 4.28 to 16.90. In addition, the flame stretch factor was
higher than unity indicating that the Damkohler’s first hypothesis is not valid for the test cases
studied in this work.

The mean value of the local equivalence ratio across the flame brush under turbulent conditions
deviated from its laminar counterpart. Furthermore, the local equivalence ratio was shown to be
positively correlated with the flame front curvature, and this observation could be attributed to
the preferential diffusion of hydrogen.

The diffusion flux of molecular hydrogen was positively correlated with the flame front curvature
indicating the enhanced preferential diffusion of molecular hydrogen from the reactants into the
positively curved zones. Furthermore, the diffusion flux of atomic hydrogen was shown to be
negatively correlated with the flame front curvature, and it was shown to be intensified towards
the unburned region under negatively curved regions.

Results show that the net production rate of the molecular hydrogen was strongly dependent on
the flame front curvature, and the absolute value of the net production rate of hydrogen was
higher under positively curved regions. This could be reflected as the enhanced burning rate
under positively curved regions.
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Abstract. The main objective of this study was to analyze some of the most harmful pollutant gases
emitted by a diesel engine fueled with blends of non-recyclable plastic-based pyrolytic fuel (PPF) and
ultralow-sulfur diesel fuel. Engine performance was also analyzed, monitoring brake-specific fuel con-
sumption (BSFC) and brake-thermal efficiency (BTE). The test dynamometer was DYNAS3 LI 225 by
Horiba (Kyoto, Japan) where 9 stationary tests were programed: low load (50 Nm) at 1400, 2000 and
2600 rpm, medium load (100 Nm) at 1400, 2000 and 2600 rpm and high load (150 Nm) at 1400, 2000
and 2600 rpm. The test bench includes a 190 hp Nissan-Renault twin-turbocharged direct-injection die-
sel engine. To measure gas emissions, a Horiba MEXA 7100D was used. PPF/diesel fuel blends at
10%, 20% and 30% v/v (P10, P20, P30) were used. Under low-speed conditions, CO emissions in-
creased up to 30% when the blends were used. However, this increase was reduced to 10% when the
speed increased from 1400 to 2600 rpm. It was also observed that the higher the load, the lower the
CO emissions. In contrast, the higher the PPF content in the blends, the lower the NOx emissions. At
low engine speed, considering low and high load tests, the higher decrease was achieved (36% and
34%, respectively). This trend was repeated for middle speed, decreasing NOx emissions around 32%
for P30 blend. Considering BSFC, a slight reduction was observed with the addition of PPF, since the
lower heating value of the pyrolytic fuel was slightly higher than that of diesel fuel. It may be concluded
that the production and use of pyrolytic fuel from non-recyclable plastics is a viable option to solve the
problem of plastic waste discharge in landfills and oceans.

Notation

BSFC Brake specific fuel consumption.

BTE Brake thermal efficiency.

CLD  Chemiluminescence detector.

DOC Diesel oxidation catalyst

DPF Diesel particulate filter

HHV  High heating value

LHV  Lower heating value

NDIR Non-dispersive infrared detector

P10  Fuel/pyrolytic plastic oil blends at 10% v/v
P20  Fuel/pyrolytic plastic oil blends at 20% v/v
P30  Fuel/pyrolytic plastic oil blends at 30% v/v
PPF  Non-recyclable plastic-based pyrolytic fuel
ULSD Ultra-low sulfur diesel fuel

1. Introduction

Since the 1950s, with the beginning of worldwide plastic production, a new era dawned. Due to
its low weight, versatility, physicochemical properties and low production cost, plastic has a fundamental
role in packaging, electronic equipment, automotive industry, and construction materials, replacing tra-
ditional resources (glass, metal and ceramics) [1]. In Europe, 50.7 million tons of plastic were consumed
in 2019. As a result of this demand, 29.1 million tons of post-consumer waste were collected. Around
25% ended up in landfills without the possibility of recycling or being used for energy recovery [2].
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Waste plastic management is one of the challenges that society faces today. Mechanical recy-
cling is presented as the least polluting treatment. This process consists in griding the plastic waste to
a new feedstock. A series of pre-treatments, such as sorting by color and plastic type, washing, etc. are
necessary, which makes it only viable when the raw material is in perfect condition [3].

In Spain, mechanical recycling rate supposes 42% of total plastic waste treatment. However,
39% of post-consumer plastic waste ends up in landfills [2]. Therefore, to achieve the goal of zero dis-
charges of plastic waste to landfills, the rate of energy recovery needs to be increased. The easiest way
to obtain energy from plastic waste is by direct incineration, using the waste as fuel in a boiler, to produce
electricity. However, the net impact of incineration on climate change is around 60% higher than other
energy recovery processes, such as pyrolysis [4]. Pyrolysis consists on thermal degradation (400-600
°C) of plastic waste under an inert atmosphere. The obtained products are composed of a gaseous
fraction composed by hydrogen and light hydrocarbons (C1-C5), a liquid fraction with similar properties
to traditional fossil diesel fuel (C5-C20) and char, as solid residue [5-6].

One of the main economic activities in Andalusia derives from greenhouse agriculture. More
precisely, in Almeria area, there are more than 40,000 ha covered with plastic, which produce a large
amount of plastic waste with a high degree of soiling [7]. Pyrolysis is shown as a way to recycle this
plastic, thus improving this productive process, within the framework of circular economy.

91.2% and 96.3%, considering light and heavy commercial vehicles, respectively, are powered
by diesel engines [8]. Therefore, the production of non-recyclable plastic-based pyrolytic fuel (PPF) for
compression ignition engines (CIE), would help to achieve the targets set in the European Strategy for
Circular Economy [9] while providing a solution to the problem of fuel prices and energy shortages de-
rived from the use of fossil fuels.

Another challenge for the European Government is to reduce pollutant and greenhouse gas
emissions in the transport sector [9-10]. For this reason, several research works have studied the per-
formance and emissions of PPF blends in conventional diesel engines. So, waste management would
not lead to an increase in air pollution.

To evaluate the effect of PPF and fuel blends, most authors performed stationary tests on a
single-cylinder diesel engine. Kumar et al. [12] found a reduction in brake thermal efficiency (BTE) and
CO emissions, while brake specific fuel consumption (BSFC) and NOx emissions increased. In contrast,
other researchers observed a decrease in BSFC and an increase in BTE, as a result of the higher PPF
high heating value (HHV) compared to conventional diesel fuel [12-13]. The pyrolytic fuel tested by
Churkunti et al. [15] showed higher cetane number and kinematic viscosity, which led to the reduction
of the most efficient combustion phase (premixed combustion). However, the large pyrolytic fuel lower
heating value (LHV) caused BSFC to remain constant. In terms of pollutant emissions, a reduction in
NOx, CO and hydrocarbon (HC) associated with the decrease in aromatic content and the change to
saturated bonds was found.

Testing PPF/diesel fuel blends in a four-cylinder diesel engine, Tomar et al. [16] observed a
9.6% and 30% decrease in BSFC and pollutant emissions (NOx, CO), respectively, and 12.2% increase
in the BTE. On the other hand, Kalargaris et al. [17] found that a higher PPF content at lower loads
increased ignition delay. As consequence, BTE slightly decreased, but NOx emissions dramatically in-
creased.

The main objective of this study is to analyze, for the first time, the feasibility of the use of
pyrolytic fuel derived from non-recyclable agricultural plastic waste (from Andalusian greenhouses) in
conventional 4-cylinder diesel engines. For this purpose, physicochemical properties, most harmful
emissions and engine performance of the pyrolytic fuel, straight and blended with diesel fuel, are meas-
ured and compared with those derived from the use of straight diesel fuel.

2. Materials and methods

2.1 Fuels

Commercial automotive ultra-low sulfur diesel fuel (ULSD) including 7% biodiesel was acquired
from E.S. La Lancha (Cordoba, Spain). Pyrolytic plastic waste fuel (PPF) was supplied by Hintes Oil
Europa (Almeria, Spain). As pyrolytic fuel come directly from the production plant without any post-
treatment, a 50 pm filtration was performed to remove all solid contaminants. Also, 5% v/v was removed
from both the head and distillation tail to eliminate part of the volatile and heavy substances that the
gross fuel might contain.

Analysis of physicochemical properties was carried out according to the test methods specified
in EN 590 standard or its equivalent in American standard (ASTM). To measure the density of fuels at
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15°C, the hydrometer method described in ISO 3675 was followed. As the ambient temperature differed
by more than 2°C from the test temperature, a cold bath to keep the test conditions was needed. 0.700-
0.800 and 0.800-0.900 g/ml Proton (Barcelona, Spain) hydrometers were introduced in a 100 ml meas-
uring cylinder, which guaranteed a free height of at least 25 mm when the hydrometer was floating at
the time of measurement.

Kinematic viscosity (v) was measured with Proton (Barcelona, Spain) Cannon-Fenske visco-
simeter. The Series 75 viscometer complied with the test conditions described in ISO 3104, where the
test time was set to at least 200 s. According to ASTM D86 standard (test method equivalent to ISO
3405, included in EN 590), the distillation curve was provided. Atmospheric distillation tester OptiDist by
PAC (Houston, EEUU) was the equipment used. Cetane index (Cl) was calculated by the four-variable
equation, Eqg. (1), described in ISO 4264. The temperatures of 10, 50 and 90% v/v distillation recovery
and the density were the four variables necessary to get the CI.

IC = 45.2 + 0.0892T;on + (0.0131 4+ 0.901B) Tsqy + (0.0523 — 0.42B) Tyopn + -+ (1)
-+ 4 0.00049 (T3 N — TZ)y) + 107B + 60B?

Tion= (Temperature (°C) of 10% v/v distillation recovery) — 215

Tson= (Temperature (°C) of 50% v/v distillation recovery) — 260

Toon= (Temperature (°C) of 90% v/v distillation recovery) — 310

- e(—0.00351)N)—1

Dn= D-850

= Density (kg/m3) at 15°C

To determine of carbon, hydrogen, nitrogen and sulfur (CHNS) content of the tested fuel and
blends, the Elemental Analyzer 3100 by EuroVector (Pavia, Italy) was used. This equipment achieves
the quantitative analysis of one milligram sample in three steps: in the first step, controlled combustion
of the sample at a high temperature takes place, synchronizing the sample admission with the pressur-
ized oxygen injection. Subsequently, combustion gases are separated in the gas-chromatograph (GC)
column using helium as carrier gas. Finally, a thermal conductivity detector (TCD) was used to determine
the quantity of each combustion product and, consequently, CHNS content.

HCP 842 CFPP+ Herzog by PAC (Houston, EEUU) was the automatic cold filter plugging point
analyzer chosen to measure the low temperature operability of fuels, as described UNE-EN 116. IKA C
200 (Staufen, Germany) calorimeter was used to determine HHV, following the measurement method
described in ASTM D240. Flash point is an essential property related to shipping and storage of flam-
mable substances. Setaflash Serie 3 by Stanhope-Seta (Chertsey, UK) was the closed cup flash point
tester used to determine the flash point for the tested blends, following ISO 2719. The content of highly
volatile compounds within PPF resulted in a flash point below ambient temperature. To get a flash point
value under the ambient temperature, the fuel and test cup needed to be cooled.

2.2 Experimental setup

To carry out the analysis in DYNASS3 LI 225 test stand by Horiba (Kyoto Japan), nine stationary
test points, described in Table 1, were selected. As shown in Table 1, for each engine load (low, medium
and high), three engine speed values were selected. Selected engine speed values were in the range
between 1400 and 2600 rpm. These points have been chosen covering the most used area of the engine
map in both intraurban and extra-urban conditions of a light-duty vehicle. Also, as high load rises tem-
perature inside the cylinder, thus decreasing the PPF influence on performance and emissions, it was
important to test the influence over engine speed.

Before starting the measurement of each test point, the engine was warmed up for 20 min, at
2000 rpm and 150 Nm, followed by 20 min of stabilization. Engine speed and load demanded at each
point were programmed. Finally, both pollutant gas emissions and fuel consumption were measured in
three 300 s stages.

The test bench was equipped whit a four-cylinder, direct-injection, twin-turbocharged diesel en-
gine, provided by Nissan- Renault (Boulogne-Billancourt, France). Its main specifications are described
in Table 2.

MEXA 7100D analyzer, by Horiba (Kyoto, Japan) was used to measure the pollutant gas emis-
sions (NOx and CO). The measuring probe was connected to the exhaust pipe, after the diesel particu-
late filter (DPF) and diesel oxidation catalytist (DOC). To ensure that hydrocarbons from the exhaust
gas were in the gaseous phase at the time of measurement, to transport the sample from the exhaust
pipe to MEXA 7100D, a 191°C heated line was used. This instrument is composed of two measuring
units. The first unit measures NOx emissions using a chemiluminescence detector (CLD) which allows



4 J. Tejada-Hernandez, M. Carmona-Cabello, J. A. Serrano, S. Pinzi, M. P. Dorado

a very accurate NO measurement. In addition, it incorporates a reduction catalyst that converts NO:2 to
NO, so that all the NOx can be detected by CLD. CO is measured by a non-dispersive infrared detector
(NDIR), in the second measuring unit. The analyzer is composed of two chambers into which the sample
of exhaust gas and the reference gas, respectively, are introduced. An infrared light beam is passed
through these two chambers, which causes the expansion of the gases due to light absorption. Meas-
uring the pressure increase in the sample chamber with a pressure transducer and comparing it with
the pressure increase in the reference gas chamber, the concentration of CO in the exhaust gas is
determined.

Table 1. Test matrix

Test number Engine speed Torque

(rpm) (N-m)
1 1400 50
2 1400 100
3 1400 150
4 2000 50
5 2000 100
6 2000 150
7 2600 50
8 2600 100
9 2600 150

Table 2. Diesel engine specification

Model YS23DDTT

Motor type 4-strokes, 4-cylinder, twin-turbocharged intercooled
Fuel injection system Common rail 2000bar Piezo Injector

Cylinder 4

Bore 85.0 mm

Stroke 103.3 mm

Conrod length 154.5 mm

Displacement 2298 cm?®

Compression ratio 154
Maximum power 140 kW at 3750 rpm
Maximum torque 450 Nm at 1500-2500 rpm

FQ-3100DP by Horiba (Kyoto, Japan) was used to measure fuel consumption, ensuring a con-
stant pressure difference (5 bar) between fuel tank outlet and high-pressure pump inlet. For this purpose,
a very accurate differential pressure sensor measures the pressure difference and acts on the servo-
motor coupled to the gear pump, to keep the set point signal. By measuring the speed of the servomotor,
the fuel flow rate consumed by the engine is determined.

3. Results and discussions

3.1 Physicochemical properties of the tested blends

As shown in Table 3, most significant physicochemical properties of the proposed blends are
within the limits set by the Automotive fuel-Diesel-Requirements and EN 590. However, plastic waste
pyrolytic oil properties are highly dependent on the starting feedstock.

Distillation curve allows determining the heavy and light compounds present in fuel from its
boiling point. Depending on the distillation curve shape, engine performance and emissions can be pre-
dicted. A high percentage of distillation recovery at low temperature is associated with the presence of
volatile compounds that can lead to vapor lock problems and poor fuel atomization. [18]. On the other
hand, a high boiling temperature at the end of the curve shows the presence of heavy compounds that
result in smoke formation and incomplete combustion, decreasing engine performance [19]. As shown
in Table 3, all blends fulfill the limit of standard for which 65% of the distillate recovered must be achieved
above 250°C. Although the light fraction (up to 20% of distillation recovery) has a low impact on the
engine performance, the light hydrocarbon content is crucial for other fuel properties, such as kinematic
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viscosity, density, flash point or cold filter plugging point. Regarding standard limitations for the heavier
fraction, all blends have a temperature below 350°C for 85% of the distillation recovery; however, the
boiling temperature of 95% of distillation recovery is slightly above 360°C. So, to use the pyrolytic fuel
blends in automotive diesel engines, 10% of the PPF distillation tail of the PPF needs to be removed to
achieve a final boiling point similar to that of diesel fuel.

Density has great importance in the correct operation of the injection system. The injector design
is optimized for the strict density limits of automotive diesel fuel (820-845 kg/m?), so a higher fuel density
results in the formation of larger droplets during the injection process, worsening engine performance
and emissions [20]. The loop control of the injection system is programmed on a volumetric basis, so if
a fuel with a density lower than the minimum standard threshold, as pure pyrolytic fuel (P100=783 kg/m3)
is introduced, the air/fuel ratio demanded by the engine would not be achieved [21]. In addition, fuel is
also sold by volume, so fuels with a lower density provide a lower amount of energy for the same price.
As shown in Table 3, P30 blend density (821 kg/m?) is close to the lower limit, so the correct injection
system operation is not ensured with a content of PPF above 30% v/v in the blend.

The flash point is very important to ensure the safe transport and storage of liquid fuels. This
property measures the lowest temperature at which the vapors of a fuel sample are ignited when an
ignition source is approached, under certain test conditions [22]. Results for the three pyrolytic blends
(Table 3) show that the higher PPF content in the blend, the lower the flash point. This is due to the high
percentage of light hydrocarbon and volatile compounds contained in the waste plastic pyrolytic oils.
Results are in agreement with the low values obtained for kinematic viscosity, initial boiling point and
density observed for the pyrolytic blend. To improve flash point and increase it above the lower standard
threshold, it is necessary to remove the light hydrocarbon content by distillation, keeping only the fraction
that has a boiling range equal to that of diesel fuel (160-350°C) [20-21].

As density, kinematic viscosity is a key property for the proper performance of the injection
system. Fuels with a high kinematic viscosity provide a higher resistance to flow through the injection
system pipes. As a result, a higher pumping power is required, thus reducing the pumping system life-
time and decreasing engine performance [25]. On the other hand, lower viscosity fuels can lead to a
fuel spill in the fuel pump or fuel injectors, resulting in injector jetting and poor homogenization of the
fuel in the combustion chamber [26]. As can be seen in Table 3, all kinematic viscosity values of
PPF/diesel blends are within the standard limits. Straight pyrolytic oil (P100) has a kinematic viscosity
below the lower standard limit, so the higher the percentage of PPF in the blend, the lower the kinematic
viscosity. It is known that kinematic viscosity increases with chain length in aliphatic hydrocarbons [27].
Thus, reduction in kinematic viscosity is associated with the presence of light (short chain) hydrocarbons
in PPF. In this case, as all blends complied with the regulation limit, there was no need to improve the
kinematic viscosity of pyrolytic fuel. But if PPF content in the blend were to be increased, the light com-
pounds would have to be removed by distillation.

Cold filter plugging point (CFPP) determines the lowest temperature at which proper fuel flow
through diesel engine fuel filters is maintained. As shown in distillation curve and CFPP values (Table
3), the presence of heavy hydrocarbons in pyrolytic fuel limits CFPP value of blends. Despite this limi-
tation, all blends comply with CFPP standard for diesel fuel under winter conditions. The presence of a
high percentage of light hydrocarbons in the pyrolytic fuel compensates the effect of heavy hydrocar-
bons, thus keeping CFPP at optimum levels.

One of the most important parameters in CIE combustion control is the ignition delay time (time
between injection and auto-ignition points). Fuels with a higher autoignition tendency will result in a
shorter ignition delay and, consequently, better combustion performance. The property that measures
fuel autoignition tendency and therefore its performance during combustion is cetane number [28]. Given
the difficulty to experimentally determine cetane number, cetane index is used to give an approximation
of the combustion performance of the tested fuels. According to results described in Table 3, the higher
the PPF content in the blend, the improved the combustion performance. Other authors who studied
distilled plastic waste oil observed this trend [28-29], but most works with plastic waste oil showed an
increase in cetane number, as a result of the high heavy hydrocarbon content [31].

HHV is also closely related to combustion process behavior. HHV refers to the amount of energy
per unit mass contained in fuel. Considering experimental HHV values, lower heating values (LHV) are
calculated using equation (2).

LHV = HHV — (hgg my,0)/me,n, 2)

Where, htg is the heat of vaporization, My, is the fuel mass and my,, is the mass of the water

produced during combustion, calculated from the stoichiometric equation of the combustion reaction
(equation 3).



6 J. Tejada-Hernandez, M. Carmona-Cabello, J. A. Serrano, S. Pinzi, M. P. Dorado

y y y 3
Gy + (x+2) (0, +3.76 N) > x €O, +2 H,0 + (x +2) 376N, 3

Where, x and y are the number of the atoms of carbon and hydrogen present in the fuel, obtained
from the elemental analysis from Table 3.

Thus, a fuel with a higher LHV will have a higher potential to release heat during the complete
combustion, which will result in lower BSFC. As can be seen in Table 3, LHV has no limits in EN 590.
LHV of pyrolytic fuel is slightly higher than that of diesel fuel, so a slight reduction in BSFC is expected
for the blends with a higher percentage of PPF.

From elemental analysis shown in Table 3, it can be deduced that the addition of PPF to diesel
fuel leads to a slight reduction in C/H ratio.

Table 3. Properties of tested straight fuels and blends (experimental value)

Properties ULSD P10 P20 P30 P100 EN590 limits
Density at 15°C (kg/m3): EN 3675 835 828 824 821 783 820 - 845
Kinematic viscosity at 40°C (mm?2/s): EN3104 343 305 3.03 276 199 2.00-45
Flash point (°C): EN 2719 585 37 36.7 29.7 10 > 55
CFPP (°C): EN 116 -16 -11 -11 -11 -10

-Winter (31 Oct-31 Mar) <-10
-Sumer (1 Apr- 30 Sept) <0
Distillation temperature (°C): ASTM D 86

Initial boiling point 157.3 1442 121.8 108.2 66.7

10% of recovery 199.8 189.3 174.3 170.2 135.3

20% of recovery 220.5 2157 204.3 1958 1515

30% of recovery 2447 241.1 233.2 2258 165.6

50% of recovery 279 278 274 270.6 231

65% of recovery 301.1 3015 299 297.9 276.6 >250
85% of recovery 332 335.8 335.6 336 348.3 <350
90% of recovery 3475 348.4 349.1 3416 367.9

95% of recovery 354.1 366.4 368.6 369.6 380.7 <360
Cetane Index: EN 4264 535 557 559 56.1 581 >46
LHV (kJ/kg) 45368 45569 45778 45921 47040

Nitrogen content (%) 0.082 0.077 0.072 0.067 0.033

Carbon content (%) 85.25 85.14 85.04 84.93 84.19

Hydrogen content (%) 13.98 14.02 14.06 14.10 14.38

ULSD ultra-low sulfur diesel fuel; P10, P20, P30 fuel/pyrolytic plastic oil blends at 10%, 20% and 30%
v/v; P100 pure pyrolytic plastic oil; CFPP cold filter plugging point; HHV high heating value

3.2 Pollutant emissions

3.2.1 CO emissions

CO emissions from diesel engines is mainly related to incomplete combustion, lack of oxygen and a
poor homogenization of the fuel during the combustion process. Due to the toxicity, the study of the
effect of ULSD/PPF blends on the CO emission is needed [32].

Fig. 1 shows a decrease of about 50% in CO emissions when going from low (50 Nm) to medium
(100 Nm) load at any engine speed and fuel. CO emission reduction from middle (100 Nm) to high load
is not as large, with values slightly lower than the values for medium load. As can be seen in Fig. 1 (A)
and (B), CO emissions are directly proportional to PPF content in ULSD/PPF blends, when the engine
is running at low to middle engine speed (1400-2000 rpm). It can be found a 30% increase in CO emis-
sions when P30 blend is introduced into the engine, for the operating points where the combustion
process is more inefficient (points no. 1 and 4). For high engine speed, Fig. 1 (C), the increase in CO
emissions of ULSD with respect to the blend with the highest ratio of PPF (P30) is reduced to 10%.

Poor homogenization of the pyrolytic blends during the injection, due to the reduction of kine-
matic viscosity [26], can lead to a high fuel/oxygen ratio in certain regions of combustion chamber. Ox-
ygen in these areas is insufficient for oxidation of all hydrocarbons, producing an increased in CO emis-
sions. Also, presence of heavy hydrocarbons in PPF blends observed in distillation curve (Table 3) can
be related to CO increase. Mangesh et al. [33] observed that the latent heat of vaporization of C20
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hydrocarbons was twice that of C10, as well as that of C30 with respect to C20. Because of the increase
in the fuel latent heat of vaporization when heavy hydrocarbons are injected, fuel droplets may appear
in cold regions causing an increase in CO emissions. Despite the observed increase in CO emissions
with pyrolytic fuel blends, CO is not among the most dangerous diesel engine pollutants. Oxidation
catalytic converters (DOC) installed in all vehicles convert most CO into COx.
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Fig. 1. CO emissions for 9 stationary test points: A) low, middle and high load at low engine speed (1400 rpm);

B) low, middle and high load at middle engine speed (2000 rpm); C) low, middle and high load at high engine
speed (2600 rpm)

3.2.2 NOx emissions

With the implementation of higher Euro emission standards, exhaust emission limits for diesel vehicles
have been reduced to minimum values. However, periodic technical inspection, which is responsible for
verifying compliance with limits, has focused only on black smoke. This has resulted in NOx being the
most harmful diesel engine exhaust pollutant today [34]. Due to the dangerousness of this pollutant gas,
in this work, the effect of pyrolytic fuels has been studied.

As can be seen in Fig. 2, the higher the pyrolytic fuel content (for any engine speed and load
regime), the lower the NOx emissions. In the case of low-speed tests (Fig. 2 A), the combustion of P30
blend results in a reduction, compared to ULSD, of 34% and 36%, at low and high load, respectively.
However, at middle-load, this reduction is only of 13%. The same trend is observed in middle and high
engine speed (Fig. 2 B-C). Although at 2000 rpm (Fig. 2 B) there is no difference between ULSD and
P10 blend, P30 blend reduces NOx emissions by about 32% at middle-speed.

An unusual trend in NOx emissions with respect to load has been observed. For all tested engine
speeds, NOx emissions decrease from low to medium load, and increase again from medium to high
load. This behavior can be explained by the Zeldovich formation mechanism, which exponentially relates
the NOx formation to the combustion chamber temperature [35]. As it has been observed by other au-
thors [15, 35], the increase in NOx emissions at low load is due to the increase in air/fuel ratio. A higher
presence of oxygen atoms promote oxidation which increase temperature during combustion.

As shown in Table 3, the cetane index increases with the content of PPF in the blends. As a
consequence, the ignition delay time decreases and the heat release rate during the premixed combus-
tion stage is reduced. These changes result in a reduction of the peak temperature in the combustion
chamber, thus reducing NOx formation. Reduction of NOx emissions and its relationship with the in-
crease of blend cetane number is in agreement with several previous works [28-29, 37].
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Fig. 2. NOx emissions for 9 stationary test points: A) low, middle and high load at low engine speed (1400 rpm);
B) low, middle and high load at middle engine speed (2000 rpm); C) low middle and high load at high engine
speed (2600 rpm)

3.3 Engine performance

3.3.1 Brake Specific Fuel Consumption

BSFC determines the ratio between mass fuel consumption per unit time and brake power [38]. The
specific fuel consumption was measured by the FQ-3100 DP by Horiba (Kyoto Japan) and the effective
brake power was measured from the power demanded to test stand DYNAS3 LI 225 by Horiba (Kyoto
Japan). Ananthakumar et al. [39] showed that the higher the fuel kinematic viscosity, the higher the
BSFC, due to poor mixture atomization. Fuel density is also related to BSFC since lower density fuels
introduce a lower fuel mass for the same volume [21]. As can be observed in Table 3, both kinematic
viscosity and density decrease with the increase in PPF ratio in the blends.

Fig. 3. shows the relationship between BSFC and load for three constant engine speeds. At low
engine speed (Fig. 3 A), a progressive reduction in BSFC is seen for all fuels, indicating that the engine
becomes more efficient with increasing load. Reduction in BSFC from low to medium load increases for
middle and high-speed tests. In these cases, instead of a progressive reduction in load, the specific fuel
consumption is reduced by about 25%, remaining constant for tests no. 6 and 9, at high load.

As shown in Fig. 3, BSFC values are similar for ULSD and PPF/ULSD blends at almost all test
points. Only at low speed, a slight trend of BSFC reduction is observed with increasing PPF content in
the blends. Panda et al. [30] also showed a BSFC reduction when fueled a diesel engine with PPF from
waste polypropylene. The observed BSFC reduction is due to the increase in HHV of PPF/ULSD blends.
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Fig. 3. Brake Specific Fuel Consumption for 9 stationary test points: A) low, middle and high load at low engine
speed (1400 rpm); B) low, middle and high load at middle engine speed (2000 rpm); C) low middle and high load
at high engine speed (2600 rpm)

3.3.2 Brake Thermal Efficiency

As expected, Fig. 4 shows an increase in brake thermal efficiency with increasing load for all fuels,
inversely proportional to BSFC (Fig. 3). This is because that increasing load, the ratio of mechani-
cal/pumping losses to effective fuel energy decreases [40].

Asin Fig. 3, no trend is observed that relates BTE to the pyrolytic fuel content, since both heating
value and BSFC are similar for all fuels and test points, respectively. The fact that BTE of ULSD/PPF
blends and ULSD is constant regardless PPF content ensures the correct engine performance.
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Conclusions

The feasibility of using pyrolyzed plastic residues (from Andalusian greenhouses) as diesel engine fuel
has been demonstrated. In fact, this study has shown that the development of alternative fuels from
non-recyclable plastic waste (PPF) is a solution to the problem of plastic waste management and plastic
waste discharge to oceans. PPF/diesel fuel blends have physicochemical properties like those of
straight diesel fuel, besides improved cetane index and increased lower heating value. As a conse-
quence, the higher the PPF content in the blend, the lower the NOx emissions; engine performance
being slightly improved. Thus, a new concept of circular economy for plastics has been proposed.
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Abstract.

In order to accomplish the commitments reached in the Paris Agreement, the European Union has re-
cently published a package of proposals, known as Fit for 55. Among the different proposed measure-
ments, the target of renewable energy in the transport sector has become more challenging by aiming
to achieve the 13% GHG (Greenhouse Gases) intensity reduction target for energy in transport. This
objective means that it will be necessary to increase the content in renewable components in liquid fuels
in the coming years.

In this context, a 100% renewable gasoline fulfilling EN228 has been formulated. The designed gasoline
has been adapted to meet Worldwide Fuel Charter requirements.

The performance of the designed gasoline, in comparison to a commercial one, has been tested in a
light-duty Euro 6-b vehicle without GPF (Gasoline Particulate Filter) under the WLTC (Worldwide har-
monized Light vehicles Test Cycles) cycle and full load acceleration cyles. From this testing, it has been
demonstrated that the designed renewable gasoline presents a similar behavior to that of conventional
gasoline. No significant differences were found regarding emissions, fuel consumption, spark timing or
boost pressure, apart from higher particle emissions when using renewable gasoline, which was at-
tributed to higher aromatic content and poorer volatility as compared to the conventional fuel. Neverthe-
less, it is supposed that last generation vehicles fitted with GPF will keep particle emissions bellow Euro
limits.

Finally, a Life Cycle Analysis (LCA) has been performed to compare GHG emissions levels considering
different scenarios. The comparison includes the LCA of an internal combustion engine vehicle (ICEV)
using the designed renewable gasoline and conventional gasoline versus battery electric vehicles, con-
sidering the current energetic mix for electricity and 100% renewable electricity. On an LCA basis anal-
ysis, the use of the designed renewable gasoline in ICEV would lead to an important reduction on GHG
emissions compared to the use of mineral fuels. This reduction is potentially higher than the reduction
that could be achieved by a BEV using electricity produced under different European electric mix sce-
narios.

Notation

BEV  Battery Electric Vehicle

BtL  Biomass to Liquid

ETBE Ethyl Tert-Butyl Ether

EtG  Ethanol To Gasoline

FAME Fatty Acid Methyl Esthers

FFV  Flexi-fuel Vehicles

GHG Greenhouse Gases

GPF  Gasoline Particulate Filter

HVO Hydrotreated Vegetable Oil

ICEV Internal Combustion Engine Vehicle
LCA Life Cycle Analysis

MTBE Methyl Tert-Butyl Ether

OBD On-board diagnostics

RED Renewable Energy Directive

RON  Research Octane Number

WLTC Worldwide harmonized Light vehicles Test Cycles
WWFC Worldwide Fuel Charter
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1. Introduction

Climate change and the increase in global temperature are mainly attributed to the emission of
greenhouse gases (GHG) derived from human activity. In this sense, the Paris Agreement reached in
December 2015 at COP21 by the United Nations, established ambitious objectives aiming to stop these
phenomena. The participant countries committed to keep the temperature 2°C below global tempera-
tures in the pre-industrial period and limit the increase to 1,5°C above such levels.

According to the last data available, the transport sector was directly responsible for almost 25%
of greenhouse effect emissions and for the consumption of more than 30% of final energy in the Euro-
pean Union. Within the transport sector, road transport accounts for almost 72% of these emissions due
to the consumption of fossil fuels [1].

In this context, the European Commission has recently adopted a package of proposals, called
“Fit for 55” to make the European Union's climate, energy, land use, transport and taxation policies fit
for reducing net greenhouse gas emissions by at least 55% by 2030, compared to 1990 levels [2,3].
This EU new objectives scenario requires higher shares of renewable energy sources in an integrated
energy system than the currently established. The present EU target of at least 32% renewable energy
by 2030, set in the Renewable Energy Directive (REDII), is not sufficient and needs to be increased to
38-40%, according to the Climate Target Plan [4,5].

Within this framework, specific targets are proposed for renewable energy in different sectors,
being the transport one of the main targets, given the difficulty to the decarbonize such sector. One of
the proposals is to replace the 14% objective for renewable energy in transport in 2030 with a 13% GHG
intensity reduction target for energy in transport. This change increases the ambition level of the
transport target, considering that a greater amount of renewable fuel is needed to achieve a 1% GHG
reduction than a 1% of energy [3]. Therefore, a higher amount of renewable fuels will have to be included
in the gasoline and diesel blending pools to meet EU targets.

The integration of larger amounts of renewable fuels will not happen immediately, as their in-
corporation is limited by fuel quality legislation. In Europe, the use of renewable components in fuels is
limited by existing regulations, EN228 and EN590 [6,7], for oxygenates in gasoline and FAME (Fatty
Acid Methyl Esthers) in diesel, respectively. In the case of gasoline, there is a limitation on the incorpo-
ration of oxygenates, including methanol, ethanol, MTBE (Methyl Tert-Butyl Ether) or ETBE (Ethyl Tert-
Butyl Ether), which can contribute to the renewable character of the final fuel. In addition, the oxygen
content in gasoline is limited to 3,7%m/m, so the final amount of oxygenates that can be incorporated is
also restricted by this limitation. In the case of diesel, FAME is limited to a maximum content of 7%v/v.
Technical regulations do not limit any other type of biocomponent, nor the type of feedstock or process
used to produce fuel biocomponents, being the only requirement that the final fuel meets the technical
specification.

On the other hand, it is also important to consider that the availability of renewable fuels and
components is currently limited, given that most of such fuels have not reached commercial scale of
application due to the limitations in production or consumption processes and technologies. Alternative
fuels can be produced from different raw materials and production processes, but they need to be pro-
duced through a sustainable and clean procedure, without additional emissions of carbon dioxide [8].

In the case of gasoline, the most used biocomponent is bioethanol, which can be produced from
any biological feedstock that contains appreciable amounts of sugar such as starch or cellulose by con-
ventional fermentation [9,10]. As previously mentioned, EN228 [6] limits the maximum content in ethanol
to a maximum of 10%v/v; however, ethanol enriched mixtures such as E85 (85%v/v bioethanol/15% v/v
conventional gasoline) can be used in cars with specially designed engines, designated as flexible-fuel
vehicles (FFVs), which are not commonly used in Europe. E85 mixtures cannot be used in conventional
vehicles because ethanol, especially in high concentration blends, can cause corrosion of some metallic
components in tanks and deterioration of rubbers and plastics used in internal combustion engines [11].
Bioethanol via catalytic reaction with isobutylene is also used to produce ETBE to be incorporated in
gasoline formulation, given that it can be incorporated in higher percentages (up to 22%v/v). Other re-
newable oxygenated compounds, which content in gasoline is limited by EN228, have been also studied
as potential blending components for gasoline, mainly biobutanol [12], but also some research has been
done in biomethanol, biopropanol and even bioglycerol [13-15].

The production of other renewable hydrocarbons in the distillation range of gasoline is under
development and the best pathway(s) to produce such hydrocarbons is still to be defined.

Methanol-to-Gasoline processes using renewable methanol can be used to the production of
renewable gasoline. This process consists of the dehydration of the molecule of methanol to olefins,
which are considered the first hydrocarbon products to be further converted to aromatics through dehy-
drogenation [16]. This type of technology has reached commercial plant scale [17,18].
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Similarly, renewable gasoline can be produced from the Ethanol-to-Gasoline (EtG) process. The
ethanol molecule is dehydrated to ethylene, followed by oligomerization and dehydrogenation
[16,19,20]. The synthetic hydrocarbons obtained in this process meet the quality requirements for motor
fuels used in vehicles with spark-ignition engines, from a chemical point of view [20]. Production plant
has been built and is operated with an approximate production capacity of 22.500 t/year of synthetic
fuels from ethanol, being the main product a mixture of synthetic hydrocarbons in the distillation range
of liquid fuels intended for spark-ignition combustion engines [21].

Some processes intended to produce diesel-like renewable fuels, which already count on a
technical specification in EN15940 [22], may also lead to products in the distillation range of the gasoline.
This is the case of the hydrogenation of vegetable oils, waste and residue fat fractions and non-food
grade vegetable oil fractions [23-25]; the BtL (Biomass to Liquid) routes that combine different feed-
stocks, such as microalgae, tall oil pitch, agricultural/forestry residues or non-food energy crops, with
diverse conversion technologies [26,27]; and synthetic fuels, such as e-fuels, that result from the com-
bination of renewable hydrogen and captured CO:2 [28,29]. However, the gasoline-like products from
these processes present high paraffinic content, leading to low octane number, potentially limiting the
incorporation in the formulation of gasoline [16,28-30]. These products could be of interest to produce
renewable gasolines, supposed further cracking and reforming processes, optimized for the conversion
of such a feed are developed [16].

Other processes, such as thermal pyrolysis, hydropyrolysis or liquefaction of ligning, as well as
pyrolysis of wood and other whole biomass or hydrocarbons production from algae are being developed
to produce renewable gasoline [16]. These technologies are at different levels of development, from
projects to pilot plants, with no availability of product at commercial or industrial scale.

Unlike HVO for diesel engines, there is not a 100% renewable gasoline-like fuel, supported by

an international quality standard, that can be readily used in existing vehicles. Nevertheless, recently a
so-called “Blue Gasoline” fulfilling EN228 has been developed [6], with a content up to 33% renewable
components [31], and the development of a 95% bhio-based gasoline also satisfying the current Euro-
pean Normative for gasoline has been announced [32].
Considering the limitations of the use of conventional biocomponents in gasoline and the difficulty to
produce renewable hydrocarbons in the distillation range of gasoline, the objective of this work is to
develop a 100% renewable gasoline fulfilling EN 228 [6]. Besides, the present work aims to design a
formulation according to the highest quality standards required by the main associations of vehicle man-
ufacturers [33]. Finally, a Life Cycle Analysis (LCA) has been performed in order to compare GHG emis-
sions levels considering different scenarios. The comparison includes an internal combustion engine
vehicle (ICEV) using designed renewable gasoline and conventional gasoline and battery electric vehi-
cles, considering the current energetic mix for electricity and 100% renewable electricity.

2. Materials and methods

2.1 Renewable components for gasoline formulation

Different components, preferably renewable, have been used in the present work to design the
different formulations to develop a 100% renewable gasoline aiming to fulfill EN228, European Norma-
tive which gathers the technical specification for gasoline [6]. The list of selected components is detailed
as follows:

Renewable liquid hydrocarbons from Ethanol-To-Gasoline (ETG) process.
Bionaphtha from vegetable oil hydrogenation process

Bioethanol

Bio ethyl-tert-butyl-ether (ETBE)

Isopentane

Besides, additives, including octane booster and conventional multifunctional additives for gas-
oline have been used to achieve the standards and Premium quality as per Worldwide Fuel Charter
[33].

Extended information on the quality of renewable components is described below.
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2.1.1 Renewable liquid hydrocarbons from Ethanol-to-Gasoline Process

Renewable liquid hydrocarbons in the range of boiling point about 27-260°C and composition
from Cs to Ci3 are obtained through the Ethanol-to-Gasoline (ETG) process, an innovative technology
developed by Ekobenz [20,21]. This process is based on the catalytic conversion of bioethanol to hy-
drocarbons and is currently the only such technology working in Europe in an industrial scale. The re-
action of the catalytic conversion of bioethanol to synthetic biohydrocarbons is carried out in two stages:
the dehydration of ethanol and the synthesis of hydrocarbons from ethylene (Equation 1):

n C2HsOH - n H20 + n C2H4 & z CxHy (Equation 1)

As a result, the process irreversibly converts bioethanol into liquid hydrocarbons, gas hydrocar-
bons and water. The reaction products from the process are directed to a separator, where they are
divided into water, liquid biohydrocarbons and gas biohydrocarbons. The liquid biohydrocarbons are
then separated on the distillation column into individual products.

The whole process requires small external electricity supply and due to the exothermic nature
of the process, there is no need to supply heat from outside. The process furnaces are also powered by
gaseous hydrocarbons obtained from the production process itself. This reduces both the emission of
greenhouse gases in the process and significantly improves the process carbon footprint indicators.

The technical specification for the renewable hydrocarbons used in this work is defined by
Ekobenz as in Table 1:

Table 1. Technical Specification for Ekobenz Renewable Liquid Hydrocarbons

Property Units Values Test Method
Density at 15°C kg/m?® 720-775 ASTM D4052
Distillation curve ASTM D86
Evaporated at 70°C, E70 % v/v 15-30

Evaporated at 100°C, E100 % v/v 30-50

Evaporated at 150°C, E150 % v/v 60-75

Final Boiling Point °C Max. 210

Distillation Residue % viv Max. 2,0

Oxygen content %m/m <0,8 EN 1SO 22854
Hydrocarbons content ASTM D5134
Olefins % viv 0-10

Aromatics % viv 30-50

Naphtenes % viv 5-10

n-paraffins % viv 5-15

i-paraffins % viv 20-40

Benzene content % viv <10

Sulphur content mg/kg <30 ASTM D5453
Oxidation Stability min >360 ASTM D525
Washed Gums mg/100 ml <1 ASTM D381
Copper Strip Corrosion test (3h @50°C) Scale Class 1 ASTM D130
Content of impurities mg/kg <10 ASTM D5452
Total halogens content mg/kg <20 EN 14077
Phosphorus content mg/I <0,2 ASTM D3231

Considering the technical specification of the renewable liquid hydrocarbons from Ekobenz,
special attention must be paid to certain properties considering the requirements to achieve the quality
of gasoline fulfilling EN228 quality. The maximum aromatics content in EN228 is limited to 35%uv/v,
whereas the product from Ekobenz may content up to 50%v/v. Another critical parameter is distillation
curve which limits depends on each country climate degrees, in the case of Spanish Regulation RD
1088/2010 [34], required values are E70 from 20 to 54% v/v in winter and from 22 to 56%v/v, E100 from
46 to 74 %v/v and minimum E150 of 75% v/v. The product from Ekobenz would not fulfil Spanish EN228
quality considering distillation curve.
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2.1.2 Bionaphtha from vegetable oil hydrogenation process

Renewable naphtha is made from residual oil via hydrotreatment. Lipid-based feedstock is a
renewable raw material that is fed together with make-up and recycled hydrogen to the reactor where
the chemical structure is modified. Reaction water is separated and directed to wastewater treatment.
Remaining hydrogen sulfide and incondensable gases are removed, and the remaining liquid is distilled.

Renewable liquids are separated into renewable diesel (HVO — Hydotreated Vegetable Oil -)
and renewable naphtha, which can be used as a biocomponent for gasoline or raw material for bioplas-
tics production. The main characteristics highlighted by the manufacturer of the product are density
values, sulphur content and final boiling point according to those of EN228 [6] gasoline. Nevertheless,
given the high content in paraffins it is expected that the product presents poor octane number.

2.1.3 Bioethanol and bio-ETBE

Bioethanol and Bio-ETBE are considered conventional renewable components that are usually
blended in commercial gasoline. The volume to blend of such biofuels in commercial gasoline is limited
by EN228, which allows a maximum 10%v/v ethanol and 22% v/v ETBE; besides, the total amount of
oxygenated compounds is limited by the oxygen content, which maximum limit is 3,7 %m/m in oxygen.

Bioethanol is regarded as a 100% renewable fuel since it is normally produced from residual
and sustainable raw materials through fermentation processes. However, Bio-ETBE is produced from
bioethanol and isobutene (non-renewable origin), thus, it can be considered as 37% e/e renewable [4].

2.2 Additives

Additives are usually added to fossil fuels to improve some properties, aiming to comply with
the current technical specification and/or satisfy specific extra quality properties, such as those gathered
in “Worldwide Fuel Charter”. In the present project, an octane booster additive, based on non-toxic
anilines [35], and conventional multifunctional gasoline additives have been tested.

2.3 Characterization of components and gasoline formulations

The tests for characterization and behavior of gasoline tests are referred in the European Stand-
ard EN228 [6], as well as in the OEMs document “Worldwide Fuel Charter (WWFC)” (ACEA, Auto Alli-
ance, EMA, JAMA) [33]. In the present work, components and gasoline formulations have been charac-
terized according to such requirements and specific tests are shown in Table 2.

Table 2. Analyses of renewable products and formulations

Property Test Method
Appearance ASTM D4176
Density at 15°C ASTM D4052
Distillation curve ASTM D86
Octane Number (RON) ISO 5164
Vapor Pressure (DVPE) ASTM D5191
Washed gums ASTM D381
Oxidation stability ASTM D525
Aromatics content EN 22854
Oxygen Content EN 22854
Olefins content EN 22854
Benzene content EN 22854
Ethanol content EN 22854
Copper Strip Corrosion test (3h @50°C) ASTM D130
Demulsion capacity ASTM D1094
Anti-rust capacity ASTM D665 A and B

The tests included in Table 2 are those required in EN228 to guarantee the minimum fuel quality
to be compatible with current gasoline engines and demulsion and anti-rust capability have been
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additionally included. Such properties are critical for premium gasoline quality, as stated in WWFC, since
the protection against water in gasoline can be guaranteed, enabling fuel-water separation, and avoiding
the rust of materials because of water, including sea water.

2.4 Vehicle tests and performance

Finally, aiming to complete the renewable gasoline behavior assessment, vehicle tests were
carried out to compare the performance and emissions to a conventional gasoline. This study was con-
ducted by the GCM Group from University of Castilla-La Mancha.

Tests were carried out using a Euro 6-b homologated vehicle without gasoline particulate filter
(GPF) in order to observe possible differences regarding particulate emissions between the tested fuels.
An Opel Astra Euro 6-b was selected, which meets both requirements. The main technical data of the
engine are: displacement of 1399 cm?, four cylinders, manual transmission, direct-injection and 150 CV.
The installation includes sets of bags for the accumulation of gases extracted during the cycle and its
subsequent measurement with Horiba MEXA-ONE C1.

To cover a wide range of driving conditions, two different tests were carried out, the current
WLTC cycle used for homologation and a driving cycle composed of very aggressive accelerations (at
full load, fixed gear) named toothsaw (plotted in Figure 1) was driven in the chassis dyno test bench.
For all tests, the chamber temperature was kept at 23 °C. Determination of the road load coefficients
(aerodynamic and rolling resistance of the vehicle) was performed following the methodology proposed
by regulation 1151/2017 of the European Commission.
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Fig. 1. Toothsaw cycle

WLTC cycle was carried out at cold and warm engine conditions, keeping the chamber temper-
ature at 23 °C. In cold conditions, the soaking period is at least 8 hours whereas in warm conditions, the
vehicle has a coolant temperature over 80 °C.

On the other hand, the toothsaw cycle is comprised by 10 full-load accelerations, all carried out
in fourth gear (first 5 teeth are considered as “phase 1” whereas the rest are “phase 2" to analyze the
results).

Before each acceleration, a two-minute (approximately) period at 28 km/h is driven to ensure
that engine parameters are stable before the accelerations at full load. Once the vehicle reaches ap-
proximately 180 km/h, it remains at that velocity for approximately 5 seconds. Finally, the vehicle slows
down to reach the low-constant-velocity period again. Prior to the 10 toothsaw, a 10-minute warming up
at 80 km/h was carried out. First, for each cycle (WLTC cold, WLTC warm and toothcycle), three tests
were carried out for the commercial gasoline. Later, the same sequence was repeated with the renew-
able gasoline. Finally, three more tests with the commercial gasoline were carried out to check time-
shifts of the vehicle or the installation.

For the dilution of the total exhaust gas emitted by the vehicle with atmospheric air, a total dilu-
tion tunnel Horiba DLT-7040 is required, located horizontally outside the climatic chamber, which has
three zones: suction of the exhaust gas and atmospheric air, mixing and sampling. The tunnel is
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composed of a heat exchanger to keep the temperature of the exhaust gas diluted at 40 °C, which allows
a more accurate control of the flow rate and of the extracted samples.

A Horiba model MEXA-2000SPCS has been used for the counting of particles with a diameter
greater than 23 nm (as required by Euro 6 regulation), which includes a previous dilution system and
conditioning of the sample. This equipment consists of a primary hot diluter, an evaporation tube, a
secondary cold diluter and a particle counter.

For the measurement of continuous diluted gaseous emissions from bags, a Horiba MEXA-ONE
C1 analyzer is used, equipped with various modules for the measurement of nitrogen oxides, carbon
dioxide and carbon monoxide, and with the necessary components for the switching between gases,
filtering and pumping of the sample and communication with the integrated control system.

The main operating parameters of the vehicle during the tests were recorded using the OBD
(On-board diagnostics) connection and INCA PC software. Boost pressure, engine speed, vehicle ve-
locity and spark timing are among these parameters.

2.5 Life Cycle Analysis (LCA) Calculations

Different vehicle powertrain technologies do not contribute in the same way to GHG emissions.
Life Cycle Analysis of GHG emissions is considered as the adequate tool to compare different vehicle
technologies due to differences in production and use patterns. LCA considers GHG emissions during
the vehicle life cycle: vehicle and battery manufacturing, energy production, the use phase (tailpipe
emissions) and vehicle end of life.

In the present work, two different passenger car powertrain technologies have been analyzed
in terms of life cycle GHG emissions: ICEV (Internal Combustion Engine Vehicle) fueled by mineral
diesel or gasoline fuel and by low carbon liquid fuels (advanced biofuels and e-fuels) and BEV (Battery
Electric Vehicle). A representative case study has been selected in this insight, taking into account the
following hypothesis:

e European vehicle segment C (for example, Ford Focus, Renault Megane or Volkswagen
Golf)

e Vehicle lifetime of 160.000 km

e Litihium-ion battery of 43,3 kWh (250 km equivalent range) without battery replacement
throught BEV lifetime

e ICEV fuelled by the designed gasoline and commercial gasoline blended with 7 %e/e bio-
ethanol

Vehicle energy consumptions of each technology are obtained from public database of energy
consumption under real driving conditions and no lab certification data are used. However, there are
few data available of BEV, and then, the uncertainty derived from the average consumption estimation
of these vehicles is higher. Data on emissions and sustainability have been taken from official databases
and bibliography [34-41]. CO2 emissions associated to the production and vehicle use of the designed
renewable gasoline are the actual emissions certified by ISCC (International Sustainability and Carbon
Certification).

3. Results and Discussion

3.1 Renewable gasoline formulation development

3.1.1 Main components characterization

Renewable liquid hydrocarbons from Ethanol-To-Gasoline process and bionaphtha from vege-
table oil hydrogenation process have been chosen as the most adequate products to be considered as
main components in the formulations, given their high potential to reduce GHG emissions and their
physicochemical properties. These products have been analyzed considering critical parameters and
results are shown in Table 3.
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Table 3. Analyses of renewable hydrocarbons from ETG process and bionaphtha from oil hydrogenation process

Property ler?é g Units E@”ﬂ% _| Bionaphtha EN 228
y from oil hy- | Ethanol | ETBE | Limits

carbons drogenation (Spain)
from ETG 9 P

Density at| ASTM kg/m3

150C D4052 763,8 725,6 794 747 720-775

Distillation ASTM

curve D86

Evaporated % viv 20-54*/22-

at 70°C, E70 25 8,4 n/a n/a -

Evaporated % viv

at 100°C, 39,6 35,8 n/a n/a 46-74

E100

Evaporated % viv

at 150°C, 66,9 96,7 n/a n/a >75

E150

: — 5
Final Boiling C 202,6 182,2 n/a n/a <210
Point
— 5

D|st!llat|on % VIV 11 1 n/a n/a <2

Residue

Boiling point °C n/a n/a 78,3 71,7 n/a

Research ISO n/a

Octane 5164 93 60,34 130 118 > 95

Number

(RON)

Vapor Pres-| ASTM 45-60*/50-

sure (DVPE) | D5191 >4 30.3 171 ) 357 80**

Washed ASTM mg/100

Gums D381 mil 3,3 n/a n/a n/a <5

Oxidation ASTM Min

Stability D525 > 1440 n/a n/a > 360

Oxygen con- | ENISO | %m/m

tent 22854 0,0 0,0 35 16 <3,7

Hydrocar- EN ISO

bons content 22854

Olefins % viv 3,98 1,72 n/a n/a <18

Aromatics % viv 43,5 0,02 n/a n/a <35

*Summer quality **Winter quality

As it can be observed in Table 3, none of the two products satisfy EN228 in all the analyzed
parameters. The product coming from ETG process is a heavier product than the bionaphtha coming
from oil hydrogenation, presenting higher density, vapor pressure and distillation curve values, except
from E150. Products present important differences in composition; whereas aromatics are the main
component, together with paraffins, in the hydrocarbons from Ekobenz process, the bionaphtha is mainly
composed by paraffins, therefore the content in specified products (olefins and aromatics) is very low.

Regarding octane number, renewable hydrocarbons for ETG process present a RON value near
of that in the technical specification for conventional gasoline; however, this is related to its high content
in aromatics (over 35%v/v) which exceeds the limit in EN228. On the other hand, bionaphtha, given the
high paraffinic content of the product, presents an octane number of 60,43, which is significantly low to
prevent this product to be used as the main component to design a gasoline meeting octane number of
95.

Considering all these data and the objective of obtaining a 100% renewable gasoline fulfilling
EN228, renewable hydrocarbons from ETG process was the product selected as the main component
to design pilot formulations.
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3.1.2 Pilot Formulations

26 pilot formulations have been designed using the chosen products, including renewable hy-
drocarbons from ETG process, bionaphtha from oil hydrogenation process, bioethanol, bio-ETBE and
isopentane. Formulations were designed aiming to fulfil critical properties from EN228, specifically den-
sity, distillation curve, composition and research octane number, which were found to be key parameters
in the characterization of the selected renewable components.

Table 4 shows part of the results of some of the designed formulations which were the closest
in quality to a commercial gasoline. The samples included in the table fulfil technical specification EN228
in terms of density and composition (oxygen, olefins, aromatics and benzene content). However, the
most critical parameters are those related to the distillation curve, specially E150, that could only be
achieved in one formulation (Formulation 6) and the value was within the uncertainty of the measure-
ment. RON values are also slightly far from the specification in some of the formulations.

Table 4. Test results from pilot formulations using renewable hydrocarbons from ETG process as main compo-

nent
Propert Test Units Formula- | Formula- | Formula- | Formula- EN 228 Lim-
perty Method tion 1 tion 6 tion 7 tion 8 its (Spain)
ASTM Bright and | Bright and | Bright and | Bright and Bright and
Appearance n/a
D4176 clear clear clear clear clear
Density at 15°C éfgs'\g kgim® | 766.5 7547 7634 7256 720-775
T ASTM
Distillation curve D86
Evaporated at o 20-54*/22-
70°C, E70 % ViV 41,9 20,5 38,1 45,2 5
Evaporated at o
100°C, E100 % VIV 48,6 49,4 47 52 46-74
Evaporated at o
150°C, E150 % ViV 69,8 75,1 70,8 70,4 >75
Final Boiling Paint °C 202,9 200,2 200,6 202,5 <210
Distillation Residue % viv 1,1 1,1 1,1 1,1 <2
Research Octane
Number (RON) ISO 5164 n/a 97,2 96 93 92 > 95

*Summer quality *Winter quality

In view of the obtained results, an adjustment of the renewable hydrocarbons from ETG process
was proposed and designed aiming to reduce aromatics content and obtaining a heavier distillation
curve. Changes in the process were implemented to modify the critical parameters. Table 5 shows the
information of the adjusted composition of the Ekobenz product, which is not fulfilling the technical spec-
ification EN228, considering several of the selected parameters; specifically, E100, E150 and RON.
Gasoline quality was improved by including renewable oxygenates and octane improver additive in For-
mulations 10 and 11, (Table 5), especially considering Formulation 11 which fulfills EN228 in the ana-
lyzed parameters.

Table 5. Test results from pilot formulations using adjusted renewable hydrocarbons from ETG process as main

component
Adjusted re-
Propert Test Units newable hy- Formulation | Formulation | EN 228 Limits
perty Method drocarbons 10 11 (Spain)
from ETG
ASTM . Bright and Bright and Bright and

Appearance D4176 n/a Bright and clear clear clear clear
Distillation ASTM
curve D86
Evaporated
at 70°C, E70 % viv 22,1 44,6 44,8 20-54*/22-56**
Evaporated
at 100°C, % viv 40 52,6 53 46-74
E100
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Evaporated
at 150°C, % viv 70,8 78,5 78,3 >75
E150

Final Boiling

. °C 184 184,7 185,5 <210
Point

Distillation

0,
Residue Yo viv 1,1 1,0 1,1 <2

Research 1SO
Octane Num- 5164 n/a 89,89 94,5 96,6 > 05
ber (RON)

*Summer quality **Winter quality

Formulation 11 was analyzed according to all the requirements in EN228, verifying compliance
with technical specification (Table 6). Thus, Formulation 11 was selected as the base fuel for the devel-
opment of premium quality gasoline. Apart from EN228 technical requirements, demulsion and anti-rust
properties have been addressed for the design of premium quality gasoline, based on WWFC [33] re-
quirements. These properties are essential from Premium gasoline, since the protection against water
in gasoline can be guaranteed, enabling fuel-water separation, and avoiding the rust of materials be-
cause of water, including sea water. Finally, biogenic carbon content following ASTM D6866 was deter-
mined in Formulation 11, finding that the gasoline is renewable in 99% (additive contribution is consid-
ered as negligible given the low used concentration).

Formulation 11 was used as base fuel to include different conventional multifunctional additives
to develop a premium gasoline. This way, Formulations 11A, B and C were designed and analyzed.
Formulation 11C is the only formulation that achieves both the required quality for gasoline in EN228
and for premium gasoline as established in Worldwide Fuel Charter.

Table 6. Test results from pilot formulations to complete fulfillment of EN228 and Premium gasoline quality tests

Propert Test Units Formula- | Formula- | Formula- | Formula- | EN 228 Lim-
perty Method tion 11 tion 11A tion 11B tion 11C its (Spain)
Appearance ASTM n/a Bright Bright and | Bright and | Bright and Bright and
pp D4176 and clear clear clear clear clear
Vapor Pressure | ASTM 45-60*/50-
(DVPE) D5191 kPa 54,6 55 54,8 54,6 8O
ASTM g/100
Washed Gums D381 mi 14 0,1 0,2 0,2 <5
Non-washed Gums | AST™ 9/100 4 15,8 28,6 44,2 n/a
D381 ml
S . ASTM .
Oxidation Stability D525 min >1440 >1440 >1440 >1440 > 360
Copper Strip Corro-
sion test (3h gﬂ—gﬂ Scale la la la la Class 1
@50°C)

- ASTM *kk
Demulsion test D1094 Scale 2 2 2 2 Max. 2
ﬁ;‘“'r”S‘ (method | ASTM | 'scale | C(30%) | A(Q%) | AQ%) | AQ©%) | Min. B+
Anti-rust (method | ASTM Scale | D(70%) | B(20%) | B(20%) | A(0%) | Min. B+++
B) D665-B
Biogenic  Carbon | ASTM o
Content D6866 % 99 ) ) ) )

*Summer quality **Winter quality *** Worldwide Fuel Charter and Internal limitations
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3.2 Vehicle testing: performance and emissions

To verify the performance of the designed gasoline (Formulation 11C) in use, vehicle testing
using an Opel Astra Euro 6-b without GPF homologated vehicle was performed. Test were developed
to compare two gasoline fuels: one of them a commercial gasoline sample and, the second one, the
designed renewable gasoline (Table 7). The comparison was performed under the WLTC cycle and
full-load accelerations cycle, named toothsaw.

Table 7. Characterization of EN228 renewable gasoline and commercial gasoline used in vehicle testing.

Property Test Units | EN 228 Renewa- | Commercial EN 228 Limits
Method ble gasoline gasoline (Spain)
Appearance ASTM n/a Bright and clear Bright and Bright and clear
D4176 clear
Distillation curve ASTM D86
O,
E‘;gporated at 70°C, % viv 46 39,6 20-54%/22-56+
Evaporated at o
100°C, E100 % Viv 53 62,9 46-74
Evaporated at o
150°C, E150 % Viv 78,6 95,1 >75
Final Boiling Point °C 191,4 178,9 <210
Distillation Residue % viv 1 1 <2
Research Octane | 1ISO 5164
Number (RON) n/a 96,6 95,5 > 95
Vapor Pressure | ASTM RO IEAL RO
(DVPE) D5191 kPa 54,6 71,7 45-60*/50-80
Oxidation Stability ASTM min > 1440 > 1440 > 360
D525
Oxygen content EN ISO | ,
22854 Yom/m <3,7 1,58 <3,7
Hydrocarbons con- | EN ISO
tent 22854
Olefins % viv 4,6 8,8 <18
Aromatics % viv 28-30 25-27 <35
Benzene content % viv 0,13 0,1 <1

*Summer quality *Winter quality

Figure 2 shows the results on the average emissions of the 3 repetitions in the WLTC and in the
tooth saw cycle. In the case of the tooth saw cycle, the first 5 teeth are labelled as “phase 1" whereas
the rest are “phase 2". Error bars are defined as the confidence interval (confidence level 90%).

As it can be observed in Figure 2 (a), CO2 emissions are independent on the fuel. Figure 2 (b)
to (d) reveal that, in the WLTC cycle, the renewable fuel and commercial fuel CO, HC and NOx emissions
do not present significant differences (overlapping of error bars) and are very low. On the other hand, in
the tooth saw cycle, the renewable gasoline led to lower CO (Figure 2 (b)), higher HC (Figure 2 (c)) and
higher NOx (Figure 2 (d)). These differences in the case of CO and NOx are not very relevant and, in
most of the cases, fall within the confidence interval.

Also particle emissions are higher for the renewable gasoline, both in number (Figure 2 (e)) and
in mass basis (Figure 2(f)), despite of the higher oxygen content as compared to the commercial gaso-
line. The higher aromatic content of the renewable fuel and, more importantly, its distillation curve, could
be responsible for this result, as well as the higher HC emissions registered. As observed in Table 7,
the renewable fuel shows lower distilled volumes when temperature is increased (poorer volatility at
high temperature), which is often associated with particle formation. Only in the first repetitions of the
commercial fuel and the tooth saw cycle, this fuel led to higher particle mass emissions (not in number
basis) than the renewable fuel. Probably this was because at the beginning of the test there were soot
and deposits stuck in the inner surfaces of the exhaust pipe or even in the engine walls and exhaust
valves. The high temperature and high exhaust flowrate reached during the first tooth saw cycles re-
leased these deposits, which were collected in the filters and accounted for as particle mass. Contrarily,
since the particle number equipment discards large particle prior measuring, these deposits did not
affect the result of particle number.
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Fig. 2. Gas and particle emissions in vehicle testing

Considering the operating parameters recorded from the OBD, no significant differences were
observed in spark timing or boost pressure for the different fuels, which is expectable since the octane
number of both fuels are quite similar. It can be remarked that the electronic unit delayed the spark
timing during the tooth saw accelerations, specially at the beginning, to prevent knocking. Power and
lambda evolution were essentially the same for the two fuels as well during the tooth saw cycle, with
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3.3 Life Cycle Analysis

A comparison of technologies and energy sources in terms of LCA has been performed consid-
ering internal combustion engines using mineral gasoline and the 100% renewable gasoline designed
in this work and battery electric vehicles. Different scenarios have been analyzed as shown in Table 8.

Table 8. LCA analyzed scenarios.

Vehicle Energy source scenarios
ICEV Mineral gasoline
ICEV Designed 100% renewable gasoline
ICEV Designed 100% renewable gasoline. Renewable value chain
BEV Battery manufactured in China. EU electric mix.
BEV Battery manufactured in China. Spain electric mix.
BEV Battery manufactured in China. Germany electric mix.
BEV Battery manufactured in China. Poland electric mix.
BEV Battery manufactured in China. 100% renewable electric mix.

GHG emissions produced by power sector have been analyzed by means of four different sce-
narios in terms of electric mix: the average in EU, Germany, Spain and Poland (2018 data) [34]. These
scenarios have been selected for this analysis considering that Spain has a very high contribution of
renewable electricity generation; Germany is moving from a very coal-based power sector; and Poland
is leading the power sector based on coal. Besides, the scenarios considering that the renewable gas-
oline is produced through a fully renewable value chain and a 100% renewable electric mix have been
also included in this analysis.

Data on powertrain technologies and energy production have been retrieved from public sources
[35-41], except from the CO2 emissions associated to the production and vehicle use of the designed
renewable gasoline which are the actual emissions certified by ISCC (International Sustainability and
Carbon Certification).

CO:2 equivalent emissions calculations for each scenario include the following phases:

e Manufacturing of vehicle battery
Manufacturing of the rest of the vehicle (named as vehicle manufacturing)

Production of energy (fuel or electricity) used in the vehicle (named as energy production)
Use in the vehicle or tailpipe emissions (named as use)
Vehicle end of life phase.

The results for each scenario are shown in Figure 3. As it can be seen from this figure, the most
favorable case, considering CO:2 equivalent emissions, is the ICEV fueled by renewable gasoline pro-
duced via renewable value chain. On the other hand, the worst-case scenario is that of ICEV fueled by
mineral gasoline. A further analysis of the relevance of the different considered phases is presented as
follows.

The GHG emissions during the vehicle manufacturing phase are significantly different when
ICEV are compared with BEV. ICEV manufacturing emits around 5,6 t of CO2 equivalent, whereas BEV
manufacturing emissions are around 9,1 t. This difference is based on the different components in the
powertrains, such as battery, electronics and electric motor. Battery manufacturing contributes around
45% of CO2 emissions in the battery electric vehicle manufacturing phase. External references establish
a GHG emissions factor for battery manufacturing in the range of 61-106 kgCO2eq/kWh for the most
common lithium-ion batteries in the European market and NMC (Ni-Mn-Co) (93,4 kgCO2eq/kWh). The
complete BEV manufacturing phase accounts for 25 - 45 % of total GHG emissions in LCA (depending
on the electricity mix considered in the energy production), whereas ICEV manufacturing phase ac-
counts for 15 - 20 % of total GHG emissions.

Analyzing the phases of energy production and vehicle use (tailpipe emissions) it can be ob-
served that ICEV fueled by mineral gasoline presents the highest contribution in these 2 phases. On the
other hand, BEV have lower contributions in these phases, regardless the electricity mix scenario con-
sidered. This difference is attributed to zero emissions in use and the higher efficiency of the electric
vehicle, mainly. Bearing in mind the considered data, the gasoline vehicle requires an energy consump-
tion of 2,35 MJ/km, whereas the battery electric vehicle uses 0,54 MJ/km as electricity. This difference
in energy consumption balances the higher GHG emissions in the vehicle manufacturing phase in the
BEV case, resulting in a lower total GHG emissions during life cycle under all electricity mix scenarios.
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Fig. 3. Different powertrains LCA GHG emissions comparison

In the case of ICEV fueled by mineral fuel, the energy (fuel) production phase contributes around
15-20 % of the GHG emissions in use and tailpipe emissions are around 65 %. For this reason, the
potential GHG emissions reduction in the mineral fuel production phase have a lower impact in compar-
ison to tailpipe emissions reduction. On the other hand, the use of the 100% renewable gasoline leads
to sifnificant reduction of the tailpipe emissions in an LCA basis as GHG emissions are considered as
zero [34,44].

If it is considered that the process of renewable gasoline production might be fully based on
renewable sources, the lowest emissions would be achieved in such scenario in which GHG emissions
during vehicle manufacturing and end of life would be the only contribution in life-cycle basis. This is the
lowest emissions case even considering a 100% renewable electric mix for BEV, in which the emissions
associated to vehicle and battery manufacturing are higher than in the case of internal combustion en-
gine vehicles (almost twice).

Conclusions

A one hundred percent renewable gasoline has been designed using as main components:
renewable hydrocarbons from Ethanol-to-Gasoline process. Adjustment of the quality of renewable
components from ETG process was needed to meet volatility, distillation curve requirements and im-
prove octane number. Besides, octane booster additive was included in the formulation in order to
achieve octane number restrictions in EN228. The final product fulfills EN228 gasoline technical speci-
fication and Premium gasoline quality as per Worldwide Fuel Charter, guaranteeing high detergency
and water protection, and it can be readily used in existing vehicles.

The designed renewable gasoline and a commercial gasoline sample have been subjected to
vehicle testing performance. The comparison has been performed in a Euro 6-b spark-ignited light-duty
vehicle without GPF under the WLTC cycle and full-load accelerations. Despite the higher oxygen con-
tent of the renewable gasoline compared to conventional one, this fuel led to higher particle emissions
measured in mass and number. This was explained based on its higher aromatic content and poorer
volatility as referred to commercial fuel. Nevertheless, it is supposed that last generation vehicles fitted
with GPF will keep particle emissions bellow Euro limits. There were no other differences, or these were
minor or within the confidence intervals.
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On an LCA basis analysis, the use of the designed renewable gasoline in internal combustion
engine vehicles would lead to an important reduction on GHG emissions compared to the use of mineral
fuel. This reduction is potentially higher than the reduction that could be achieved by a battery electric
vehicle using electricity produced under different European electric mix scenarios.

Acknowledgements

The authors express their gratitude to Ekobenz Sp. for the technical collaboration and the supply
of renewable liquid hydrocarbons. The authors would like to express their gratitude to GCM Group from
University of Castilla La Mancha for conducting vehicle testing using conventional and renewable gas-
oline.

References
[1] European Comission. Statistical Pocket Book. EU Transport in Figures, 2020.

[2] European Green Deal: Commission proposes transformation of EU economy and society to meet
climate ambitions. European Commission, 2020

[3] Changes to the Renewable Energy Directive revision and ReFuel EU proposals: Greenhouse gas
savings and costs in 2030. Available online. Last retrieved August 2021: https://theicct.org/publica-
tions/red-revision-refuel-eu-ghg-sept21.

[4] Directive of the European Parliament and of the Council amending Directive (EU) 2018/2001 of the
European Parliament and of the Council, Regulation (EU) 2018/1999 of the European Parliament and
of the Council and Directive 98/70/EC of the European Parliament and of the Council as regards the
promotion of energy from renewable sources, and repealing Council Directive (EU) 2015/652.

[5] Proposal for a Directive of the European Parliament and of the Council amending Directive (EU)
2018/2001 of the European Parliament and of the Council, Regulation (EU) 2018/1999 of the European
Parliament and of the Council and Directive 98/70/EC of the European Parliament and of the Council as
regards the promotion of energy from renewable sources and repealing Council Directive (EU)
2015/652. 2021.

[6] EN 228:2013+A1. Automotive fuels. Unleaded petrol. Requirements and test methods. 2017.
[7] EN 590:2014+A1. Automotive fuels. Diesel. Requirements and test methods. 2017.

[8] H. Stancin, H. Mikul&i¢, X. Wang, N. Dui¢, A review on alternative fuels in future energy system,
Renewable and Sustainable Energy Reviews, Volume 128, 2020, 109927.

[9] Transition towards Low Carbon Fuels by 2050: Scenario analysis for the European refining sector.
Concawe Report 7/21. 2021.

[10] Biofuel Technology Handbook. Dominik Rutz and R. Janssen, Published by: WIP Renewable En-
ergies, 2008.

[11] Advanced Biofulels: Using catalytic routes for the conversion of biomass platform molecules, CRC
Press, 2015. ISBN 9781771882217.

[12] Arivalagan Pugazhendhi, Thangavel Mathimani, Sunita Varjani, Eldon R. Rene, Gopalakrishnan
Kumar, Sang-Hyoun Kim, Vinoth Kumar Ponnusamy, Jeong-Jun Yoon, Biobutanol as a promising liquid
fuel for the future - recent updates and perspectives, Fuel,Volume 253,2019, Pages 637-646.

[13] S.D. Minteer,11 - Biochemical production of other bioalcohols: biomethanol, biopropanol, bioglyc-
erol, and bioethylene glycol, In Woodhead Publishing Series in Energy, Handbook of Biofuels Produc-
tion, Woodhead Publishing, 2011, Pages 258-265, ISBN 9781845696795.

[14] M. Melikoglu, V. Singh, S.-Y. Leu, C. Webb, C.S.K. Lin, 9 - Biochemical production of bioalcohols,
Handbook of Biofuels Production (Second Edition), Woodhead Publishing, 2016, Pages 237-258,ISBN
9780081004555.

[15] Roode-Gutzmer, Q.l.; Kaiser, D.; Bertau, M. Renewable Methanol Synthesis. ChemBioEng Rev.
2019,6, 209-236.



16 C. Esarte, M.D. Cardenas, R. Miravalles, J. Ariztegui

[16] Busca, G. Production of Gasolines and Monocyclic Aromatic Hydrocarbons: From Fossil Raw Ma-
terials to Green Processes. Energies 2021, 14, 4061.

[17] Available online. Last retrieved December 2021: https://www.topsoe.com/processes/synthetic-
fuels/methane-rich-gas-to-gasoline#:~ {}:text=Gasoline%20from%20synthesis%?2

[18] Available online. Last retrieved December 2021: https://www.exxonmobilchemical.com/en/cata-
lysts-and-technology-licensing/synthetic-fuels?utm_source=google&utm_medium=cpc&utm_cam-
paign=cl_downstream_none&ds_k=Methanol+to+gasoline&gclid=EAlalQobChMIsPT-
wtaiJ9QIV1rLVCh29 gCzEAAYASAAEQJ3WPD_BwE&gclsrc=aw.ds

[19] Phung, T.K.; Radikapratama, R.; Garbarino, G.; Lagazzo, A.; Riani, P.; Busca, G. Tuning of product
selectivity in the conversion of ethanol to hydrocarbons over H-ZSM-5 based zeolite catalysts. Fuel
Process. Technol. 2015, 137, 290-297.

[20] Krzywonos, Matgorzata & Wojdalski, Janusz & Kupczyk, Adam & Sikora, Michat. (2017). Analysis
of properties of synthetic hydrocarbons produced using the ETG method and selected conventional
biofuels made in Poland in the context of environmental effects achieved. Rocznik Ochrona Srodowiska.
19. ISSN 1506-218X

[21] Available online. Last retrieved December 2021: http://ekobenz.com/index.php

[22] EN 15940:2016+A1:2019+AC. Automotive fuels. Paraffinic diesel fuel from synthesis or hydrotreat-
ment. Requirements and test methods. 2019.

[23] Neste Renewable Diesel Handbook, Neste corporation, 2016.

[24] Available online. Last retrieved December 2021: https://www.eni.com/en-IT/circular-
economy/ecofind-biofuel.html.

[25] Available online. Last retrieved December 2021: https://services.totalenergies.fr/pro/produits-ser-
vices/carburants/carburants-adaptes-professionnels/total-hvo.

[26] Innovation Outlook — Advanced Liquid Biofuels, IRENA 2016.

[27] Laxminarasimhan, C.S. An Introduction to Shell New Energies and IH2 Technology — Drop in Fuel
from Waste Biomass. IEU Trade Delegation, March 6-8, 2018.

[28] Yugo, M.; Soler, A. A look into the role of e-fuels in the transport system in Europe (2030-2050)
(literature review). Concawe Review, Volume 28, Number 1, October 2019.

[29] Role of e-fuels in the European transport system — Literature Review. Concawe Report 14/19. 2019

[30] Available online: https://www.upmbiofuels.com/traffic-fuels/upm-bioverno-naphtha-for-fuels/ (last
retrieved December 2021)

[31] Bosch, Shell and Volkswagen develop renewable gasoline. Published 11/5/2021. Last retrieved
December 2021: https://www.bosch-press.be/pressportal/be/en/press-release-24512.html

[32] Neste is testing renewable gasoline in Sweden for possible commercialization internationally. Pub-
lished 21/5/2021. Last retrieved 29/12/2021: https://www.neste.com/releases-and-news/renewable-so-
lutions/neste-testing-renewable-gasoline-sweden-possible-commercialization-internationally

[33] Worldwide Fuel Charter. Gasoline and Diesel Fuel. 6th Edition. ACEA, Auto Alliance, EMA, JAMA.
20109.

[34] Data retrieved from ENTSO-E. Last retrieved November 2019: https://www.entsoe.eu/

[35] JEC Well to Wheels report v5. Available online. Last retrieved March 2022: https://publica-
tions.jrc.ec.europa.eu/repository/handle/JRC121213

[36] Preparing for a Life-Cycle CO2 Measure. Report RD.11/124801.04. Ricardo, 2011.
[37] E. Emilsson, L. Dahllg. Lithium-lon Vehicle Battery Production. IVL Swedish Environmental Re
[38] World Energy Outlook 2019. International Energy Agency, 2020.

[39] Greenhouse gas emissions for battery electric and fuel cell electric vehicles with ranges over 300
km. Fraunhofer Institute for Solar Energy Systems ISE, 2019.

[40] Data retrieved from Emission Analytics. Last retrieved November 2019: https://www.emissionsan-
alytics.com/


https://www.bosch-press.be/pressportal/be/en/press-release-24512.html
https://www.neste.com/releases-and-news/renewable-solutions/neste-testing-renewable-gasoline-sweden-possible-commercialization-internationally
https://www.neste.com/releases-and-news/renewable-solutions/neste-testing-renewable-gasoline-sweden-possible-commercialization-internationally
https://publications.jrc.ec.europa.eu/repository/handle/JRC121213
https://publications.jrc.ec.europa.eu/repository/handle/JRC121213

<{aBack to Session Matrix
<&aBack to Authors' Index

Design of 100% Renewable EN228 Gasoline Formulation 17

[41] Data retrieved from Spritmonitor. Last retrieved November 2019: https://www.spritmonitor.de/es/

[42] Spanish Regulation. Real Decreto 1088/2010, de 3 de septiembre por el que se modifica el Real
Decreto 61/2006, de 31 de enero, en lo relativo a las especificaciones técnicas de gasolinas, gasoéleos,
utilizacion de biocarburantes y contenido en azufre de los combustibles para uso maritimo.

[43] Viayna, A.; Ghashghaei, O.; Vilchez, D.; Estarellas, C.; Lopez, M.; Gémez-Catalan, J.; Lavilla, R.;
Delgado, J.; Luque, F.J. Holistic approach to anti-knock agents: A high throughput screening of aniline-
like components. Fuel 305, 121518, 2021.

[44] 2006 IPCC Guidelines for National Greenhouse Gas Inventories.


https://www.spritmonitor.de/es/

<{aBack to Session Matrix
<&aBack to Authors' Index

THIESEL 2022 Conference on Thermo- and Fluid Dynamics of Clean Propulsion Powerplants

Numerical Analysis of the Combustion of Diesel, Dimethyl Ether, and
Polyoxymethylene Dimethyl Ethers (OME,, n=1-3) Using Detailed
Chemistry

T. Franken?!, V. Srivastava?, S.Y. Lee3, B. Heuser4, K.P. Shresthal, L. Seidel5, F. Mauf3!

1Chair of Thermodynamics / Thermal Process Engineering. BTU Cottbus-Senftenberg. Siemens-
Halske-Ring 8, D-03046 Cottbus, Germany.

E-mail: tim.franken@b-tu.de
Telephone: +(49) 355 69 4333

2Chair of Thermodynamics of Mobile Energy Conversion Systems. RWTH Aachen University. Forcken-
beckstralRe 4, D-52074 Aachen, Germany.

E-mail: srivastava_viv@tme.rwth-aachen.de

STeaching and Research Area Mechatronics in Mobile Propulsion. RWTH Aachen University. Forcken-
beckstralRe 4, D-52074 Aachen, Germany.

E-mail: lee_sun@mmp.rwth-aachen.de

4FEV Europe GmbH, Neuenhofstralle, 181, D-52078 Aachen, Germany.
E-mail: heuser@fev.com

SLOGE Deutschland GmbH. Querstrae 48, D-03046 Cottbus, Germany.

E-mail: lars.seidel@logesoft.com

Abstract. New types of synthetic fuels are being used in internal combustion engines to achieve car-
bon-neutral and ultra-low emission combustion. Dimethyl Ether (DME) and Polyoxymethylene Dimethyl
Ethers (OMEn) belong to this type of synthetic fuels.

A detailed chemical model for diesel, DME and OMEn (n=1-3) is applied in the zero-dimensional (0D)
stochastic reactor model (DI-SRM) to study the non-premixed combustion and species formation in a
2-liter diesel engine. The DI-SRM is validated for two operating points at 1750rpm, 4bar and 12bar
IMEP. The engine is operated with neat diesel and a OMEs-s blend. The DI-SRM predicts closely the
combustion of diesel and the OMEs-s blend, and captures the trends of CO2, NOx, CO and unburnt
hydrocarbon (HC) engine-out emissions.

The combustion and species formation of DME and OMEn (n=1-3) are investigated and compared to
diesel. The mixture formation is governed by an earlier vaporization of the DME and OMEn, faster ho-
mogenization of the respective air-fuel mixture and higher reactivity. At the same injection pressure,
OMEn has higher NOx but lower CO and HC concentrations. High amounts of aromatics, ethene, me-
thane formaldehyde and formic acid are found within the diesel exhaust gas. The DME and OMEn ex-
haust gas contains higher fractions of formaldehyde and formic acid, and fractions of methane, methyl
formate and nitromethane.

1. Introduction

New types of synthetic fuels are being used in internal combustion engines to achieve carbon-
neutral and ultra-low emission combustion. Dimethyl Ether (DME) and Polyoxymethylene Dimethyl
Ethers (OMEn) belong to this type of synthetic fuels and can be produced by methanol synthesis [1-3].
Methanol synthesis can use green hydrogen from water electrolysis and carbon dioxide (CO>), e.g.,
from the atmosphere, which makes it an outstanding technology to achieve the CO2-targets of the Paris
Agreement (2015) and the European Green Deal (2019) [4].
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The performance of OME:1 and OMEs.s blends was studied by Pélerin et al. [5] and Hartl et al. [6] in a
diesel engine. They showed that the higher oxygen and hydrogen content of OMEn (see Fig. 1) signifi-
cantly reduces soot formation, while the NOx emissions remain at the same level as for diesel. Increasing
the exhaust gas recirculation (EGR) rate shows that soot formation with OME, is less sensitive to EGR,
so NOx-soot tradeoff can be significantly improved. Operation with an OMEs.s blend was found to be
advantageous because boiling temperature and viscosity are closer to diesel. Pastor et al. [7] conducted
an optical study of conventional diesel, Fischer-Tropsch diesel and OMEn in a compression ignition (Cl)
engine. The results confirmed that OMEn has significantly lower soot concentrations compared to diesel
and Fischer-Tropsch diesel.

DME and OMEn have a lower energy content compared to diesel, as shown in Fig. 1. The disad-
vantages of larger OMEn molecules in the mass-based energy content compared to DME are compen-
sated in the volume-based energy content due to their higher density. Parravicini et al. [8] investigated
the influence of different injection geometries on the combustion of diesel OME blends. They increased
the number of nozzles with increasing OME content in the blend, to increase the fuel flow at constant
rail pressure and constant injection duration. The results show faster diffusion-controlled combustion
and a 5.7% reduction in specific fuel consumption compared to diesel operation.
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Fig. 1. Lower heating value on mass and volume basis, liquid denS|ty, and number of carbon, hydrogen, and
oxygen atoms of Diesel, DME, OME1, OME2, OMEs.

Recently, Shrestha et al. [9] developed a new detailed chemical model for OMEn (n=1-3) to predict
the ignition delay time, laminar flame speed and species formation for different thermodynamic condi-
tions. The detailed chemical model is applied in the zero-dimensional (OD) stochastic reactor model (DI-
SRM) to study the non-premixed combustion in a 2-liter diesel engine. In this work, further insight into
the formation of unburned hydrocarbons (HC), carbon monoxide (CO), and nitrogen oxides (NOx) during
the combustion of diesel, DME and OMEa.-3 is obtained.

2. Methodology

2.1 Stochastic Reactor Model

The 0D modeling is based on a stochastic approach to predict the in-cylinder processes tailored to
the simulation of direct-injection Cl engines. The DI-SRM is part of the LOGEengine software [10] and
the fundamentals are described in detail in the work of Kraft [11], Tunér [12] and Pasternak [13]. In the
work of Franken et al. [14] and Nett et al. [15], the DI-SRM is further developed to predict changing
operating conditions in diesel engines. An example for the application of the DI-SRM to predict the
performance and emissions of a WLTP drive cycle is shown by Picerno et al. [16].

The DI-SRM is a 0D model of physical and chemical processes occurring during the combustion
cycle. It is expressed within the probability density function (PDF) approach for turbulent reacting flows
[17] that allows for the precise treatment of chemical reactions. The DI-SRM considers gas contained
within the cylinder as an ensemble of notional particles. The notional particles can mix with each other
and exchange heat with the cylinder walls. Each notional particle has a chemical composition, enthalpy,
and mass that correspond to a point in the gas-phase. These scalars are treated as random variables
quantified with probabilities and determine the composition of the gas mixture. Thus, the in-cylinder
mixture is represented in gas-phase space by a PDF, and the notional particles are realizations of the
distributions. The PDF transport equation provides the solution for scalars, enthalpy, and species mass
fractions.
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The scalar mixing frequency is the main input parameter for the DI-SRM. It must be modelled because
the molecular mixing process cannot be directly calculated by the 0D model. In the current version of
the SRM, the mixing frequency is derived from the K-k-based modeling of the turbulence as introduced
previously [15].

2.2 Detailed Chemistry and Diesel Surrogate Model

The experiments are conducted for a commercial B7 diesel fuel containing 7 vol% fatty methyl ether
(FAME). A three-component surrogate is developed for the simulation, consisting of 71.3 mass % n-dec-
ane, 21.3 mass % 1-methylnaphthalene and 7.4 mass % FAME. The 1-methylnaphthalene represents
the aromatics portion and shows the strongest soot formation tendency. The comparison between the
B7 diesel and the surrogate is shown in Table 1. The experimental cetane number (CN) is determined
by the Cooperative Fuel Research (CFR) method and is about 1 point higher compared to the surrogate,
which is a good match. Overall, the surrogate represents the main properties of a typical DIN EN 590
diesel fuel.

Table 1. B7 Diesel and surrogate properties

Property Unit B7 Diesel Surrogate
Density kg/l 0.831 0.83

LHV MJ/kg 42.76 42.81

C:H:O Ratio - 13.5:25.1:0.09 10.27:19.4:0.12
Lst - 14.37 14.33

CN - 54.4 (CFR) 53.5

The detailed chemistry model of the Diesel surrogate is based on the thesis of Wang [18] and contains
the important NOx chemistry pathways based on the work of Shrestha [19] and soot formation pathways.
The DME and OME:3 detailed chemistry model is recently developed in [9] based on the work of
Shrestha et al. [20,21] and contains the important NOx chemistry pathways based on the work of
Shrestha [19]. The performance of the two detailed chemistry models is shown in Fig. 2 by comparing
the ignition delay times at 10bar and isochoric conditions for different air-fuel ratios (1) and temperatures.
For lean mixtures the reactivity of all fuels is reduced compared to stoichiometric mixtures. The Diesel
surrogate and DME show a pronounced negative temperature coefficient (NTC) region, where DME
ignition delay times are lower. For OME: the low temperature reactivity is reduced, while at high tem-
perature it shows same reactivity as the Diesel surrogate. OME2 and OMEs show the highest reactivity
at low and high temperature.

Isochoric, 10 bar and 4=2.0
10 T T T T T

Isochoric, 10 bar and 4=1.0
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Fig. 2. Ignition delay time for Diesel surrogate, DME, OME1, OME2, and OMEs3 at isochoric conditions, 10bar and
different air-fuel ratio and temperature.
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2.3 Thermophysical Property Model

Within the OD domain of the DI-SRM no spray penetration is calculated, while the vaporization
process is treated as a purely statistical process. Hence, no transport properties are required for
conducting the simulation. The thermophysical properties of Diesel, DME and OME1-z are represented
by saturation temperature, saturation pressure and heat of vaporization. The properties of Diesel,
DME, OME1 and OME: are determined based on the NIST database [22] and the work of Himmel et
al. [23]. The properties of OMEs are determined based on the work of Fechter et al. [24]. The results
are compared in Fig. 3 for all fuels. For DME the critical temperature is the lowest and the critical
pressure is highest, wherefore it starts to vaporize earlier compared to OME1-3 and Diesel surrogate.
For OME1, OME2 and OMEs3 the critical temperature is increasing, while the critical pressure is de-
creasing, which delays the vaporization during the compression stroke. With increasing chain length
of OME, the critical properties become closer to the Diesel surrogate. Further, DME shows the high-
est mass-based heat of vaporization, followed by OME1, OME2, OMEs and Diesel surrogate.
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Fig. 3. Saturation temperature, saturation pressure and heat of vaporization of Diesel surrogate, DME, OME,
OME2, and OMEs.

3. Numerical Test Case

The experiments for Diesel and OMEss are conducted on a four-cylinder engine with the specifica-
tions outlined in Table 2. To ensure repeatability of results the parameters such as coolant temperature,
oil temperature, fuel temperature and pressure, fuel backpressure, charge air temperature, fresh air
temperature and pressure and exhaust backpressure are adjusted by their respective conditioning sys-
tems. Each cylinder is equipped with pressure transducers to analyze the in-cylinder combustion pro-
cess, which is measured to a resolution of a tenth of degree crank angle. Exhaust gas analyzers are
used to measure raw exhaust gas emissions. Measured CO: concentration in the intake manifold is
used to estimate EGR rates. More details on the experimental setup and measurement devices can be
found in the work of Lee et al. [25,26].

Table 2. Engine specifications.

Parameter Unit Value
Bore mm 75.0
Stroke mm 88.3
Displacement volume (4-cyl) cm?3 1999
Compression ratio - 155

Four operating points are selected to validate the DI-SRM for Diesel and OMEs.s combustion (see
Table 3). The operating points are selected at two load conditions at 4bar and 12bar IMEP and 1750rpm
engine speed, which are representative for real driving conditions. Since the detailed chemistry model
is only validated for OMEu1.3, the experimental OMEs.s fuel mixture is approximated with OMEs in the
simulation.
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Table 3. Diesel and OMEs-s engine load points.

OP1-D OP2-D OP3-OME OP4-OME

Fuel Diesel Diesel OMEss OMEss
IMEP [bar] 12.0 4.0 12.0 4.0

Speed [rpm] 1750 1750 1750 1750
CA50 [°CA aTDC] 10.0 9.2 12.0 10.7

Rail pressure [bar] 850 550 930 560

Rel. AFR [] 1.3 2.0 1.8 2.0

EGR [%] 25.0 41.0 25.0 36.2

The injection rates for Diesel and OMEs.s, used for the DI-SRM simulation, are shown in Fig. 4. For
Diesel and OMEsss a triple injection strategy is applied, with two pilot injections and one main injection.
The injection timings for OMEzs are later compared to Diesel, and the injection duration is longer since
more mass must be injected for OMEs-s due to the reduced lower heating value (see Fig. 1).
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Fig. 4. Normalized injection rate by total injected mass for Diesel and OMEs.s at 1750rpm 12bar IMEP and
1750rpm 4bar IMEP.

4. Results and Discussion

4.1 Comparison of Experiment and Simulation for Diesel and OME3zs

The DI-SRM model parameters are set according to the model training in the work of Picerno et al.
[16] for the 2-liter diesel engine. Thus, it is possible to predict the effects of different chemical and ther-
mophysical properties of the fuels on combustion and emission formation. The heat release rate, heat
losses, and engine temperature of the experiments for diesel and OME3ss are determined using a ther-
modynamic analysis in LOGEengine [10]. The results of the load point at 1750rpm and 12bar IMEP are
shown in Fig. 5. The DI-SRM simulation accurately predicts the pilot and main heat release rates of
diesel. For OMEzss, the maximum pilot heat release rate is predicted to be too low, while the main heat
release rate agrees. The compression stroke pressure of OMEs.s is higher compared to diesel because
the air-fuel ratio is higher (see Table 3). Although the injection timing for OMEs-s is later compared to

diesel, the pilot heat release rate is predicted to be slightly earlier due to faster vaporization and higher
reactivity.
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Fig. 5. Cylinder pressure, heat release rate, heat transfer and temperature for Diesel and OMEzs at 1750rpm
12bar IMEP.

The simulation for the load point at 1750 rpm and 4 bar IMEP and diesel in Fig. 6 shows a slight delay
in the pilot stage and a delayed main heat release rate compared to the experiments. The experiments
for OMEs-s indicate a longer delay between the onset of injection and the onset of combustion, therefore
more air-fuel mass is premixed, and more energy is spontaneously released when ignition occurs
at -5°CA aTDC. The higher reactivity of the OMEs-s surrogate results in earlier ignition in the simulation,
which is why the air-fuel mixture has less time to premix and the amount of spontaneously released
energy is lower for the second pilot injection at -5°CA aTDC. Apart from the differences in the pilot heat
release rate, the simulation determines the main heat release rate of the OMEs.s experiments to a very
good approximation.
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Fig. 6. Cylinder pressure, heat release rate, heat transfer and temperature for Diesel and OMEzs at 1750rpm
4bar IMEP.

The trend of calculated CO2 emissions is consistent with the experiments, while OP1-D underesti-
mates the experiment and OP4-OME slightly overestimates it (see Fig. 7). The opposite trend is ob-
served for CO emissions, where OP1-D overestimates the experiment and OP4-OME underestimates
it. The reason for the differences could be that the local mixture formation for the two operating points
is not accurately predicted by the DI-SRM, leading to variations in the local air-fuel mixture and thus
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different CO formation. The trends in NOx and unburned hydrocarbon (HC) emissions are captured by
the DI-SRM, while the high HC emissions at low IMEP are underestimated by the DI-SRM. In general,
the OMEss surrogate tends to predict higher NOx emissions, while the highest concentration for
OP3-OME cannot be predicted by the model. A likely cause for these differences is the use of OMEs as
a surrogate for the OMEss mixture used in the experiment. However, this cannot be confirmed at this

time because no validated chemical model is available for OME4 and OMEs.
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Fig. 7. Engine-out CO2, NOx, CO, and HC emissions on mole-basis for experiments and simulation for Diesel
and OMEs:s.

4.2 Comparison of Diesel, DME, OME;, OME; and OME3

The operating points OP1-D and OP2-D are used as a starting point for the investigation of diesel,
DME, OME:, OME:z and OMEs. The injection rate is set as a function of fuel mass and density, as shown
in Fig. 8. The fuel mass is adjusted according to the LHV to obtain the same total energy (see Fig. 9).
The ratio of pilot injection mass to total injection mass is kept the same for all fuels studied. Therefore,
the pilot injection masses are increased for DME, OME1, OME2 and OMEs. The timing of pilot injection
is earlier for DME, and OME1-3 compared to diesel due to the longer injection duration.

1750rpm, 12bar IMEP 1750rpm, 4bar IMEP
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Fig. 8. Normalized injection rate for Diesel, DME, OME1, OMEz, and OMEs at 1750rpm 12bar IMEP and 1750rpm
4bar IMEP.

For DME and OMEy:, the start of combustion after pilot injection is delayed compared to diesel (see
Fig. 9) due to the lower reactivity at low temperatures (see Fig. 2). For OME2 and OMEs, combustion
starts earlier due to higher reactivity compared to diesel (see Fig. 2). The onset of diffusion combustion
during main injection is not significantly affected by the change in fuel, while the maximum heat release
rate is increased for DME and OME:1-3 compared to diesel, and the combustion duration between 10%
and 90% burned mass is decreased for DME and OME:-3 compared to diesel. The faster combustion of
DME and OME.:-s results in higher heat losses and higher peak cylinder temperature. The temperature
at the opening of the exhaust valve is lower for DME and OME:-3 due to the earlier center of combustion
and shorter combustion duration.
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Fig. 9. Cylinder pressure, heat release rate, heat transfer, temperature, combustion efficiency and total mass for
Diesel, DME, OME1, OME2 and OME3z at 1750rpm 12bar IMEP.

The higher reactivity of DME and OME:1-3 at medium and high temperatures is due to higher OH and
HO: formation, as shown in Fig. 10. This leads to accelerated combustion, bringing the center of com-
bustion forward and increasing the peak cylinder temperature. The higher cylinder temperature for
OMEs, OME2, OME1 and DME results in a higher NO concentration compared to diesel. During com-
bustion, OME3z and OME: have a higher maximum NO:z concentration. During the expansion stroke, the
NO:2 concentration first decreases and increases again towards 120°CA aTDC, with diesel reaching the
highest NO2 concentration. The maximum CO and unburned HC concentrations are lower for DME, and
OME:-3 compared to diesel due to the higher oxygen content in the fuel (see Fig. 1). Moreover, the
combustion efficiency is higher for DME and OME:.3, as shown in Fig. 9, and as also described by Omari
et al. [27,28]. However, the maximum concentrations of oxygenated hydrocarbon (HCO) are higher for
DME and OME: due to greater formation of formaldehyde and formic acid.
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Fig. 10. Instantaneous emissions of COz, Oz, CO, NO, NOz, HC, OH, HO2 and HCO for Diesel, DME, OMEa,
OME:2 and OME3s at 1750rpm 12bar IMEP.
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DME shows a late onset of combustion after pilot injection similar to diesel, while OME2 and OME3
are more advanced. The delayed onset of combustion after pilot injection of OMEL is most pronounced
for the low-load operating point at 1750rpm 4bar IMEP (see Fig. 11). The maximum heat release rate is
increased for DME, and OME1-3 compared to diesel, and the combustion duration is shortened. OME1
reaches the highest maximum heat release rate due to the strong premixed combustion. The peak pres-
sure and peak temperature in the cylinder as well as the heat losses are higher for DME, OME1, OME:
and OMEz compared to diesel.
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Fig. 11. Cylinder pressure, heat release rate, heat transfer, temperature, combustion efficiency and total mass

for Diesel, DME, OME1, OME2 and OME3 at 1750rpm 4bar IMEP.

500

The high reactivity of DME and OME:-3 compared to diesel is caused by a stronger formation of HO>
and OH radicals as shown in Fig. 12. The increased cylinder temperature due to the faster combustion
leads to an increase in the maximum NO concentrations. During the expansion stroke, NO is converted
to NO2, with OMEs and OME: reaching the highest NO2 concentrations at 120°CA aTDC. The maximum
CO concentration is elevated for DME and OME-3 but is mostly re-oxidized during the expansion stroke.
At 50°CA aTDC, CO oxidation is frozen, so CO concentration remains at a higher level and DME and
OME.3 reach values similar to diesel at 120°CA aTDC. The maximum unburned HC emissions de-
crease, while the maximum unburned HCO emissions increase for DME and OME1.3. The highest values
of maximum unburned HCO emissions are obtained for DME and OME: due to a strong formation of
formic acid and formaldehyde. At 120°CA aTDC, unburned HC emissions are highest for diesel and
OME:, while they decrease for DME, OME3s, and OME: (see Fig. 13). In addition, the combustion effi-
ciency is lower at the low-load operating point compared to the high-load operating point, which is why
larger proportions of unburned DME and OME.: are found in the exhaust gas composition (see Fig. 11).
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Fig. 12. Instantaneous emissions of CO2, Oz, CO, NO, NO2z, HC, OH, HO2 and HCO for Diesel, DME, OME;4,
OME:2 and OMEs at 1750rpm 4bar IMEP.

The composition of the unburned HC emissions is analyzed in more detail for the low-load operating
point in Fig. 13. The exhaust gas composition in the cylinder is determined directly when the exhaust
valves are opened and neglects post-oxidation in the exhaust manifold. The diesel exhaust shows a
diverse composition with large amounts of formaldehyde (13.6%), ethene (12.2%), ethynylbenzene
(15.0%), formic acid (12.3%), ketene* (12.1%), and methane (9.3%). The aromatic components are the
result of the decomposition of 1-methylnaphthalene, which forms the aromatic moiety in the diesel sur-
rogate (see Section 2.2). The oxygenated HC components are the result of the decomposition of FAME,
which forms the biodiesel fraction in the surrogate. The exhaust gas from DME and OME -3 consists of
fewer components compared to diesel. The DME exhaust consists mainly of formic acid (32.5%), for-
maldehyde (21.7%), methane (16.1%), and unburned DME (18.1%). The high percentage of unburned
DME is due to the low combustion efficiency at low-load operating points (see Fig. 11). In addition, small
amounts of acrolein (7%) are present in the exhaust gas. Compared to DME, the exhaust gas compo-
sition of OME:1 contains a lower amount of formic acid (19.8%), while additional methyl formate (16.6%)
and unburned OME: (10.8%) are present in the exhaust gas. Small amounts of methanol (2.9%), nitro-
methane (2.3%) and monomethyl ether (1.2%) are also present in the exhaust gas. Due to their higher
combustion efficiency, OME2 and OMEs have the lowest overall unburned HC emissions compared to
the other fuels. For OME2, the amount of formic acid (32.8%), methyl formate (17.9%), and acrolein
(10.8%) is increased compared to OME1, while small amounts of nitromethane (2.5%) are present. For
OMEs, a larger amount of methoxymethyl formate (10%) remains in the exhaust gas, while the amounts
of methyl formate (13.8%) and acrolein (7.2%) are lower compared to OME-:. In addition, small amounts
of nitromethane (2.4 %) and ketene* (2.1 %) are present in the exhaust gas from OMEs.

The investigation of soot formation is not part of this study due to the lack of a validated soot precursor
chemistry for DME and OME:-s. However, a brief analysis of the gas composition with respect to soot
formation will be performed. Pastor et al. [29] used fast spectroscopy and 2-color pyrometry to investi-
gate the soot propensity of diesel, OMEx, and diesel-OMEx blends. Diesel has the highest soot concen-
tration, which can be attributed to the high content of aromatic components in the gas mixture. This
study shows a high content of 1-methylnaphthalene and ethenylbenzene in the diesel exhaust as well,
along with the soot formers ethene and acetylene. DME and OME31-3 do not have aromatic components
in the gas composition, while the OH concentration is higher compared to diesel (see Fig. 12), which
may promote soot oxidation. Schmitz et al. [30] report that the number of small soot nanoparticles in-
creases in OME24 flames, and that the composition of these particles has oxygenated functionalities.
They suggest that aldehydes are responsible for the formation of these functionalities and seek further
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research in this area. Such a formation mechanism could also play an important role in this study, as
DME and OME:1-3 have higher concentrations of formaldehyde in the gas composition.

Realtive molar concentration [%]

Fig.

Total HC:
122ppm 88.5ppm 106.6ppm 52.7ppm 54ppm
100 =
§259933%33%! O Methoxymethyl Formate (CH3OCH20OCHO)
VEIIIIII IRy
o] & Monomethy| Ether (CH3OCO2H)
20 15555552555
] O Methanol (CH3OH)
T [l
1 P R MmOME-1 (C3H802)
80 o ess il B

45955555555
CESS LS d s
P e
i
ety

000‘0’0

L

£1Methyl Formate (CH3OCHO)
Nitromethane (CH3NO2)

DME (C2H60)

B3 1-Methylnaphthalene (C11H10)
OKetene (CH2CO)

B Propene (C3H6)

70

stel 52

60

50

A Acetic Acid (CH3COOH)

O Acetylene (C2H2)
O2-Naphthaldehyde (C11H80)
B Acrolein (C2H3CHO)

B Methane (CH4)

40

30

20

OKetene* (CHCHO)

B Formic Acid (HOCHO)

B Ethynylbenzen (C8HT)

= dl @Ethene (C2H4)
Diesel DME OME-1 OME-2 OME-3 @ Formaldehyde (CH20)

13. Relative molar concentration of unburnt hydrocarbons for Diesel, DME, OME1, OME2 and OME3 at

10

1750rpm 4bar IMEP. On top of the diagram the total HC emissions on mole basis are shown.

5. Conclusions

The combustion process and exhaust gas composition of diesel, DME and OME1-3 are numeri-

cally investigated using the stochastic reactor model (DI-SRM) and a detailed chemistry model. The DI-
SRM is validated using experiments for a 2.0-liter compression-ignition engine fueled by B7 diesel and
OMEs-s. The model is able to accurately predict instantaneous cylinder pressure and heat release rate
for various operating conditions and captures the pattern of CO2 and NOx emissions in the engine.

Larger

deviations are found for CO and unburned HC emissions in the exhaust.

Finally, the DI-SRM with detailed chemistry is used to study the performance of DME and OME1.3
in comparison to Diesel. The results are summarized as follows:

DME and OME: show a lower reactivity at low temperature, wherefore start of combustion for
pilot injection is delayed compared to Diesel.

OME:2 and OMEs show a higher reactivity at low and high temperature, wherefore start of com-
bustion for pilot injection is advanced compared to Diesel.

The maximum heat release rate is increasing, and the burn duration is decreasing for DME,
OME1, OME2 and OMEs.

The advanced combustion of DME and OME1.3 leads to an increase of peak cylinder tempera-
ture, and consequently an increase of engine-out NO emissions.

At high load operating conditions, the NO2, CO and unburnt HC engine-out emissions are de-
creased for DME, and OME1-3 compared to Diesel.

At low load operating conditions, the NO2 engine-out emissions are higher for OME1.3 compared
to Diesel and DME. The CO and unburnt HC emissions remain at higher concentrations for
DME and OME:1 compared to OME2 and OMEs.

The unburnt HC composition of Diesel shows high fractions of formaldehyde (13.6%), ethene
(12.2%), ethynylbenzen (15.0%), formic acid (12.3%), ketene* (12.1%) and methane (9.3%).
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The unburnt HC composition of DME shows high fractions of formic acid (32.5%), formaldehyde
(21.7%), methane (16.1%) and unburnt DME (18.1%).

For OME:-3 high fractions of formic acid (19.8 — 32.8%), formaldehyde (17.8 — 21.5%), methyl
formate (13.8 — 17.9%), acrolein (6.2 — 10.8%) and nitromethane (~2.3%) are present in the
exhaust gas.
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Abstract. Air pollution has reached critical levels in many major industrial cities, endangering public
health, deteriorating the environment, and causing harm to property and landscape. The particulate
emissions (PM) from propulsion which contribute to air pollution vary greatly in size and composition,
conveying carcinogenic polyaromatic hydrocarbons (PAHS) present on the particle surface. Although it
has been found that replacing fossil fuels with renewable oxygen-bearing fuels reduces the mass of PM
released, not much is known on how this change in fuel composition affects soot levels, PAH production,
and toxicity during the pyrolysis processes that occur in combustion engines. Biofuels such as alcohols,
esters, ethers, and ketones are considered to be potentially sustainable alternatives fuels and can be
produced by various biological and thermochemical processes from a range of renewable feedstocks.
The effects of these oxygenated functional groups on the soot mass and PAHs produced during pyrol-
ysis in a laminar flow reactor were investigated quantitatively in this study. The 16 PAHs identified as
priority pollutants by the US Environmental Protection Agency (EPA) were investigated in this research,
with particular focus on the probable mechanisms for production of the most carcinogenic PAHs (group
B). The oxygenated fuels were pyrolyzed at temperatures ranging from 1050 to 1350 °C under oxygen-
free conditions with a constant carbon atom content in nitrogen of 10,000 ppm and at a consistent resi-
dence period. Both soot bound PAH collected on filter papers and gaseous PAHSs collected on XAD
resin were extracted using accelerated solvent extraction (ASE), with PAH identification and quantifica-
tion carried out using gas chromatography combined with mass spectroscopy (GCMS). An effect of the
oxygenated functional groups on soot mass was readily apparent, with consistently lower production of
soot by methyl acetate, and which has a higher oxygen to carbon ratio than ethanol, acetone, and diethyl
ether. At all temperatures except 1350 °C, methyl acetate pyrolysis yielded much lower GP PAH levels
than acetone and diethyl ether, but somewhat higher than that from ethanol pyrolysis. The concentration
of PP PAH per unit volume of gas is much lower than the corresponding GP PAH, which suggests that
PP PAH that condensed onto particulate surface, subsequently experienced surface reaction and were
therefore not recoverable during the extraction process. The production of pyrene via acenaphthylene
was found to dominate at higher temperatures for all fuels, regardless of molecular structure. At 1150
0C the relative abundance of the soot particles was low, however, the toxicity of the soot particles formed
was substantially higher at lower temperatures, particularly in the case of pyrolysis of methyl acetate
soot.

1 Introduction

Air pollution due to combustion process has reached critical levels in many major industrial
cities, endangering public health and deteriorating the environment. The particulate emissions (PM) from
combustion which contribute to air pollution vary greatly in size and composition, conveying carcinogenic
polyaromatic hydrocarbons (PAHSs) present on the particle surface. The resultant toxicity of particulate
matter from internal combustion engines is therefore a topic of significant scientific and practical
importance in the development of sustainable low emission propulsion systems. It is widely accepted
that it is the presence of adsorbed PAHs on the surface of soot which are primarily responsible for the
toxicity of these particles [1]. The link between polyaromatic hydrocarbons (PAHSs) and soot generation
has long been known, with PAHs being regarded as the primary soot precursors. Following the devel-
opment of single aromatic rings, the rings expand into larger polyaromatic hydrocarbons and finally
produce soot particles by a variety of processes.

Biofuels such as alcohols, esters, ethers, and ketones are regarded as possible sustainable
alternative fuels since they can be produced from a range of potentially renewable feedstocks that can
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be found all over the world. [2-6]. The combustion characteristics of biofuels containing oxygen in vari-
ous forms, such as ethanol, methyl acetate, acetone, and diethyl ether, have been investigated in sev-
eral experimental and numerical investigations. Ethanol and its blends with other fuels have been pre-
viously studied in different combustion systems, such as tube reactors, flames, and IC engines [7-13].
From these studies, it can be concluded that the addition of ethanol to fossil fuel suppressed the sooting
tendency and PAHSs formation. In recent years, Diethyl ether (DEE) has gathered the attention of many
researchers as a potential alternative fuel as, unlike dimethyl ether, DEE is liquid at ambient temperature
and thus relatively easy to store [14-16]. In the literature, several studies reported the use of DEE as a
pure fuel or diesel additive in compression ignition engines and numerical simulation [14,15,17]. Long
chain methyl ketones have been proposed as a possible alternative fuel as these exhibit relatively high
cetane numbers. The simplest and the shortest methyl ketone is acetone, also known as dimethyl ketone
and has potential as a renewable oxygenated fuel due to latent heat of vaporization similar to that of
gasoline, addressing the issue of poor cold start behaviour of Sl engines when utilising bioethanol, which
has a higher heat of vaporization. The use of acetone in a spark-ignition engine has been reported in
the literature [5,6,18], while Wu et al., 2015 [19] reported the effect of acetone fraction in acetone-buta-
nol-ethanol-diesel blends and found that a high percentage of acetone reduced the mass of soot emitted
and improved thermal efficiency. In recent years, methyl acetate and ethyl acetate have emerged as
competitive alternative fuels as they are non-toxic, less volatile, easy handling, and low production cost
as compared to alcohols and ethers. Furthermore, methyl and ethyl acetates have been found not to
produce toxic emissions like aldehydes, ketones, and carbon monoxide due to a high proportion of
carbon bonded to oxygen within the fuel [20,21]. Methyl acetate could also be used as potential biodiesel
additive reducing viscosity [2].

While renewable fuels of various oxygenated functional groups have received interest for the
potential of these to displace fossil fuel use, it remains unknown how the presence of oxygen impacts
on PAH development during pyrolysis and thus the toxicity emitted particles. Therefore, four distinct
oxygenated fuels, ethanol, methyl acetate, acetone and di-ethyl ether have been investigated in this
study to increase knowledge of the impact of oxygenated fuel functional groups on soot and PAH pro-
duction and relative toxicity.

2 Experimental methodology

2.1 Experimental setup and conditions

The high temperature flow reactor facility used in this study has been previously described in detail [22—
25], therefore only a short explanation is provided. The laminar flow reactor tube used was electrically
heated and vertically positioned with a tube length of 1440 mm and an inner diameter of 104 mm. The
selected fuels were premixed with a heated nitrogen stream and pyrolyzed at temperatures ranging from
1050 to 1350 °C at atmospheric pressure. The fuel inlet concentration was fixed at 10,000 ppm based
on a per carbon atom within the fuel. Pure nitrogen was used as a carrier gas with a fixed flow rate of
20 I/min. The soot and gaseous PAHs formed during the pyrolysis of oxygenated fuels were collected
on a 70 mm glass microfibre filter paper and XAD-2 resin, respectively. The liquid fuel supply lines, soot
and XAD-2 resin sample collection, and reactor tube temperature profiling have all been detailed in great
detail before [22,23,25]. A gas residence time for all experiments of t(s) = 4479/T was, and is defined
as the ratio of reactor volume to gas flow at a certain temperature.

Particle and gas phases PAHs collected on the filter paper and XAD-2 resin were extracted with di-
chloromethane using an accelerated solvent extractor (ASE). The extraction process was repeated
sequentially three times for each filter paper and resin, yielding a total of 60 ml extract which was sub-
sequently placed on a heated block maintained at 40°C, with pure nitrogen blown over the top of the
extraction vial to concentrate the extract to initially 15 ml and finally 1 ml.

The gas chromatography mass spectrometry (GC-MS) method used for the analysis of particulate and
gas-phase PAHSs has been detailed previously[22]. PAHs were quantified using the EPA Method TO-3A
[26], with each of the 16 PAHSs allocated to one or more of the deuterated PAHSs in the internal standard.
The tube reactor utilised in all of the tests is shown schematically in Fig. 1, replete with gaseous and
liquid fuel supply lines and also sample paths for soot and XAD-2 resin collection.
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Fig. 1. Schematic diagram of laminar flow tube reactor facility

2.2 Fuels investigated

Ethanol, methyl acetate, acetone, and diethyl ether fuels were all obtained from Sigma Aldrich,
at a purity of 99.6 % certified AR grade with the properties of each shown in Table 1. Fig. 2 shows the
molecular structure of each of the tests fuels.

Table 1. Tested oxygenated fuels and their properties [27,28]

Fuel Molecular Oxygen | Molar mass Density Boiling point
structure to carbon (g/mol) (Kg/m®) at ‘0
ratio 25°C
Ethanol C2Hs0H 0.5 46.07 789 78.37
Methyl acetate | CHsCOOCHs | 0.66 74.08 934 57.1
Acetone (CH3)2CO 0.33 58.08 791 56
Diethyl ether | (CzHs)20 0.25 74.12 706 346
ﬁ ﬁ CI;H3 CH3
H;C—CH,—OCH H,C—O—C—=CH3 HyC——C——CHj,4 H,C—O—CH,
(a) (b) (c) (d)

Fig. 2. Fuel molecular structure of (a) Ethanol, (b) Methyl acetate, (c) Acetone, and (d) Diethyl ether

The test fuels were selected so as to provide insight and understanding as to the following during pyrol-
ysis:
e The influence of oxygen to carbon bond types and functional group within a fuel on soot and
PAH formation.
e Consideration of the possible mechanisms that lead to individual PAH growth and the formation
of the most toxic PAHSs in the case of short chain oxygenates.
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3 Results and discussion

3.1 Effect of oxygenated fuel on soot mass

The mass of soot extracted from the oxygenated fuels is depicted in Fig. 3 at various temperatures,
where the mass of soot extracted from the filter was normalised with the total volume of gas to have
flowed through the filter during sampling. For determining experimental reproducibility, ethanol was em-
ployed as the reference fuel, with five repeat collections of soot mass and PAHs obtained. Where error
bars are given in Figure 3, and subsequent figures, these show plus and minus one standard deviation
from the mean value.

Fig. 3 shows that with the increase in the temperature of the tube reactor from 1050 to 1250°C, the
mass of soot produced increased and subsequently decreased marginally at 1350°C for all fuels tested.
This increase in the soot mass concentration with increasing temperature is in agreement with previous
studies of various short chain hydrocarbon and alcohol fuels [7,10,22,23]. It is evident from Fig. 3 that,
compared to methyl acetate and ethanol, the pyrolysis of acetone and diethyl ether fuels produced a
significantly greater soot mass, especially so at the lowest temperature at which soot was observed of
1150 °C. Methyl acetate produced the least mass of soot of all fuels tested and at all temperatures. It is
to important to note that methyl acetate contains one more oxygen than the other fuels tested (Fig. 2),
as in the functional group of methyl acetate, a single carbon atom is attached to two oxygen atoms by a
double bond and a single bond respectively. The carbon-oxygen double bond is very strong, and difficult
to break [29], therefore, in the context of soot formation, it is important to understand whether the single-
bonded oxygen atom will also remain bonded to the same carbon atom.

700 - 4700
[ 7] Ethanol

@ 600+ [Z77] Methyl acetate ] 600 &
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5 500 [ "] Diethy! ether 2 500 5
E % E
5400 - 3% 400 B
E ? s E
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5 200- = 200 S
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1050 1150 1250 1350
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Fig. 3. Mass of soot collected during pyrolysis of oxygenated fuels at a temperature range of 1050 to 1350°C.
The error bars denote standard deviation.

Fig. 4 shows two possible decomposition pathways of methyl acetate. Osswald et al. (2007) [30]
suggested that ketene formation is more a prominent pathway for direct fuel decomposition. In this case,
the carbon-oxygen double bond breaks, resulting in two of the three carbon atoms present
remaining bonded to two different oxygens. Assuming that these two carbon to oxygen bonds do not
subsequently break, these two carbon atoms might be considered reserved by the oxygen to which they
are bonded and thus unable to participate in soot formation, reducing the overall soot tendency of
methyl acetate. The methoxy radical upon unimolecular decomposition forms formaldehyde, which upon
further dehydrogenation produces CO [31]. It has been also reported that the thermal decomposition of
ketene produces allene and carbon dioxide, with the former further decomposing to methylene and
acetylene [32].

Another possible explanation for the low mass of soot produced by methyl acetate might be the higher
oxygen to carbon ratio, in a scenario whereby the carbon to oxygen bonds break the resulting free
oxygen may subsequently oxidize intermediate species or soot, resulting in a higher concentration of
CO and COg, thus reducing the carbon availability for soot formation. From Fig. 3, comparing the C3
oxygenated fuels, it can be seen that acetone produced a relatively higher mass of soot as compared
to methyl acetate. This might be attributable to the low carbon to oxygen ratio for acetone as compared
to methyl acetate.
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Fig. 4. Methyl Acetate fuel destruction pathways (Osswald et al., 2007 [30])

Agafonov et al. (2019) [33] studied experimentally, and through detailed simulation, the influence of
acetone and propane on soot formation during pyrolysis in an acetylene flame behind a reflected shock
wave, reporting that the thermal decomposition of acetone produced two methyl radicals and CO. This
observation suggested that in acetone only one carbon atom is reserved and prevented from taking part
in soot formation. The observed sooting propensity of acetone is in agreement with the study by
Agafonov et al. (2019). The methyl radicals could be further consumed by first forming ethane mole-
cules, before decomposition to form acetylene by the following reaction sequence (Eq 1):

2CH3 » CoHs » CoHs » CoHs -+ CoHs —» CoHo. Q)

Fig. 3 shows that Diethyl ether formed the highest mass of soot of the four oxygenated fuels at 1150°C
and 1250°C. In the functional group of diethyl ether, the oxygen atom is attached to two carbon atoms.
It has been reported that the thermal decomposition of diethyl ether produces species including carbon
monoxide, methane, ethylene, and acetaldehyde, with the two hydrocarbons able to undergo a progres-
sive dehydrogenation to form soot [34]. Acetaldehyde could also potentially generate methyl radicals
which could be consumed via ethane to form acetylene (Eq 1), an important soot precursor.

Fig. 3 shows that ethanol produced the second lowest mass of soot, after methyl acetate, at all tem-
peratures. This can likely be attributed to ethanol possessing the second highest oxygen to carbon ratio
(Table 1), potentially resulting in a higher concentration of CO and CO2 as compared to acetone and
diethyl ether. A further explanation for low soot mass formed during ethanol is that the C-O bond has
been found to remain intact in a majority of instances under similar conditions, reserving a carbon atom
and reducing the number available for soot formation [25].

The observed soot propensity trend of Ether> Ketone>Alcohol>Ester is in agreement with studies of
the same functional groups during shock tube and jet flames experiments [35-37]. Furthermore, this is
the first study to have observed the same trend of sooting tendency under purely pyrolytic conditions.

3.1.1 Effect of oxygenated fuel on gas-phase (GP) and particle-phase (PP) PAHs

Fig. 5 shows the total PAH measured (sum of the 16 US EPA priority PAH speciated) during pyrolysis
of ethanol, methyl acetate, acetone, and diethyl ether at varying temperatures, collected from both gas
and particle phases.
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Fig. 5 (a) Total gas-phase PAH per m? of gas, (b) Total particle-phase PAH per m? of gas, and (c) Total particle-
phase PAH per mg of soot during pyrolysis of ethanol, methyl acetate, acetone and diethyl ether at varying temper-
ature. Error bars are for ethanol fuel repeatability

Fig. 5a shows that the concentration of gas-phase (GP) PAH produced during pyrolysis of diethyl ether
and acetone decreased with an increase in temperature of the flow reactor from 1050 to 1250°C. At
lower temperatures of 1050 and 1150 °C, methyl acetate and ethanol pyrolysis produced much lower
GP PAH concentrations than acetone and diethyl ether fuel (Fig. 5a), which is likely due to the delayed
formation of intermediate PAH precursors (i.e., acetylene) from methyl acetate and ethanol decomposi-
tion due to unavailability of carbon as explained in Section 3.1 . Despite the shorter carbon chain length
and higher molecular oxygen content than diethyl ether, pyrolysis of acetone resulted in a larger con-
centration of GP PAH at the lowest and highest measured temperatures, as shown in Fig. 5a. A possible
explanation for this is that during pyrolysis of diethyl ether the initial decomposition of DEE is slower
than that of acetone, e.g. more unreacted DEE might remain at 1050 °C. produced two methyl radicals
which readily formed acetylene and propargyl radicals, major precursors for benzene ring formation and
PAHs growth.

It can also be seen from Fig. 5a that the relative effects of different functional groups on GP PAH
concentration diminishes at 1250°C and above, as was also observed in the case of short-chain alcohols
fuels [22]. This can likely be attributed to the very fast reaction rates present at higher temperatures,
and thus effects of temperature dominate those of fuel structure. It is interesting however that at 1350°C
the concentration of GP PAH is appreciably higher in the case of acetone relative to the other fuels,
despite presumably faster rates, perhaps because of a new reaction regime is reached [22,23]. The
decrease in the GP PAH concentration of during diethyl ether and acetone in the temperature range of
1050 to 1250 °C might be attributed to the increased rates of conversion of GP to heavier PAH, and
then to soot particles, as can be observed in Fig. 3.

Fig. 5b shows that for the particle phase (PP) PAH concentration per unit volume of gas of the
oxygenated fuels, there is a visible general trend of increasing PP PAH with temperature and a clear
impact of DEE and acetone relative to methyl acetate and ethanol. Fig. 5b shows that the concentration
of PP PAH for all fuels increased with an increase in temperature from 1050 to 1150°C, while at 1250°C
all the fuels produced a comparable PP PAH concentration. The increase in PP PAH concentration for
all four oxygenates in the temperature range of 1050 to 1150°C, could be due to an increase in the
collisions between the PAH which resulted in an increase in the heavier PAHs at higher temperatures
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(Fig. 5b). It is also interested to note that the concentration of PP PAH during ethanol and methyl acetate
pyrolysis at different temperatures was very similar, despite different carbon numbers and oxygen to
carbon ratios.

At a temperature of 1150°C, Fig. 5c indicates a peak PP PAH concentration per mass of during
acetone and methyl acetate pyrolysis on a mass of soot basis, but that this concentration reduced when
the temperature was increased to 1250°C. At a temperature of 1250°C, a further decrease in the PAH
mass concentrations was observed. A similar effect was reported previously in the case of short-chain
alcohols [22]. The small rise in PP PAH in the temperature range of 1250 to 1350°C shows that more
PP PAHs were deposited on the soot surface, whereas the amount of soot decreased as the tempera-
ture rose (Fig. 3). In Fig. 5¢c an effect of the functional group on the PP PAH is most prominent at
1150°C. At a temperature of 1150°C methyl acetate produced approximately 9.8, 4.4, and 11.8 times
more PP PAH concentration than ethanol, acetone, and diethyl ether respectively. This can likely be
attributed to the very low mass of soot produced by methyl acetate at 1150°C as compared to acetone
and diethyl ether (Fig. 3). It is interesting to note that methyl acetate produced the lowest PP PAH on a
volume gas basis (Figure 5b) but the highest level on a per mass of soot basis (Figure 5c). It is tentatively
suggested that during particle growth some surface adsorbed PAH becomes part of the soot structure
and can no longer be extracted.

3.2 Influence of oxygenates on the PAH rings distribution

Fig. 6 shows the PAH concentration per volume basis of oxygenated fuels grouped according to the
number of aromatic rings present. It can be observed from Fig. 6 that for all fuels, except ethanol, at the
two lowest temperatures of 1050°C and 1150°C, the concentration of 3 ring PAH was greater than that
of any other grouping of PAH by number of rings.

As observed from in Fig. 6 that the pyrolysis of acetone and diethyl ether fuels produced a greater
amount of three-ring PAHs (for example, phenanthrene) than 2, 4, 5, or 6 rings in the temperature range
of 1050 and 1150 °C. At temperatures of 1050 and 1150°C, for example, diethyl ether produced a sig-
nificant amount of three-ring PAH, but the concentration of three-ring decreased as the temperature
increased, implying that three-ring PAHs are rapidly converted into larger species, such as soot parti-
cles, at higher temperatures (Fig. 6c¢). This observation supports the finding from Fig. 3 that the mass
of soot increases with increasing temperature. The three-ring PAHs play an important role in the growth
of 4-6 rings PAHSs [22]. It can be seen that the concentration of 2 and 3 membered rings PAH formed
during diethyl ether pyrolysis decreased with temperature from 1050 to 1350°C while in the case of
acetone, between 1250 and 1350°C the concentration of 2, 4, and 5 rings PAH increases. Acetone
produced a considerably higher concentration of 2, 3, and 4 member rings at 1350°C relative to the
other tested fuels. Despite variations in fuel chemical structure, the concentration of four ring PAHs
during pyrolysis of methyl acetate and diethyl ether were similar at all temperatures, as shown in Fig.
6b and Fig. 6c.
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Fig. 6. PAH distribution according to the number of rings during pyrolysis at four different temperatures of 1050°C,
1150°C, 1250°C, and 1350°C (a) Ethanol (b) Methyl acetate (c)Acetone (d) Diethyl ether. Error bars denote stand-
ard deviation for ethanol fuel and note the extended y-axis necessary in the case of diethyl ether.

Fig. 6d demonstrates that the relative abundance of heavier ring PAHSs in diethyl ether is higher than in
methyl acetate and ethanol when considering the heavier ring PAHSs (i.e., 5 and 6 rings) in the temper-
ature range of 1050 and 1150 °C. At temperatures of 1050 and 1150°C, the concentration of 5 ring PAHs
in acetone and diethyl ether was higher than that of 6 ring PAHs, although methyl acetate had a slightly
higher concentration of six member rings at 1150°C. The difference in concentration of the 5 and 6 ring
PAHs might be attributed to the pace at which these rings convert to soot particles. The comparable
ratios of 5 and 6 ring PAHs suggests that the formation rate of 5 rings PAHs and subsequent consump-
tion to form 6 ring PAH is approximately equivalent for all fuels in the temperature range of 1250 to
1350°C.

In the temperature range of 1050 to 1150°C, the influence of the various functional groups on the ring
distribution is clearly visible (Fig. 6). When compared to methyl acetate, ethanol, and acetone at 1150°C,
diethyl ether generated 1.3, 211, and 4.4 times more three-ring PAHSs. The larger quantity of three-ring
PAHSs during methyl acetate, acetone and diethyl ether pyrolysis implies that at lower temperatures the
conversion rate of three-ring PAH to heavier-ring PAH was reduced and may have been a limiting step.

3.3 Influence of oxygenated structure on growth of individual PAHs

Fig. 7 shows the concentration of Naphthalene (NPH), Acenaphthylene (ACY), Phenanthrene (PHN),
Pyrene (PYR), Benzo [a] Pyrene (B[a]P), and Benzo [K] fluoranthene (B[Kk]F) during the pyrolysis of
ethanol, methyl acetate, acetone, and diethyl ether. These individual PAHs of varying size were chosen
for further discussion on the basis of the PAH distribution by ring number presented in Fig. 6.

Fig. 7a shows that the concentration of naphthalene decreased with an increase in temperature from
1050 to 1350°C for all the oxygenates tested, except ethanol for which the total concentration of naptha-
lene increased up to 1250°C but then decreased at 1350°C. This decrease can likely be attributed to
the rapid conversion of 2 ring naphthalene to higher ring PAHSs, reaction rates of which can be expected
to increase with temperature. A relatively low concentration of naphthalene was found at all tempera-
tures during pyrolysis of methyl acetate and ethanol, and it is tentatively suggested that this can be
attributed to slower rates of first ring formation, due to the high O: C ratio of methyl acetate and ethanol,
which prevents accumulation of naphthalene. Fig. 7a shows that at the lowest temperatures of 1050
and 1150°C, diethyl ether produced an appreciably higher concentration of naphthalene than acetone.
However, at 1250°C and 1350°C, diethyl ether and acetone produced an approximately equivalent con-
centration of naphthalene, suggesting a reduced influence of molecular structure at this condition.

As discussed in Section 3.1, C2 and C3 oxygenated fuels are expected to predominately decompose
to methyl radicals which are consumed via ethane to form acetylene and subsequently propargyl radi-
cals. Two propargyl radicals bond to form benzene, according to a mechanism proposed in the literature
[38,39]. Following this, the benzene ring loses hydrogen atoms, yielding phenyl radicals that may readily
generate two-ring naphthalene through the HACA mechanism [40,41]. Although the HACA method is
most likely to produce naphthalene, cyclopentadienyl radicals might potentially be recombined to
produce naphthalene as well 1], however, it is tentatively suggested that the formation of cyclopentadi-
enyl radicals from the selected oxygenated is less likely. Once two-ring naphthalene has formed, it grows
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further to the three ring species acenaphthylene and phenanthrene via the HACA mechanism. In Fig.
7b, it can be seen that acetone and diethyl ether produced a comparable concentration of acenaph-
thylene at 1050 and 1150°C, despite the difference in the levels of naphthalene at these conditions (Fig.
7a). Fig. 7c shows that diethyl ether produced the highest concentration of phenanthrene in the temper-
ature range of 1050 to 1250°C. An effect of fuel molecular structure on phenanthrene formation is very
evident at 1050 and 1150°C. In comparison to acetone, ethanol, and methyl acetate, diethyl ether gen-
erated 1.2, 166, and 5.6 times the concentration of phenanthrene at 1150°C, respectively. Pyrene can
be formed by either the benzenoid phenanthrene or the three-ring acenaphthylene [42], as shown in
Fig. 7d, which displays the ratio of acenaphthylene to phenanthrene at various temperatures. The con-
centration of phenanthrene was larger than that of acenaphthylene for all of the oxygenated fuels at the
low-temperature range of 1050 to 1250°C, as shown in Fig. 7d, while the converse is true at the maxi-
mum temperature.
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Fig. 7. Measured concentrations of (a) Naphthalene (NPH) (b) acenaphthylene (ACY) (c) phenanthrene (PHN) (d)
ratio of acenaphthylene to phenanthrene (e) pyrene (PYR) (f) benzo[a] pyrene (B [A] P) (g) benzo[f] fluoranthene
(B [K] F) and during pyrolysis of ethanol, methyl acetate, acetone, and diethyl ether. Error bars denote ethanol fuel
repeatability.

It is hypothesised that for all fuels at lower temperatures, pyrene formation is dominated by growth
from phenanthrene via the HACA mechanism, but at higher temperatures (except ethanol at 1350 °C,
which exhibited a higher concentration of phenanthrene), pyrene formation is dominated by acenaph-
thylene due to the larger abundance of the smaller molecule. This hypothesis is in agreement with the
previously suggested formation of PAH from alcohol fuels via the HACA mechanism [22]. A similar effect
of temperature on pyrene formation was observed during the pyrolysis of a series of alcohol fuels [22].
Fig. 7e demonstrates that all oxygenated fuels formed a significant quantity of pyrene at all tempera-
tures, and it is likely that various 2-ring and 3-ring PAHs expanded via pyrene to form heavier PAHs,
particularly the B2 group, via HACA or HAVA (Hydrogen Abstraction/Vinylacetylene-Addition) [43]. It is
interesting to note that, for all the tested fuels the concentration of pyrene is approximately constant at
all temperatures, with the exception of acetone at 1050°C where the measured concentration of pyrene
is significantly lower than for the same fuel at higher temperatures.

From Fig. 7f, it is interesting to note that for all oxygenated fuels the concentration of benzo[a] pyrene
increased linearly with temperatures, which supports the assumption that at higher temperatures the
low and medium molecular PAHs were more rapidly converted into heavier weight benzo[a]pyrene.

Fig. 7g shows that the measured concentration of benzolf] fluoranthene was much less systematically
influenced by temperature. It is also interesting to note that during ethanol and methyl acetate pyrolysis
the concentration of benzo[f] fluoranthene increased at the highest tested temperature of 1350°C but
only very low concentrations were detected in the case of acetone and di-ethyl ether.

3.4 PAH toxicity

This section assesses the potential carcinogenicity of particulate matter produced by oxygenated
fuels of various functional groups at a range of temperatures, with a focus on PAHs from the B2 group
because of their high toxicity. As indicated in Eq 2, a PAH toxicity index was computed for each partic-
ulate sample by adding the products of each PAH concentrations (Ci) and their toxicity equivalent factor
(TEF). TEFs were proposed by Nisbet and Lagoy (1992) [44] and are commonly used to evaluate PAH
toxicity.

Toxicity index = Y, (TEFi * Ci) 2)

Fig. 8 depicts the PAH toxicity of particulate matter formed during the pyrolysis of the test fuels on a
mass basis. As seen in Fig. 8, the studied fuels had dramatically different degrees of toxicity at 1150°,
however, it is interesting to see how close the TEF are at higher temperatures. At 1150°C, methyl ace-
tate displays a maximum toxicity, 4.9 times that of acetone, 13.45 times that of diethyl ether, and 19.48
times that of ethanol, as shown in Fig. 8. The significant toxicity of soot from methyl acetate at 1150°C
can be explained by a comparatively large concentration of toxic benzo [a] pyrene condensing onto the
soot particles (Fig. 3 and Fig. 7d). Further, it should be noted that methyl acetate produced very little
mass of soot at this temperature, and so while the per volume of gas concentration of benzo[a]pyrene
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is not especially greater, it is much higher on a per mass of soot basis. Each step of PAH formation from
acenaphthylene to benzo [a] anthracene and on to the most hazardous species, benzo[a] pyrene, raises
the toxicity level of PAH by a factor of ten. At 1150°C, particulate matter from acetone is the most haz-
ardous, while that from diethyl ether is the least harmful. Acetone has the maximum toxicity at the high-
est temperature measured, which is due to the presence of benzo[A]pyrene.

Finally, while the quantity of soot mass for all fuels is relatively low at 1150°C, as shown in Fig. 3, the
toxicity of the extractable PAHs adsorbed on the soot particles was substantially higher than at higher
temperatures, as shown in Fig. 8. It is also worth noting that at 1150°C, acetone produced the second
highest PP PAH as shown in Fig. 5, which follows the same patterns as Fig. 8, implying that the PM
toxicity is most influenced by the total concentration of PAH present rather than any dramatic change in
the composition of those PAH when comparing the different fuels.

4 Conclusions

In summary, this paper investigated the sooting tendency and PAHs emissions from pyrolysis
of ethanol, methyl acetate, acetone, and diethyl ether and the following conclusions can be drawn:

o Pyrene formation pathways appeared temperature dependent for all four oxygenates and were
dominated by phenanthrene at 1050 and 1150°C, while at higher temperatures higher
concentrations of acenaphthylene were found.

e At 1150°C the relative abundance of the soot particles was low, however, the toxicity of the soot
particles produced was significantly higher than at higher temperatures, especially in the case
of soot produced during pyrolysis of methyl acetate.

o An effect of different oxygenated functional groups on soot mass was evident, with consistently
lower production of soot by methyl acetate, which has higher oxygen to carbon ratio than etha-
nol, acetone, and diethyl ether.

e Functional groups had an impact on the GP PAH concentration with methyl acetate pyrolysis
resulting in a significantly lower GP PAH concentration relative to acetone and diethyl ether, but
slightly higher than ethanol at all temperatures. However, the pyrolysis of acetone resulted in a
higher concentration of GP PAH at the lowest and highest temperatures, despite the shorter
carbon chain length and higher molecular oxygen content as compared to diethyl ether.

e The concentration of PP PAH per unit volume of gas is much lower than the corresponding GP
PAH, which suggests that PP PAH that condensed onto the particulate surface, subsequently
experienced surface reaction and were therefore not recoverable during the extraction process,
contributing to the formation and emission of particulate matter.

e The concentration of four ring PAHs (which contribute to the formation of heavier molecular
weight PAHs comprising 5 or 6 rings) during methyl acetate and diethyl ether pyrolysis were
relatively similar, despite different molecular structures and carbon numbers.
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Abstract. An increase in biodiesel content in diesel fuel in the EU and UK beyond the current value of
5-7% is imperative in achieving emission control in the heavy-duty transportation sector. Waste cooking
oil (WCO) obtained from various sources such as the food industry, restaurants and sewers could
provide sustainable means of producing biodiesel. In this research WCO biodiesel and conventional
diesel fuels were characterized fundamentally in terms of their spray and gas entrainment qualities
under diesel-like engine conditions using the laser-induced fluorescence and particle image velocimetry
(LIF-PIV), shadowgraph and chemiluminescence techniques under non-evaporating, evaporating and
reacting conditions. The impact of fuel injection parameters such as injection pressure and nozzle
diameter on spray and gas entrainment characteristics of the fuel were investigated. Furthermore, WCO
biodiesel B100 (100% biodiesel) and its blends with diesel namely B20 (20% biodiesel, 80% diesel) B40
(40% biodiesel, 60% diesel), B60 (60% biodiesel, 40% diesel) alongside conventional diesel fuel (B7)
were characterized in a real diesel engine. As a result of higher viscosity and surface tension, it was
observed that WCO biodiesel produced longer spray penetration and shorter spray angle than diesel
fuel under non-evaporating conditions. Furthermore, the quantity of gas entrained by WCO biodiesel
spray was lower. Due to higher distillation temperature and less gas entrainment, WCO biodiesel liquid
length was longer. The combined effect of ultra-high injection pressure of 300 MPa with smaller nozzle
hole diameter of 0.08mm was observed to enhance gas entrainment processes. Due to higher cetane
number WCO biodiesel produced a shorter ignition delay. While higher injection pressure had an
influence on the combustion processes, with less air-entrained upstream of the WCO biodiesel lifted
flame, it was observed that its higher oxygen atoms (oxygen ratio) played a crucial role in soot formation.
From the real engine experiments, due to the lower heating value, as the quantity of biodiesel increased,
the peak in-cylinder pressure decreased for biodiesel and its blends in the order B100 < B60 < B40 <
B20 < B7. It was also observed that as the quantity of biodiesel increased, ignition delay and peak heat
release rate decreased in the order B100 < B60 < B40 < B20 < B7. Emission measurements at the
exhaust showed that for all fuels, there was no significant change in CO and CO: species. As ignition
delay was shortened, hydrocarbon and NOx were observed to reduce as the quantity of biodiesel
increased in the blends.

1. Introduction

The diesel engine plays a key role as an energy source for light and heavy-duty transportation
and power generation applications. However, emissions from these applications have been found to be
detrimental to health and the environment [1]. In achieving a low carbon economy, stringent emission
regulations are being proposed for automakers and power generation industries by policy makers [2].
With the recent COP 26 conference in Glasgow, UK it is expected that these regulations will become
more stringent with time. Also, increase in biodiesel content in diesel fuel in the EU and UK beyond the
current value of 5-7% will be crucial in achieving the future emission controls in the transportation sector
[3]. Current heavy-duty diesel engine operates between injection pressure of 200 to 250 MPa. Previous
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works have been reported that by increasing in injection pressure to 300 MPa, emissions such as
particulates can be reduced drastically in diesel engine [4]. In addition, the prospects of using biodiesel
fuel as an alternative in achieving emission reductions in diesel engines have been reported [1]. With
the notions of feedstock competing with food supply, there have been concerns on biodiesel production
[5]. The key solution to mitigate this competition is by recycling used cooking oil from food industries,
restaurants and sewage fatbergs. By using these waste materials, feedstock will be made available
easily while the production of waste cooking oil (WCOQO) biodiesel through the esterification processes
will be enhanced sustainably. To mention a few, there have been several works on the prospects of
using WCO biodiesel in diesel engine. WCO biodiesel has been found to produce lower level of noxious
emission such as hydrocarbon (HC) and carbon monoxide (CO) with similar engine performance when
compared to diesel [ 6-7]. Smoke emissions have been observed to decrease with increase in biodiesel
concentration with no significant change in engine efficiency when two different cases of WCO-diesel
blends were investigated [8]. It was concluded that WCO was better in reducing HC, CO and smoke
emissions as injection pressure increased. The performance, emission and combustion characteristics
of a single cylinder diesel engine fuelled with WCO-diesel blends at various volumetric concentration
were investigated in the work reported by [9]. As the compression ratio increased, it was observed that
WCO-diesel blends tend to have longer ignition delay, maximum rate of pressure rise, lower heat release
rate and higher mass fraction compared to conventional diesel fuel. The use of optical diesel engine test
rig to investigate the spray, combustion and emission characteristics of neat WCO biodiesel and diesel
have been reported by [10-11]. It was observed that WCO biodiesel exhibited longer liquid penetration
length and narrower spray angle than diesel. Due to poor atomization, WCO displayed longer ignition
delay with a slightly lower peak of in-cylinder pressure and heat release rate than diesel with reduction
in carbon monoxide, unburned hydrocarbon and particulate matter emissions. Fundamental studies
using the constant volume vessel to investigate the spray characteristics of diesel fuel blended with
hydrogenated catalytic biodiesel from WCO has been reported in [12]. It was observed that as the
quantity of WCO increased in the diesel blends, the fuel density increased, and this further led to longer
liquid length. With all the previous research, there is a dearth of information on the air entrainment
characteristics of WCO biodiesel sprays in diesel engine. Due to the method fuel is introduced towards
the top dead centre, the direct injection (DI) diesel engine depends more on mixture formation. Hence
in the DI diesel engine, air entrainment in fuel sprays is expected to have influence on spray formation
and the subsequent combustion processes. Since there is a keen interest in the use of low carbon fuels
such as WCO biodiesel it becomes imperative to have an in-depth understanding on its spray and
combustion characteristics. Therefore, in this work, the synergies between WCO biodiesel air
entrainment characteristics and spray formation are investigated fundamentally using high pressure rig
with optical diagnostics techniques. Furthermore, the influence these synergies have on WCO biodiesel
combustion are investigated. To establish the effect of increasing biodiesel content beyond the current
EU and UK levels, the influence WCO biodiesel in diesel fuel blends in an engine test bench is
investigated. Inferences deduced from the fundamental research are correlated with data from engine
tests.

2. Experimental Set-up

2.1 Fundamental Experiments

Experiments were done in a high-pressure constant volume vessel to investigate spray
formation and combustion characteristics of waste cooking oil biodiesel and diesel fuels. Experimental
conditions similar to real production at -—10° ATDC (After Top Dead Centre) were maintained inside the
high-pressure vessel. The high-pressure vessel is set up to focus mainly on fuel-air interactions under
turbulent conditions initiated by high injection conditions towards the top dead centre without considering
other engine processes such as spray swirl, spray squish and spray-piston interactions. The LIF-PIV
(Laser Induced Fluorescence-Particle Image Velocimetry) techniques was used to characterize the
spray formation and gas entrainment characteristics of the fuels at non-evaporating conditions. In
tracking the gas entrained in the spray, Rhodamine B - water solution was used while capturing spray
images through the elastic scattering of droplets by laser beam. Figure 1 presents the experimental
set-up for the LIF-PIV optical diagnostics. A double pulsed Nd:YAG laser (New Wave Research, DPIV-
N50) at a wavelength of 532 nm and energy of 120 mJ was used to image the spray developed by the
fuels and also the fluorescent images of the tracer droplets. A laser sheet of 1 mm thickness was
generated with a cylindrical convex lens. The Rhodamine B solution was injected by a swirl type injector
at 9 MPa into the injected spray region in the constant volume vessel. In accordance with the Stoke’s
law, the fuel was injected when the size of the tracer droplets being excited by the laser light reached
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an optimum size suitable to track the entrained gas. Two continuous images (tracer and spray images)
were captured within a short interval using a CCD (Charge Coupled Device) camera (PCO 1600-PIV).
The resolutions of the images were 1600 by 1200 pixels. A long pass filter which allows light of
wavelength longer than 560 nm was fitted to the front of the CCD camera to only capture the
fluorescence signal of the tracer droplets. The ambient pressure inside the constant volume vessel and
tracer accumulator were respectively controlled using a regulator and nitrogen cylinder. Two delay
generators (DG535 Stanford Inc.) were synchronized to produce electrical pulses for the tracer injection,
fuel injection, laser firing and image capturing.
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Fig. 1. Experimental set-up for the LIF-PIV measurements

To achieve proper distribution and optimum size for the Rhodamine B droplets, the interval between the
tracer and fuel injections was maintained at 1400 ms. In addition to the LIF-PIV set up, the LDSA (Laser
Diffraction Size Analyzer) optical system was used to determine the optimum tracer droplet size suitable
to track the gas entrained. In predicting the magnitude of the velocity of the gas entrained in the spray,
interrogation window size of 16 by 16 pixels (1.55 by 1.55 mm) with 50% overlap and frame time interval.
The cross-correlation method was selected as the algorithm for the vector analyses in the double
frame/double exposure mode. The two-dimensional ambient gas flow field was calculated based on the
displacement of the tracer in the two images by using a commercial PIV analytical software (Koncerto,
Seika Inc.). Details about the LIF-PIV techniques and LDSA techniques for the determination of the
tracer size suitable for tracking the gas entrained in the sprays can be found in previous works by some
of the authors [13-14]. In order to eliminate the effect of shot-to-shot variations, data were acquired from
10 fuel injections. The velocity measurements were then obtained by averaging data from 5 injections
with less error vector. In understanding the impact of the gas entrained and fuel oxygen content
evaporating sprays and combustion experiments were performed using the high-speed camera
(FASTCAM-APX RS, Photron Corp.). Shadowgraphy through Mie Scattering techniques was used to
investigate the evaporating sprays. The Xenon lamp with two reflecting mirrors was utilized to illuminate
and capture the evaporating sprays. For the reacting sprays, the OH chemiluminescence optical
technique was used to investigate the autoignition processes and lifted flame structures . With the aid
of the UV-Nikkor lens (Nikon, 105 mm, f/4.5) mounted to an image intensifier (LaVision Inc., HS-IRO)
and attached to the high-speed camera, the OH chemiluminescence images were captured. The OH
band-pass filter of wavelength 313 nm (10 nm FWHM) coupled to the UV-Nikkor lens was used to
observe the OH chemiluminescence. The two-colour pyrometry technique was used to investigate the
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soot propensity of the fuels. A visible lens (Nikon, 105 mm, f/4.5) was mounted to the high- speed
camera. The two colour system was calibrated using a tungsten lamp (Polaron Components) before it
was used to capture two raw identical flame images at wavelengths of 650 and 800 nm (10 nm FWHM).
The Thermera HS4 software (Mitsui Optronics, version 4.61) was used to process the captured raw
image data to generate two-dimensional and line-of-sight false-colour maps of soot concentration.
Details about the evaporating spray combustion experiments could be found in previous works by the
authors [15]. The injector used is a single hole type with nozzle length of 1.2mm and sac volume of
0.488 mm?3. The injection system is a manually operated piston screw pump (High-Pressure Equipment
Co. Model 37-5.75.60). It was designed with the capability of generating injection pressure up to
300 MPainthe = common rail. The injector was electronically controlled by an injector driver, while the
common rail  pressure was measured with a pressure transducer. A pulse generator (Stanford Inc.
DG 535) was used to synchronise the operation of the high-speed camera and injection system. An
ambient density of 15 kg/m? was used to simulate engine conditions at a crank angle of —=10° ATDC. In
investigating the effect of injection pressures on spray and combustion, three injection pressures (100,
200 and 300MPa) were utilized. Two fuel injector nozzles with diameters of 0.16 mm (baseline) and
0.08 mm (micro-hole) were selected for the experiments. Biodiesel fuel from waste cooking oil (WCO)
and conventional diesel were utilized in the experiments. For the spray experiments, ambient
temperature of 293K and pressure of 1.4 MPa (non-evaporating) were maintained in the constant
volume vessel. For the evaporating sprays and combustion experiments the ambient temperature and
pressure were maintained at 885K and 4.0 MPa. Nitrogen which has similar properties like air was
utilized for the spray experiment to create a non-reactive environment inside the constant volume
chamber. For the combustion experiments the constant volume vessel was filled with air (21% oxygen
gas). Table 1 shows the list of the experimental conditions, while Table 2 presents the physical and
chemical properties of the WCO biodiesel and conventional diesel fuels.

Table 1. Fundamental experimental conditions

Spray | Combustion
Ambient conditions
Density (kg/m?3) 15 (-10° ATDC)
Pressure. Pamb. (MPa) 1.36 (non-evaporating); 4.0 (Evaporating) 4.0
Temperature, Tamo. (K) 295 (non-evaporating); 885 (Evaporating) 885
Injection conditions
Nozzle diameter, do (mm) 0.08; 0.16 0.16
Fuel Pressure, Pinj (MPa) 100; 300 100
Duration, tinj. (Ms) 2.2 15
Injection quantity (g/s) do = 0.08mm do = 0.16mm
100 MPa 300MPa 100 MPa
WCO biodiesel 1.64 2.85 14.21
Diesel 1.61 2.5 14.2

Table 2. Phxsical and chemical Eroeerties of fuels

Fuel Property WCO biodiesel Diesel
Density @ 15°C (kg/m3) 885 830
Viscosity @ 40°C (mm?/s) 4.45 3.36
Surface tension @ 20°C (mN/m) 33.1 30.6
Cetane number 51 45
Distillation temperature (°C) 360 320
Heating value (MJ/kg) 39.03 43.1
Sulphur content (ppm) <3 <19
Carbon content (wt. %) 77.9 86.1
Hydrogen content (wt. %) 12.0 13.8
Oxygen content (wt. %) 10.1 <1
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2.2 Engine Tests

To understand the performance of the WCO and diesel fuels in a real engine, engine tests were
performed using the Robin DY23-2D direct injection single cylinder engine. With the aid of a tachometer,
at full load, a constant engine speed of 1300rpm was maintained by the engine in testing WCO here in
referred to as B100 (100% biodiesel) and its blends with diesel namely B20 (20% biodiesel, 80% diesel)
B40 (40% biodiesel, 60% diesel), B60 (60% biodiesel, 40% diesel) alongside conventional diesel fuel
(B7). At 1300rpm, constant engine full load of 3.73 Nm was maintained for all the fuels injected with
slight variations in the mass flow rate (change in fuel density). For the full load the quantity of fuel
consumed is 10ml in 61 secs. Figure 2 presents the schematic diagram of the engine set up with data
acquisition system for testing the fuels.
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Fig. 2. Engine test set up with instrumentation

A hydro-turbomachinery dynamometer connected to the shaft was used to apply load unto the engine.
Engine load via the dynamometer was controlled using the inlet valve which monitors the amount of
water supplied to the system. A fixed injection pressure at 191.23 bar and fixed injection start timing of
23 BTDC (Before Top Dead Centre) could be obtained in the engine test bench. Furthermore, intake
valve close and exhaust valve opening timings were maintained at 126 and 126 CA (crank angle)
respectively. The Kistler Piezo transducer (6124A) was used to obtain the engine in cylinder pressure
data. A LabVIEW programme was designed to control the engine set-up and acquire the in-cylinder
pressure and crank angle data. The in-cylinder pressure data were used to obtain the rate of heat
release data using an empirical model. Exhaust measurements of CO, CO2, HC and NOx were obtained
using the HORIBA MEXA-584L emission analyser. Table 3 presents information about the single
cylinder engine used for testing the fuels.

Table 3. Description of engine set up

Engine model Robin DY23-2D Diesel
Type single-cylinder, direct injection, air- cooled
Bore*Stroke 70 mm *60 mm
Piston displacement 230 cc
Compression ratio 21
Output 4.8 Hp @3600 rpm
Injection start (fixed) 23 BTDC
Injection pressure (fixed) 191.23 bar
Number of injector holes 4
Injector hole diameter 0.22 mm
Fuel pump model ZEXEL PFRIMDS5/2NP1
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3. Results and Discussion

3.1 Non-evaporating spray characteristics

The line-of-sight spray morphology with gas entrainment velocities of the WCO and diesel fuels
obtained through the LIF-PIV experiments are presented in Fig. 3. The images were obtained as a result
of the elastic scattering of the laser beam by the spray droplets. For clarity, an enlarged form of the
spray with air entrainment velocity field for diesel is presented alongside
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Fig. 3. Temporal variations in spray geometry and velocity distributions of ambient gas around spray

It could be observed as the spray propagates downward; the surrounding gas moved along creating an
entrainment effect towards the upstream part of the spray.
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For both fuels, at 0.08mm, the sprays penetrate further downstream as injection pressure increased to
300 MPa. Furthermore, at an injection pressure of 100 MPa, the sprays penetrate further downstream
as nozzle increased to 0.16mm. Further analyses on the line-of-sight images presented in Fig. 3 led to
the temporal variation in spray tip penetrations and velocities in Fig. 4. As earlier discussed, for the
0.08mm nozzle, the increase in spray tip penetration as injection pressure increased to 300 MPa is due
to increase in injection flow velocity. As a result of momentum increase, at the 100MPa, increase of the
nozzle diameter from 0.08mm to 0.16mm led to increase in the spray tip penetration for both fuels. It
could also be observed that the spray tip penetration at 100MPa with the 0.16mm nozzle is longer than
that at 300 MPa with 0.08mm nozzle. Irrespective of fuel injection conditions as time proceeds WCO
biodiesel tends to produce longer spray tip penetration compared to diesel. The WCO biodiesel viscosity
and density which is about one and a half times of diesel could have played a major role in the
atomization process thereby leading to longer spray penetration. For WCO, at an injection pressure of
100MPa and nozzle size of 0.08mm, the spray tip penetration decreased slightly at 2.2ms after the start
of injection (ASOI) which corresponds to the end of injection (EOI). The reason for this needs further
investigation. The spray tip velocity which was derived by finding the first derivative of the spray tip
penetration is also presented in Fig. 4. It could be observed that the spray tip velocity decreased with
time after the start of injection (ASOI). Considering the effect of injection conditions and fuel types, the
spray tip velocity followed similar trend as the spray penetration. Furthermore, the spray tip velocity is
higher than the surrounding gas velocity (about 3m/s maximum).
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Fig. 5. Temporal variations in spray area and spray angle

The spray surface area for both fuels is presented in Fig. 5. For the 0.08mm nozzle, it could be observed
as injection pressure increased to 300MPa, the spray surface area increased. Furthermore, by
increasing the nozzle diameter to 0.16mm, the spray surface increased at 100MPa. At 100 MPa, the
spray surface area by the 0.16mm nozzle is larger compared to that of 0.08mm at 300MPa. For both
fuels there was no significant difference in the spray surface area at 100 MPa with the 0.08mm nozzle.
However, as the injection pressure increased to 300MPa at 0.08mm and nozzle size increased to
0.16mm at 100MPa, the spray surface area of diesel fuel tends to be larger than WCO especially at the
latter part of the spray development. On the other, the level of spray dispersion in the quiescent ambient
condition characterized by the spray angle is also presented in Fig. 5. The spray angle was defined
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based on the method described in previous work [13] by drawing lines touching the spray periphery
tangentially. A horizontal line is drawn across the periphery lines utilising 60% of the spray tip penetration
forming a triangle. Through this, the spray angle can be calculated using trigonometry. It can be
observed that for the 0.08mm nozzle the spray angle increased for both fuels as injection pressure
increased to 300MPa. Furthermore, at 100MPa as the nozzle increased to 0.16mm, the spray angle
increased for diesel fuel whereas for WCO it was the opposite. This shows that the effect of nozzle size
on spray angle is inconclusive taking into consideration fuel types and further investigation is required
to understand the reasons behind this. It can be deduced that injection pressure had a significant impact
on spray dispersion. As a result of higher fuel viscosity and density, at all injection conditions, WCO
sprays tend to disperse less by producing smaller spray angles. As a result of the larger spray angle,
the wider dispersion of diesel spray could have contributed to the larger surface area when injection
pressure increased to 300MPa at 0.08mm nozzle and nozzle size increased to 0.16mm at 100MPa
injection pressure.

3.2 Spray Entrainment Characteristics (Total entrained Gas, lateral and tip gas entrained)

The total entrained gas in the WCO and Diesel sprays was analysed using the entrainment
velocity data presented alongside the spray images in Fig. 3. In calculating the total mass flow of the
entrained gas, the schematic diagram in Fig. 6 earlier described in previous works by the authors [16]
provides detailed information on the gas entrainment mechanisms in fuel sprays.
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Fig. 6. Definition of velocity components and sections around spray periphery

In the schematic diagram, three sections namely entrainment, recirculation and capturing can be
identified. The side periphery of the spray is associated with the entrainment and recirculation sections
while the tip periphery of the spray is associated with the capturing section. From the schematic diagram,
it could be noted that the recirculated gas constitutes the gas entrained at the spray periphery close to
the injector.

From Fig. 6, the total mass flow rate of the gas entrained, m,_ . . viathe spray periphery can be
defined as,
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At a point of the spray tip hemispherical (tip periphery) with radius, R measured from the centre at an
angle 0 , as the spray propagates, some quantity of surrounding gas is captured while some are pushed
further downstream. Hence the total mass flow rate for the pushed gas, matip,pushing can be defined as,

01
Maping = | Pa-15(0)-4AO) @

For the entire spray tip hemispherical (tip periphery) region with radius R, the gas entrained during spray
penetration, m,_ . hemisphere is defined as,

y — 2
maenti‘rg hemisphere R Pa- Ventire hemisphere (3)

From equations (2) and (3), the total gas captured at the spray tip, can be defined as,

macap tured

macaptured - maentire hemisphere - matip,pushing (4)

Therefore, the total mass flow rate of the gas entrained by the spray can be calculated as,

+ macap tured (5)

Masorar = Maentrained

With equation (5) the temporal variation of the total gas entrained by the spray is presented in Fig. 7.

In Fig. 7, as the spray propagates, the total mass flow rate of the gas entrained increased with time and
decline towards the end of injection especially at 100MPa with 0.16mm and 300MPa with 0.08mm. As
a result of larger spray area, the total mass flow rate of the gas entrained is higher for the 100MPa with
0.16mm followed by 300MPa with 0.08mm. As a result of superior atomization processes, at all injection
conditions, the total mass flow rate for diesel fuel is higher compared to WCO. Further analyses show
that out of the total mass flow rate entrained, the percentage of gas entrained laterally increased as time
proceeds while the percentage of gas entrained via the spray tip decreased. The implication of the
decrease in the percentage of entrained gas via the spray tip could explain the existence of gas
recirculation region as the spray propagates. The recirculated gas contributes to the gas entrained on
the lateral side of the spray.



10 O.A. Kuti, S. Bahmanisangesari, R. Gilmour, A. Albarbar, L. Qian, K. Nishida

-

[=)]

o
1

120

80

Total gas entrained (g/s)

I~
o
1

(%)
&)
S o

o~
o
1

(o]
(=]
1

Gas entrained at lateral side
[\~
o

100

—a— WCO_100MPa_0.08mm
50 -|—e— Diesel 100MPa_0.08mm
- -4 - WCO_300MPa_0.08mm
- -@ - Diesel_300MPa_0.08mm
30 4—— WCO_100MPa_0.16mm

i —o— Diesel_100MPa_0.16mm
T

T
0.5 1.0 1.5 2.0 2.5
Time {ms ASOI)

Gas entrained at spray tip (%)

Fig. 7. Temporal variation of total gas entrained with percentage entrained at the spray lateral side and tip

To investigate the effectiveness of the fuel type and injection conditions on gas entrainment, the total
mass flow rate of gas entrained in Fig 7. was normalized with the fuel mass flow rate.
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It can be observed in Fig. 8, that the normalized gas mass flow rate increased with time while the spray
propagates. Furthermore, for both fuels, the combined effect of the 300MPa injection pressure with
0.08 mm played a vital role in gas entrainment. As observed earlier the normalized total gas mass flow
rate for diesel is higher compared to WCO.

3.3 Evaporating Spray

Under the evaporating conditions, the liquid length of the vaporized sprays is presented in Fig.
9. It could be observed in Fig. 9 that after an initial liquid spray development period, the tip of the liquid
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Fig. 9. Temporal variation of spray liquid length of evaporating sprays

phase fuel region reached a steady condition and fluctuated about a mean axial location due to
turbulence. Furthermore, the impact of gas entrainment at the 300MPa injection pressure with 0.08 mm
nozzle size can be identified on the vaporization processes causing shorter liquid lengths in both sprays.
At all injection conditions, both WCO produced a longer liquid length compared to diesel. The reason
for this can be attributed to inferior atomization by WCO, which limited the rate of evaporation as a
smaller quantity of air was entrained in the spray. In addition, the higher boiling point property of WCO
with low volatility could have initiated a longer liquid phase length. This phenomenon has been observed
in previous works on liquid-phase penetration length [17-18].

3.4 Combustion Characteristics (OH- Ignition delay and LOL and Two Colour- KL factor)

The OH chemiluminescence and two colour pyrometry line of sight images of the combustion
characteristics of WCO biodiesel are presented in Fig. 10. In Fig. 10 (a), autoignition spots with high
temperatures can be identified. Furthermore, the auto-ignition spots have been observed in previous
work [1] to be formed the fuel-air rich mixture location. As a result of enhancement in mixing which
further accelerated the rate of reaction, it can be observed that increase in injection pressure led to
shorter ignition delay (inset of Fig. 10 (a)) for both fuels. Furthermore, ignition delay timings for WCO
biodiesel were shorter at all injection pressures. Cetane number and fuel oxygen content have been
observed to have an influence on the reactivity of fuels [1]. Therefore, the shorter ignition delay by WCO
could be attributed to its higher cetane number and fuel oxygen content. After autoignition, during the
fuel injection period, the flame size increased and became quasi- steady at a location as presented in
Fig. 10 (b). The distance from the injector tip to the quasi-steady location (represented by horizontal red
lines) of the lifted flame is referred to as the flame lift-off length. Upstream of the lifted flame, the air
entrained played a vital role in soot formation processes in a diesel engine. The region downstream of
the flame lift-off is defined by a non-premixed zone characterized by OH radical species. As injection
pressure increased, the spray velocity increased thus making the flame structure to be pushed further
pushed downstream as it stabilized. At 100MPa, the difference in the flame lift-off length of WCO and
diesel is not significant. However, at the 200 and 300 MPa, the flame lift-off length tends to be shorter
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compared to diesel. The presence of a cool flame (at low temperature) upstream of has been observed
to play a vital role in the formation of a stabilized high temperature lifted flame. The cool flame is usually
characterized by the formation of the formaldehyde (CH20) species [1]. The presence of the cool flame
is an indication that ignition processes at low temperature are continuously occurring within the reacting
spray as fuel and air mix upstream of the lifted flame. As hot air is entrained upstream during the fuel
injection period, it mixes with the cool flame thus leading to a high-temperature ignition flame. The
downstream high-temperature flame propagates upward joining the new flame to form a quasi-stable
flame. The transition from the cool flame to high temperature lifted flame has been reported to be
influenced strongly by the fuel type [19]. Therefore, the shorter flame lift-off length observed in WCO
could be attributed to the closer location of the CH20 species to the injector. In addition, as a result of
higher fuel density yielding a lower injection velocity (obtained by Bernoulli’'s equation) and higher
viscosity (lower discharge coefficient), WCO flame lift off length is shorter than diesel. These
observations have been reported in previous works by [20].

In quantifying the amount of air entrained upstream of the lifted flame in (Fig. 10 (b)), the model by Naber
and Siebers (21) presented in equation (6) was used.

2(A/F)g
oo 2D )

1+16(£—2)2—1

Where ¢ is an expression for the cross-sectional local equivalence ratio, at any axial location
L, (autoigntion location and flame lift of length) in a combusting fuel jet. The ¢ values provide information
about the quantity of air entrained in forming reacting mixtures. The term, x™ is a characteristics length
scale for the fuel jet while (A/F),; is the stoichiometric air fuel ratio by mass which can be obtained by
using the carbon, hydrogen and oxygen contents as obtained in Table 2. For WCO and diesel, (A/F)q;
have values of 12.61 and 14 respectively. Detailed explanation of x* can be found in previous work
[13]. As presented in Fig. 10 (b) (see inset), it could be observed that the local equivalence ratio
decreased as injection pressure increased up to 300MPa. This further led to more air entrained
upstream while the flame reaction zone was further pushed downstream. As observed earlier in the LIF-
PIV experiments, more air was entrained upstream of the flame because of the enhancement in mixture
formation during flame propagation. At all injection pressures, due to poor atomization, WCO lifted flame
were shorter with less air entrained upstream which further led to higher equivalence ratio.
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Fig. 11. Temporal variations of predicted soot formed with injection pressure

In gaining detailed understanding on the soot characteristics of the fuels, the KL images obtained from
the two-colour pyrometry experiments are presented in Fig. 10 (¢). The soot KL factor is expressed in
soot number per cm2. It can be observed in Fig. 10, that as injection pressure increased from 100 to 300
MPa, both soot quantity and area decreased. With WCO equivalence ratios higher (refer to Fig. 10 (b)),
the intensity of the KL contours was lower compared to diesel especially at the 200 and 300 MPa
injection pressures. This implies that WCO soot formation does not depend on the quantity of air
entrained of the lifted flame. In addition, works by [22] has showed that equivalence ratio is not a valid
metric to define the relationship of oxygenated fuel with an oxidizer in terms of its mixture stoichiometry.
Therefore, the use of oxygen ratio, Q,defined in equation (7) has been proposed by [22] to deal with
these ambiguities.

No
0=—7"— %)
ch + inH

Where ny,n, and ny are the number of oxygen, carbon and hydrogen atoms respectively in the
stoichiometry chemical reactions taking into consideration the elemental composition of both fuels in
Table 2. Equation 7 is valid if the product of the stoichiometry reaction is considered saturated i.e.
saturated stoichiometry products (SSP). Carbon dioxide, water, and molecular nitrogen are typical
examples of SSPs in combustion reactions. With equation 7, the oxygen ratio of WCO is 1.6% while
diesel fuel has a value of zero since it has no oxygen in its atom. Compared to diesel, the higher oxygen
ratio promoted soot oxidation in WCO despite its higher local equivalence ratio which is dependent on
the entrained air. Fig. 11 presents the temporal variation of the soot quantity formed by WCO and diesel
fuels. Soot quantity increased from the beginning of the combustion event towards the end of injection
period. However, after the end of fuel injection, it decreased due to the enhancement in oxidation
processes. As a result of enhancement in air entrainment, increase in injection pressure led to the
decrease in soot quantity. WCO displayed early soot formation and produced more soot especially at
100 MPa compared to diesel after the end of injection (AEOI). However, at a later period (about 0.75
ms AEOI), at all injection pressures, the net soot formed by WCO declined faster compared to diesel.
Since WCO entrained less air compared to diesel, the reduction in net soot could be attributed
significantly to the chemical bounded fuel oxygen. Hellier et al. [23] reported that the oxygen content of
a fuel has the tendency to play vital role in soot oxidation. As earlier presented in Table 3, oxygen content
in WCO is 11.1% as against diesel which is less than 1% or negligible. Therefore, as injection pressure
increased, the oxygen atom in WCO could have enhanced soot oxidation during the combustion events.

3.5 Engine test measurements
In Fig. 12, the in-cylinder pressure data for WCO biodiesel (B100) and its blends (B20, B40 and

B60) obtained through the Kistler transducer are presented alongside conventional diesel (B7 i.e., 7%
of biodiesel). The in-cylinder data was obtained from 200 engine cycle mean data.
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Fig. 12. Variation of engine in-cylinder pressure with crank angle

After the maximum in-cylinder pressure during motoring (around 5.7 to 5.8 MPa), it can be observed
that the in-cylinder pressure for B100 increased more towards the top dead centre (TDC i.e., 0° crank
angle). However, after the TDC, B7 produced the highest peak pressure. The in-cylinder pressure in
Fig. 11 can be used to evaluate the rate at which chemical energy is released during the combustion
event. This is referred to as the apparent heat release rate (HRR). The HRR is calculated using the
empirical model by [22] as presented in equation (8).

y av 1 dpP

P—+ 4 (8)

HRR = —
do " y—1 de

_y—l

Where 8 is the crank angle and y is the specific heat ratio assumed to be constant at 1.33, V is the
cylinder volume, P is the in-cylinder pressure, y is the polytropic index with a value of 1.33. As
presented in Fig. 13, it could be observed that the HRR increased from the start of fuel injection and
reach the peak after the TDC. B7 produced the highest peak HRR compared to WCO and its blends.
As presented in Table 2, the higher peak HRR by B7 could be attributed to the fuel higher energy
content.
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Fig. 13. Variation of heat release rate (HRR) with crank angle
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The shortcoming of equation (8) in analysing the HRR is that it lacks the heat transfer model. Therefore,
a CFD analyses was performed to obtain the apparent HRR (AHRR) taken into consideration the
convection/diffusion heat transfer model. Fig. 14, presents the AHRR from the CFD analyses
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Fig. 14. Simulation of apparent heat release rate (AHRR) with the heat transfer model

As presented in Fig. 14, peak AHRR decreased as the quantity of biodiesel increase and diesel
decrease in the blend. Furthermore, there is an early rise of heat release as the quantity of biodiesel
increase in the blend. This implies that increase of biodiesel enhanced faster reactivity of the fuel. As
obtained earlier in Fig. 13, diesel has the highest peak AHRR.

Ignition delay was determined using the method described in [24-25]. In Fig. 15, ignition delay was
obtained by finding the difference between crank angle of the start of injection (23° BTDC) and the

maximum first derivative

in-cylinder pressure, (dPjycy1/d0)
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Fig. 15. Definition of ignition delay using B100 In-cylinder pressure data
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The value of (dPincyz_/de)max corresponds to an in-cylinder pressure of 6.25 MPa, which is more than

the maximum motoring pressure. By using the method in Fig 15., it can be observed in Fig. 16, that
ignition delay was shorter for B100 compared to B7. Furthermore, ignition delay decreased as the
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decreases in the blend. As observed in [27] the slight decrease in CO2in WCO biodiesel and its blends
could be due to higher oxygen and lower carbon content.

In order to account for the fuel’'s chemical energy released in the engine, the combustion efficiency, 7.
is defined in equation (9) and analysed using the CO and CO:z concentrations as defined.

Xc0,C0;

- 9
76 = %0,C0, + 6o CO )

Where X, and X, are the mole fractions (% by volume) of CO2 and CO respectively.

Furthermore, the thermal efficiency, n which indicates the extent to which workdone by the engine is
converted to heat output is calculated as follows;

1

4 rcy y-1 y-1 rey
)= =)
e c

Where r, and r,. are the expansion and compression ratio respectively.
Figure 18 presents the variations of . and n; for the fuels;
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Fig. 18. Combustion and Thermal Efficiencies for WCO, WCO blends and conventional diesel

As presented in Fig. 18, increase in WCO in blends led to decrease in combustion efficiency. The
decrease could be as a result of inferior atomization of WCO since it has higher density and viscosity
compared to diesel. This observation has been reported by [28]. On the other hand, there was no
significant difference in thermal efficiency for B20, B40 and B60. However, as WCO increase in the
blends, thermal efficiency increased. This could be as a result of the enhanced combustion due to the
fuel borne oxygen content of WCO which is significant compared to diesel.
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In addition to Fig. 19, the NOx and HC emission characteristics of the fuels are presented in Fig. 16.
Compared to B7, it can be observed that both HC and NOx emission decreased as the quantity of
biodiesel increased. As reported in [27] due to the shorter ignition delay of WCO, the level of mixture
over leaning is reduced thereby promoting faster premixed combustion durations which further led to
the reduction of HC emission as the quantity of WCO increased in the blends. On the other hand, as the
quantity of WCO biodiesel increased the quantity of NOx emission reduced. As observed in [29], the
reduction in NOx could be due to the lower energy content of WCO biodiesel. Furthermore, it was
observed in [23] that longer ignition delay has the tendency of leading to higher quantity of NOx
production. Therefore, since increase in WCO biodiesel quantity led to decrease in ignition delay, the
quantity of NOx is reduced.

4. Conclusion

Fundamental experiments using optical diagnostics such as the LIF-PIV, shadowgraphy and
chemiluminescence techniques with high pressure rig have used to characterize WCO biodiesel spray
combustion processes under diesel engine conditions. Furthermore, tests using a single cylinder engine
were done to complement fundamental experiments. Under non-evaporating conditions, it was
observed that due to higher viscosity, WCO biodiesel produced longer spray penetration, spray velocity
and shorter spray angle. Furthermore, due to the inferior atomization of WCO biodiesel, the quantity of
gas entrained was lower. Under evaporating conditions, WCO biodiesel longer liquid length due to less
quantity of gas entrained and higher distillation temperature. The combined effect of ultra-high injection
pressure of 300 MPa with smaller nozzle hole diameter of 0.08mm was observed to enhance gas
entrainment processes. Due to higher cetane number WCO biodiesel produced shorter ignition delay.
With less air entrained upstream of the lifted flame, it was observed that the oxygen atoms in WCO
biodiesel molecule played a crucial role in soot formation. From the engine experiments, due to lower
heating value, the peak in-cylinder pressure decreased as the quantity of biodiesel increased in the
blends. It was also observed that as the quantity of biodiesel increased, ignition delay and peak heat
release rate decreased. Emission measurements at the exhaust showed that for all fuels, there was no
significant change in CO and CO: species. However, hydrocarbon and NOx were observed to reduce
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drastically as the quantity of biodiesel increased in the blends. It was observed that the shorter ignition
delay of the WCO biodiesel played a crucial role in the HC and NOx.
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Abstract. Hydrogen (H2) is increasingly viewed as an attractive carbon-free fuel due to its potential
compatibility with the existing transportation and conversion infrastructure. However, one of the major
challenges facing large-scale deployment is the fundamentally different combustion properties it has
in comparison to commonplace hydrocarbon fuels such as natural gas. For example, the laminar
burning velocity (LBV) of a combustible mixture has a direct impact on how it can be used in internal
combustion engine or gas turbines; the LBV of hydrogen is over 7 times greater than that of natural
gas when combusted in air. Carbon dioxide (COz) can be used as a working fluid, as opposed to
nitrogen (in air), to reduce the flame speed of hydrogen combustion. A mixture of hydrogen, oxygen,
and carbon dioxide as a working fluid can provide LBVs comparable to natural gas in air, which po-
tentially enables existing conversion architectures. Furthermore, by replacing nitrogen (N2) with CO2
in the mixture, NOx emissions are avoided and opportunities for carbon sequestration or closed-cycle
processes are possible. This study experimentally explores fundamental premixed oxy-combustion
properties of H2/CO2 mixtures in a constant volume combustion chamber (CVCC) across a range of
initial pressures (1, 1.5 and 2 bar) and equivalence ratios (0.4, 0.6, 0.8, 1). The spherically expanding
flames are examined to determine the flame speed, LBV, and lower flammability limits (LFL) with
respect to different CO2 concentrations (40%, 60%, 65%). Furthermore, it was identified that the flame
speed of the 65% CO:2 case at an equivalence ratio of 1 and initial pressure of 1 bar matches the
closest with methane-air stoichiometric combustion.

Nomenclature

LBV Laminar burning velocity

CvCC Constant volume combustion chamber
LFL Lean flammability limit

Pi Initial pressure

MIE Minimum ignition energy

1. Introduction

The transportation sector requires approximately 5.6 x 1020 J of energy per year, primarily de-
pendent on fossil fuels by consuming around 11 billion liters of fuel every day to power approximately
380 million commercial vehicles and 1.2 billion passenger cars worldwide [1-4]. Light-duty vehicles,
especially gasoline-fueled passenger cars, supply 44% of global transport energy demand and gasoline-
based spark-ignition engines power around 80% of the total passenger cars worldwide [5,6].

With the increasing energy demand and decarbonization technology transition, it is imperative
to reduce the usage of fossil fuels by utilizing cleaner alternative fuels that can leverage the existing
internal combustion engines and gas turbines to ensure efficient combustion with low anthropogenic
carbon emission. Hydrogen is one of the cleanest fuels with lower minimum ignition energy (0.017 mJ)
[7], lower volumetric energy density [8], higher diffusivity [9], and a wider flammability range (4—75 vol%)
[10] in comparison to traditional alternative fuels. These intrinsic properties of hydrogen result in a highly
energetic rapid/instantaneous burning and propagation velocity, which is ten times higher than methane
[11] and poses challenges to a potential drop-in replacement strategy. One method to address the rapid
combustion is to add inert gases that suppress the rapid combustion event. Depending on the dilutant
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type and dilutant ratio, a different predominant effect is observed during the combustion process [12-
14]. One of the critical metrics to quantify this difference is the laminar burning velocity (LBV), a key
parameter in premixed combustion measured as the normal component of flame velocity relative to
unburned gas. It contributes to understanding the mixture diffusivity, reactivity, and exothermicity [15-
17]. Numerous experimental efforts demonstrated the effect of inert gas addition such as argon, helium,
nitrogen, carbon di-oxide and water vapor on hydrogen premixed combustion [18, 13, 19]. Duan and Liu
[20] investigated premixed laminar flame of a Hz-air mixture with diluted N2+H20 and concluded a 64.3%
decrease in flame propagation velocity with a dilution ratio from 10-40% at an equivalence ratio of 1, an
initial pressure of 0.1 MPa and an initial temperature of 393K. Morovatiyan et al. [21] utilized argon as a
working fluid in a H2/O2/N2 premixed flames for 0.2—-0.6 bar initial pressure, 298 K initial temperature
and a broad range of equivalence ratio (0.2-3.0) and concluded that with the increasing argon content
in the mixture, the flame speed and burning velocity increased while extending the lean flammability
limit. Wang et al [22] examined the flame characteristics under sub-atmospheric pressure and room
temperature with a wide range of equivalence ratios of Hz/air pre-mixtures diluted with Ar, N2, and COs..
Their experiments indicated that maximum pressure rises, and deflagration index are primarily depend-
ent on dilutant type, and fraction while CO2 was mentioned as a most effective inert gas for decreasing
the speed associated with flame front expansion followed by the N2 and Argon. Zhang et al. [18] con-
ducted a computational study in terms of the efficacy of combustion suppression for N2, He, Ar, and CO2
and indicated Ar < N2 < He < COz2 in terms of effectiveness. When CO: is mixed with Hz for ignition, [23]
additional energy is required to raise the mixture temperature compared to nitrogen due to the higher
specific heat capacity [24]. Li. et al. [25] investigated laminar combustion characteristics of N2/ Hz/air
and COz/ Hz/air and summarized that CO2 has a more substantial dilution effect than Nz in reducing LBV
owing to both chemical effect and thermal effect. Katsumi et al. [26] studied the effects of CO2 and water
vapor mixture on hydrogen/air premixed flames and concluded that the addition of CO2 or H20 advances
the unstable motion of hydrogen flames, and the reason was explained by the increment of diffusive-
thermal behaviors of the flames. One standard method to intake CO2 or H20 vapor into the engine
cylinder is utilizing the exhaust gas recirculation [27,28]; however, different CO2 reformer methodology
is still under research which can be implemented and incorporated into the future mobile transportation
system [29].

Considering all the above, using CO:2 as the working fluid has the potential to balance the high
LBV and make the use of H2 more compatible with existing systems. Furthermore, replacing nitrogen
eliminates the potential NOx emissions and may be used with carbon sequestration and closed-loop
cycles. This experimental work investigated premixed hydrogen oxy-combustion with CO2 as a working
fluid, varying equivalence ratios ranging from 0.6 to 1.0 under different initial pressure conditions. The
experiments were carried out in an optically accessible constant volume combustion chamber and a z-
type schlieren technique was utilized to capture the flame morphology and a dynamic pressure sensor
to measure chamber pressure.

2. Methodology

Flame speed, laminar burning velocity (LBV), and the lower flammability limits (LFL) are calcu-
lated for hydrogen gas combustion under a matrix of experimental conditions of varying the percentage
of COz2 in the mixture (CO2%), initial pressure (1.0 bar, 1.5 bar, 2.0 bar), and equivalence ratio (1.0, 0.8,
0.6). Figure 1 shows the experimental setup, including the constant volume combustion chamber
(CVCC), gas tanks, pressure transducers, and Schlieren imaging used to acquire data for the analysis.

The stainless-steel CVCC has an internal diameter of 140 mm and a volume of 1.93 L. Two 127
mm thick quartz viewing windows are supported by flanges. Proper sealing of the chamber is required
for filling the chamber with the gas mixtures, ensuring constant volume during combustion, and for suf-
ficient vacuuming after combustion; therefore, a high temperature O-ring is planted between the quartz
windows and flanges. In order to generate a spark ignition, two electrodes are inserted from symmetri-
cally opposite sides of the chamber, leaving a 1.36 mm gap where the spark occurs. The spherically
expanding flame is observed using the optically accessible CVCC and a Z-type Schlieren imaging setup.
The optical system uses a halogen light source (FSI-1060-250, 250 watt) that passes through a pinhole,
two condensing lenses, the CVCC itself, a knife edge, two concave mirrors (internal diameter of 152.4
nm, focal length of 1524 nm), and a complementary metal oxide semiconductor (CMOS) Edgertronic
SC2+ camera. Figure 1 shows the route of light path starting at the halogen source and ending at the
high-speed camera. Table 1 includes all the characteristics of the optical system in use.
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Figure 1: Schematic diagram of the experimental setup

Table 1. Optical System Configuration

Camera type Complementary metal oxide semiconductor (CMOS)
Field of view 14 cm

Frame rate 8000 fps

Exposure 1/8500 seconds

Spatial resolution | 4 mm/pixel

The start of a trial begins with vacuuming the CVCC and gas supply lines to <300 millitorrs to
ensure the absence of undesired gases. The hydrogen gas, oxygen, and carbon dioxide are added to
the chamber in ascending order of partial pressures. The gas supply lines are vacuumed in between the
addition of each gas. Once all gases are loaded into the chamber, the mixture is allowed to mix for 3
minutes before spark. The spark is then triggered, and the data acquisition system records the image
of the flame propagation, pressure, and time data. Each experimental condition, found within the exper-
imental matrix, is repeated three times to guarantee repeatability and a >95% confidence level.

2.1 Flame Speed and Laminar Burning Velocity (LBV)

The images recorded using the Schlieren setup are digitally processed for flame speed calcula-

tions. Equation 1 is used:

dr (1)
.
5o = G

where dry is the change of flame radius (cm) and dt is the change in time (s). The flame radii of
interest are analyzed within upper and lower limits; the lower limit is set to 14 mm, or about 10x the
distance of the 1.36 mm electrode gap, and the upper limit is set to 40 mm which is the maximum
distance the flame can travel before making physical contact to the chamber walls. The laminar burning
velocity is measured through two different methods. The first method uses the Schlieren images. This
method is based on an experimental approach to calculate the flame speeds from Schlieren imaging.
The images are converted into greyscale and then binarized to detect the edge of the expanding flame.
Image processing and edge detection was performed with the image processing toolbox in MATLAB.
The equivalent diameter of the propagating flame was calculated for each frame assuming the captured
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region to be a complete circle. After identifying the region where the flame was expanding in a quasi-
steady state, the instantaneous flame speed and stretch rate were calculated within that range for two
consecutive images from the sequence. The flame stretch rate is defined as the time rate of the change
of the flame surface area normalized by the area itself [30], as shown in Equation 2.

_Ldd_zdy .S (2)
A dt Tf dt T'f

The unstretched flame speed was then measured by applying a linear fit to the stretch rate
versus flame speed curve. The laminar burning velocity of the gas mixture was determined by multiplying
the average unstretched flame speed with the expansion factor, i.e., density ratio of the burned and
unburned gases which was determined by the free flame function in CANTERA for each of the mixture
configurations tested. Hence, each experiment yielded a single value of laminar burning velocity and
burned gas Markstein length.

The second method in which the LBV is calculated shows its correlation with the unburned gas
temperature using a thermodynamic multi-shell model that relies on the experimental pressure data
obtained during the flame propagation. Considering conservation of mass and energy, and employing
ideal gas laws, the multi-shell model divides the chamber into different shells: the burned and unburned
gas shells, which are divided by a negligibly thick flame front, and a third shell located between the wall
of the chamber and the unburned gas shell. Further details regarding the fundamentals of the Metghalchi
and Keck multi-shell model are expanded on in past literature [31] and more thorough mathematical
details of converting pressure data to LBV are outlined in previous works [32].

2.3 Lower Flammability Limit (LFL)

The LFL of the hydrogen gas mixtures is determined by a trial-and-error approach that gradually
alters conditions until the mixture does not ignite. For example, at a constant initial pressure, CO2% was
gradually increased in increments of 1% until the hydrogen gas ceases to ignite. In all experiments, the
distance between the electrodes was always kept constant.

3. Result and Discussion

3.1 Flame morphology

Figure 2 and 3 illustrate the Schlieren images of spherically expanding flames inside the CVCC
for H2-O2-CO2 combustion at different initial pressures (1 bar and 2 bar, respectively) and fractions of
CO2 (40%, 60%, 65%) at stoichiometric conditions. These images give a qualitative validation to the
assumption that increasing the CO2 concentration in the mixture allows for the reduction of the flame
speed for hydrogen oxy-combustion. From Figure 2, it can be seen that the spherically propagating
flame takes only 3 ms to reach a radial value of 4.6 cm from the onset of ignition. The time to reach a
similar radial value increases to 13.63 ms and 29.88 ms for the cases where CO2 concentration was
increased to be 60% and 65% respectively. Figure 4 exhibits a comparison of the flame speed between
the 65% CO:2 case and methane-air stoichiometric combustion. It shows that the flame speed of hydro-
gen has become slower than that of methane-air combustion which took 18.63 ms to reach a radial
value of 4.6 cm inside the CVCC.

Figure 3 shows another interesting in trend that, at 40% CO: conditions, the flame front propa-
gates faster as the initial pressure is increased from standard pressure to an elevated pressure (2 bar).
A similar trend was observed for hydrogen-air combustions by ljima and Takeno [33]. However, as the
percentage of CO2 was increased above 40%, this trend changed and the flame speed started to de-
crease with increasing initial pressures. At this stage, the hydrogen oxy-combustion started showing
characteristics similar to that of natural gas combustion, where the flame speed decreases with increas-
ing initial pressures [32]. This can be attributed to the high thermal heat capacity of CO2 compared to
N2 (~35 times greater), where the working fluid acts like a heat sink and decreases the net reaction rate,
thereby reducing the flame speed. Increasing the CO2 concentration of the mixture lowers the mixture’s
ability to overcome the activation energy for several reactions relevant to ignition [34]. Upon increasing
the concentration of COz, the flame speed is lower than that of methane-air stoichiometric combustion.
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Figure 3: Schlieren images of H,-O,-CO, flame fronts at ¢ = 1 and P; = 2 bar.
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Figure 4: Schlieren images of H2-02-65% CO; and CH4-O,-N; flame fronts at ¢ = 1 and P; = 1 bar.
3.2 Flame speed and laminar burning velocity from Schlieren imaging method

Figure 5 shows the flame speed versus stretch rate curve for stoichiometric hydrogen oxy-com-
bustion at different CO2 concentrations (40%, 60%, 65%). The same line generated from the schlieren
images for stoichiometric methane-air combustion falling between the H2-02-60%CO2 and H2-O2-
65%CO: lines prove that reduced flame speed of hydrogen oxy-combustion was achieved by gradually
increasing the concentration of COz in the mixture.
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Figure 5: (a) Flame speed vs stretch rate curve for premixed Hz-02-65%CO2, H2-02-60%CO2, H2-02-40%CO2 and
methane-air combustion at ¢ =1 and P; = 1 bar and (b) linear fit applied to measure the unstretched flame speed.

The unstretched flame speed was calculated by extrapolating these fitted lines for different equiva-
lence ratios at initial pressures of 1 and 2 bar. The average unstretched flame speed was utilized to
calculate the laminar burning velocity for these conditions which is presented in Figure 6. It is evident
from this plot that regardless of the initial pressure and CO:2 concentration, the LBV showed a reducing
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trend from stoichiometric to the flame lean conditions. Both 60% and 65% CO: cases exhibited an in-
verse relation of LBV with initial pressure of the gaseous mixture. This trend was also observed in me-
thane-air combustion at different equivalence ratios.
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Figure 6: LBV of hydrogen oxy-combustion with CO; as the working fluid at different concentrations and
equivalence ratios.

An opposite trend was observed for the LBV of H2-02-40% CO2 combustion where the LBV
tends to rise with the increasing initial pressure. This trend matches with the observations made by ljima
and Takeno [33] for hydrogen-air combustion, which indicates that as the CO:2 percentage in the mixture
starts to decrease, the data set begins to replicate the conditions seen in standard hydrogen combustion.
From the Schlieren images shown in Figures 2 and 3, it is quite evident that at higher pressures, insta-
bilities start to appear quite early in the flame development for H2-02-40%CO2 combustion. Since these
self-accelerating cellular structures, commonly characterized by the Darrieus-Landau instability [35],
[36], become more dominant at higher pressures, the flame propagates at a much faster rate.

The sources of error in this method can be classified into two categories: error in mixture prep-
aration and error in data analysis. The first one can be attributed to the purity of the gases used and the
accuracy of the pressure transducers in determining the partial pressures of the reactant gasses while
filling up the chamber. Since all the gases used in this study had the purity level of 99.999% and the
pressure transducer in use had an uncertainty level of < + 0.3%, this type of error was deemed extremely
small and were not presented in Figure 6. The error from data analysis is the compilation of the errors
made during the flame radius calculations. These were mitigated by repeating each experiment three
times and then applying a linear fit to the flame speed vs stretch rate curve. This error is listed in the Y-
axis direction of Figure 6 for each of the cases tested.

3.3 Laminar burning velocity from timed pressure data

Figure 7 shows a positive correlation between the measured laminar burning velocity, S,, from
the timed pressure data and the unburned gas temperatures of all the conditions of premixed H2-O2-
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CO2 combustion experiments. By means of extrapolation, the LBV at 298K can be calculated which can
be compared with the measured LBV from the schlieren images.

The LBV has a steeper climb with increasing unburned gas temperatures for cases with 60%
CO2 compared to the 65% cases. Just like the LBV measurements from the schlieren images, the 65%
data matches the closest with the stoichiometric methane-air combustion observed by Baghirzade et.
al. [32]. Itis also interesting to note that the measured LBV from the Schlieren images (Figure 6) turned
out to be almost identical with the extrapolated LBV from the pressure rise method at 298K for 65%
cases, whereas the values for 60% cases were slightly lower.
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Figure 7: Effect of unburned gas temperature on the laminar burning velocity, S,,, of premixed H,-O,-CO, com-
bustion experiments

The error in the velocity measurements can be attributed to multiple factors: calibration of the
pressure transducers and data analysis errors. Numerical modelling shows that a 1% error in pressure
measurements will result in a 1% error in the burning velocity measurements since the fractional pres-
sure rise is not quite proportional to the burned mass fraction [37]. This effect is more dominant in the
cases where the CO2 concentration in lower (60%, 40%), resulting in the measured LBV values from
two methods not being identical in the presented 60% CO: cases.

3.4 LFL and H2-02-CO:2 concentrations
The LFL of each of the mixture configuration was obtained in accordance with the procedure

mentioned in Section 2.3. Table 2 exhibits the maximum allowed percentage of CO2 as a function of
equivalence ratio and initial pressure of the mixture.
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Table 2. Maximum Percentage of CO; at which ignition occurred for each oxy-combustion equivalence ratio

Initial Pressure, P; (bar)
1 1.5 2
1 76% 76% 75%
0.8 80% 80% 79%
0.6 82% 82% 82%

The equivalence ratio in Table 2 is that of oxy-combustion, i.e., the ratio of stoichiometric H2-O2
to the mixture’s H2-O2 molar ratio, with the working fluid (CO.) varied separately as a percentage of the
total mixture. Varying the two independently leads to an interesting observation, wherein decreasing the
equivalence ratio at a fixed pressure allows for more CO2 in the mixture before the LFL is reached. For
example, with @ = 1 at an initial pressure of 1 bar, the mixture can be up to 76% of CO:2 before it stops
igniting. However, with the same pressure, when the equivalence ratio was decreased to 0.8 and 0.6,
the maximum amount of CO2 which results in ignition was 80% and 82% respectively. This means that
more CO2 can be added to the mixture, despite the fuel being more diluted. There are several factors
that could be contributing to this phenomenon. The minimum ignition energy (MIE) is affected by the
mixture’s properties if all other factors pertaining to the energy source are kept constant. The properties
that are relevant to this current case (where only the fraction of the working fluid is changing) include
the initial values of the mixture’s density (p), specific heat at constant pressure (cp), thermal diffusivity
(a), and the associated laminar-flame propagation velocity [38]. Cp and thermal conductivity (k) are
greater for H2 compared to O2 and CO2. While both properties have the opposite effect on the thermal
diffusivity, the higher density of O2 and CO2 means that hydrogen ultimately has a much higher thermal
diffusivity. Therefore, as the ratio of hydrogen in the mixture decreases, the effective thermal diffusivity
of the mixture becomes low enough to significantly reduce the MIE and allow for the addition of more of
the working fluid (CO2). However, the interplay between these factors could be more complicated and
warrants a more detailed investigation. It is also worth noting that the flame at such extremely lean
equivalence ratios with higher CO2 percentages experience a noticeably increased buoyancy as well.

4. Conclusions

The effect of using CO:2 as a working fluid for hydrogen oxy-combustion at different initial pres-
sures and equivalence ratios in an optically accessible CVCC was studied in terms of the flame struc-
ture, stretched and unstretched flame speed, laminar burning velocity, and lean flammability limit. The
different observations from all the tested cases can be summarized by the following,

- The highest flame speed and laminar burning velocity was achieved at stoichiometric conditions
for all the tested cases (different CO2 concentrations and initial pressures). The flame speed de-
creased gradually as the mixture got leaner.

- Increasing the concentration of COz in the mixture lowers the flame speed. After comparing the
varying CO2 concentrated cases, it was shown that the flame speed of the methane-air stoichio-
metric combustion falls between the unstretched flame speed range for mixtures containing 60%
and 65% CO:..

- At40% COz2 concentration, the flame front propagated faster as the initial pressure was increased.
The opposite trend was observed for 60% and 65% COz2, which resembles CHs-air combustion.

- A positive correlation was seen between the laminar burning velocity and the unburned gas tem-
perature irrespective of equivalence ratio and initial mixture pressure. Furthermore, decreasing
the CO2 percentage in the gaseous mixture resulted in the LBV vs unburned gas temperature
curve exhibiting a steeper rise.

- Aleaner H2-O2 mixture allows for COz2 in the total mixture, albeit with increased buoyancy.

The inclusion of carbon dioxide as a working fluid in hydrogen oxy-combustion provides the op-
portunity to achieve flames with LBVs that are appropriate for practical combustion applications. It also
eliminates the production of NOx emissions and enables carbon separation or closed-cycle processes.
It also opens up opportunities for future studies to pinpoint the mixture configuration where the relation
between the LBV and initial mixture pressure inverts. Additional studies will be conducted to determine
the parameters that enable the extension of LFL for H2-O2-CO2 combustion as the mixture gets leaner.



10

M.N. Nasim, B. Nawaz, S. K. Das, A. SubLaban, J. H. Mack

References

[1]

(2]
3]
[4]

[5]
[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

S. K. Ribeiro, M. J. Figueroa, F. Creutzig, C. Dubeux, J. Hupe, S. Kobayashi, L. A. d. M. Grettas,
T. Thrasher, S. Webb and J. Zou, "Chapter 9 - Energy End-Use: Transport," in Global Energy
Assessment - Towards a Sustaiable Future, Cambridge University Press, 2012, pp. 575 - 648.

S. M. Sarathy, A. Farooq and G. T.Kalghatgi, "Recent progress in gasoline surrogate fuels,"
Progress in Energy and Combustion Science, vol. 65, no. March, pp. 67-108, 2018.

G. Kalghatgi, H. Levinsky and M. Colket, "Future transportation fuels," Progress in Energy and
Combustion Science, vol. 69, no. November, pp. 103-105, 2018.

G. Kalghatgi, "Is it really the end of internal combustion engines and petroleum in transport?,"
Applied Energy, vol. 225, no. September, pp. 965 - 974, 2018.

OPEC Secretariat, "World Oil Outlook 2045," OPEC, Vienna, 2021.

A. Hula, A. Maguire, A. Bunker, T. Rojeck and S. Harrison, "The 2021 Automotive Trends
Report,” US Environmental Protection Agency (EPA), 2021.

A. Kumamoto, H. Iseki, R. Ono and T. Oda, "Measurement of minimum ignition energy in
hydrogen-oxygen-nitrogen premixed gas by spark discharge," Journal of Physics: Conference
Series, vol. 301, no. June, p. 012039, 2011.

L. V. Hoecke, L. Laffineur, R. Campe, P. Perreault, S. W. Verbruggen and S. Lenaerts,
"Challenges in the use of hydrogen for maritime applications," Energy and Environmental
Science, vol. 14, no. 2, pp. 815-843, 2021.

J. Lee, J. Kim, J. Park and O. C. Kwon, "Studies on properties of laminar premixed hydrogen-
added ammonia/air flames for hydrogen production," International Journal of Hydrogen Energy,
vol. 35, no. 3, pp. 1054-1064, 2010.

H. Dagdougui, R. Sacile, C. Bersani and A. Ouammi, "Hydrogen Logistics: Safety and Risks
Issues," in Hydrogen Infrastructure for Energy Applications: Production, Storage, Distribution
and Safety, Academic Press (Elsevier), 2018, pp. 127-131.

V. D. Sarli and A. D. Benedetto, "Effects of non-equidiffusion on unsteady propagation of
hydrogen-enriched methane/air premixed flames," International Journal of Hydrogen Energy,
vol. 38, no. 18, pp. 7510-7518, 2013.

L. Qiao, Y.Gu, W. J. A. Dahm, E. S. Oran and G. M. Faeth, "A study of the effects of diluents on
near-limit H2—air flames in microgravity at normal and reduced pressures," Combustion and
Flame, vol. 151, no. 1-2, pp. 196-208, 2007.

L. Qiao, C. H. Kim and G.M.Faeth, "Suppression effects of diluents on laminar premixed
hydrogen/oxygen/nitrogen flames," Combustion and Flame, vol. 143, no. 1-2, pp. 79-96, 2005.

H. Wei, Z. Xu, L. Zhou, J. Zhao and J. Yu, "Effect of hydrogen-air mixture diluted with
argon/nitrogen/carbon dioxide on combustion processes in confined space," International
Journal of Hydrogen Energy, vol. 43, no. 31, pp. 14798-14805, 2018.

N. F. Munajat, C. Erlich, R. Fakhrai and T. H.Fransson, "Influence of water vapour and tar
compound on laminar flame speed of gasified biomass gas," Applied Energy, vol. 98, pp. 114-
121, 2012.

E. Monteiroa, A. Rouboa, M. Bellenoue, B. Boust and J. Sotton, "Multi-zone modeling and
simulation of syngas combustion under laminar conditions," Applied Energy, vol. 114, pp. 724-
734, 2014.

J.Natarajan, T. Lieuwen and J. Seitzman, "Laminar flame speeds of H2/CO mixtures: Effect of
CO2 dilution, preheat temperature, and pressure," Combustion and Flame, vol. 151, no. 1-2,
pp. 104-119, 2007.

W. Zhang, Z. Chen and W. Kong, "Effects of diluents on the ignition of premixed H2/air
mixtures," Combustion and Flame, vol. 159, no. 1, pp. 151-160, 2012.

Y. Li, M. Bi, L. Huang, Q. Liu, B. Li, D. Ma and W. Gao, "Hydrogen cloud explosion evaluation
under inert gas atmosphere," Fuel Processing Technology, vol. 180, pp. 96-104, 2018.

J. Duan and F. Liu, "Laminar combustion characteristics and mechanism of hydrogen/air mixture
diluted with N2 + H20," International Journal of Hydrogen Energy, vol. 42, no. 7, pp. 4501-4507,
2017.



<{aBack to Session Matrix
<&aBack to Authors' Index

A Fundamental Investigation of Premixed Hydrogen Oxy-Combustion in Carbon Dioxide 11

[21] M. Morovatiyan, M. Shahsavan, J. Aguilar and J. H. Mack, "Effect of Argon Concentration on
Laminar Burning Velocity and Flame Speed of Hydrogen Mixtures in a Constant Volume
Combustion Chamber," Journal of Energy Resources Technology, vol. 143, no. 3, p. 032301,
2021.

[22] L.-Q. Wang, H.-H. Ma and Z.-W. Shen, "Explosion characteristics of hydrogen-air mixtures
diluted with inert gases at sub-atmospheric pressures," International Journal of Hydrogen
Energy, vol. 44, no. 40, pp. 22527-22536, 2019.

[23] W. Feng, L. Shibo, H. Yizhuo and J. Huigiao, "The chemical effect of CO2 on the methane
laminar flame speed in O2/CO2 atmosphere," IOP Conference Series: Earth and Environmental
Science, vol. 186, p. 012050, 2018.

[24] A. Ueda, K. Nisida, Y. Matsumura, T. Ichikawa, Y. Nakashimada, T. Endo and W. Kim, "Effects
of hydrogen and carbon dioxide on the laminar burning velocities of methane—air mixtures,"
Journal of the Energy Institute, vol. 99, pp. 178-185, 2021.

[25] H.-M. Li, G.-X. Li, Z.-Y. Sun, Z.-H. Zhou, Y. Li and Y. Yuan, "Fundamental combustion
characteristics of lean and stoichiometric hydrogen laminar premixed flames diluted with
nitrogen or carbon dioxide.," Journal of Engineering for Gas Turbines and Power, vol. 138, no.
11, 2016.

[26] T. Katsumi , Y. Yoshida, R. Nakagawa, S. Yazawa, M. Kumada, D. Sato, T. T. Aung, N.
Chaumeix and S. Kadowaki, "The effects of addition of carbon dioxide and water vapor on the
dynamic behavior of spherically expanding hydrogen/air premixed flames," Journal of Thermal
Science and Technology, 2021.

[27] N.Ladommatos, S. Abdelhalim, H. Zhao and J. Hu, "The Dillution, Chemical, and ThermEffects
of Exhaust Gas Recirculation on Diesel Engine Emissions Parts 2: Effect of Carbon Dioxide," in
Society of Automotive Engineers, Warrendale, PA, 1996.

[28] N. Ladommatos , S. Abdelhalim, H. Zhao and J. Hu, "The Dillution, Chemical, and Thermal
Effects of Exhaust Gas Recirculation on Diesel Engine Emissions Parts 4: Effects of Carbon
Dioxide and Water Vapor," in Society of Automotive Engineers, Warrendale, PA, 1997.

[29] H. Gossler , S. Drost , S. Porras, R. Schiel}l, U. Maas and O. Deutschmann, "The internal
combustion engine as a CO2 reformer," Combustion and Flame, vol. 207, pp. 186-195, 2019.

[30] D. Bradley, P. H. Gaskell and X. J. Gu, "Burning Velocities, Markstein Lengths, and Flame
Quenching for Spherical Methane-Air Flames: A Computational Study," Combustion and Flame,
vol. 104, pp. 176-198, 1996.

[31] M. Metghalchi and J. C. Keck, "Burning velocities of mixtures of air with methanol, isooctane,
and indolene at high pressure and temperature,” Combustion and Flame , vol. 48, p. 191-210,
1982.

[32] M. Baghirzade, M. N. Nasim, B. Nawaz, J. Aguilar, M. Shahsavan, M. Morovatiyan and J. H.
Mack, "Analysis of Premixed Laminar Combustion of Methane With Noble Gases as a Working
Fluid," in ASME 2021 Internal Combustion Engine Division Fall Technical Conference, 2021.

[33] T.lijima and T. Takeno, "Effects of temperature and pressure on burning velocity," Combustion
and Flame, vol. 65, no. 1, pp. 35-43, 1986.

[34] W. Feng, L. Shibo, H. Yizhuo and J. Huigiao, "The chemical effect of CO2 on the methane
laminar flame speed in 02/CO2 atmosphere," IOP Conference Series: Earth and Environmental
Science, vol. 186, no. 2, 2018.

[35] W.Kim,Y. Sato, T. Johzaki, T. Endo, D. Shimokuri and A. Miyoshi, "Experimental study on self-
acceleration in expanding spherical hydrogen-air flames," International Journal of Hydrogen
Energy, vol. 43, no. 27, pp. 12556-12564, 2018.

[36] C. Bauwens, J. Bergthorson and S. Dorofeev, "Experimental investigation of spherical-flame
acceleration in lean hydrogen-air mixtures," International Journal of Hydrogen Energy, vol. 42,
no. 11, pp. 7691-7697, 2017.

[37] N. Hinton, R. Stone and R. Cracknell, "Laminar burning velocity measurements in constant
volume vessels— Reconciliation of flame front imaging and pressure rise methods," Fuel, pp.
446-457, 2018.

[38] V. Kurdyumov, J. Blasco, A. Sanchez and A. Lifan, "On the calculation of the minimum ignition
energy," Combustion and Flame, vol. 136, no. 3, pp. 394-397, 2004.



<{aBack to Session Matrix
<&aBack to Authors' Index

THIESEL 2022 Conference on Thermo- and Fluid Dynamics of Clean Propulsion Powerplants

Experimental Investigation of Hydrogen Combustion in a Single
Cylinder PFI Engine

L. Buzzi', V. Biasin', A. Galante', D. Gessaroli', F. Pesce', D. Tartarini!, A. Vassallo',
S. Scalabrini2, N. Sacco?, R. Rossi?

"PUNCH Torino SpA, Torino, ltaly.

E-mail: davide.gessaroli@punchtorino.com
Telephone: +39 334 6402595

2 PUNCH Hydrocells Srl, Torino, Italy.

E-mail: riccardo.rossi@punchhydrocells.com
Telephone: +39 331 6652188

Abstract. The simultaneous reduction of Green-House Gases (GHG) and criteria pollutants is the main
target of current Internal Combustion Engines (ICE) development.

Hydrogen (Hz) fuelling is one of the best options available in both regards, as it does not emit
tailpipe CO:2 as well as significantly abates all criteria pollutants already at engine-out level. However,
optimizing hydrogen combustion in order to exploit the fuel proprieties at best is a challenging task due
to the very particular properties of the fuel.

In fact, H2 combustion in ICE promotes a very clean, fast and complete combustion process,
with extremely low HC, CO and PM engine-out emissions stemming only from lubricant oil. The usage
of lean-boosted and EGR-diluted combustion strategies can significantly contribute to raise the brake
thermal efficiency and lower the NOx emission to extremely low levels.

To this end, the Authors tested a 0,5¢ single cylinder engine featuring an optimized PFI layout
and dedicated piston bowl profile for a retrofitted Diesel operating as H2 monofuel, in S| mode.

In this paper, the authors discuss the effect of the main engine parameters, extensively investi-
gated by means of Design of Experiments (DoE) techniques, as well as the effect of dilution and EGR
to promote clean and efficient hydrogen combustion, in order to recommend the most effective practices.

Notation (optional)

AFR  Air-Fuel Ratio

BMEP Brake Mean effective Pressure

CA Crank Angle

CFD  Computational Fluid Dynamics

CNG Compressed Natural Gas

CoV-IMEP Coefficient of Variation of IMEP (100 consecutive cycles)
CR Compression Ratio

DoE  Design of Experiments

EGR  Exhaust Gas Recirculation

EVC, EVO Exhaust Valve Closing, Exhaust Valve Opening
FMEP Friction Mean Effective Pressure

GHG Green-House Gases

HRR  Heat Release Rate

ICE  Internal Combustion Engine

IEA  International Energy Agency

IMEP Indicated Mean Effective Pressure

ISFC Indicated Specific Fuel Consumption

IS-NOx Indicated Specific NOx Emissions (engine-out)

e, 1vo Intake Valve Closing, Intake Valve Opening
LP-DI Low-pressure, Direct Injection
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LEL  Low Emission Level

MCE  Multi-Cylinder Engine
MFB5050% of Mass Fraction Burned
OEM  Original Equipment Manufacturer
PFI  Port Fuel Injection

PFP  Peak Firing Pressure

RAFR Relative Air-to-Fuel Ratio

SA Spark Advance

SOI  Start of Injection

SCE  Single-Cylinder Engine

TDC  Top Dead Centre

TJI Turbulent Jet Ignition

TRL  Technology Readiness Level
WOT Wide-open Throttle

1. Introduction

As it is well known, the mass popularity of vehicles for people and goods transportation fitted with Inter-
nal Combustion Engines began in the early 20t century. ICE development and manufacturing processes
were established and perfected over the years: the application of this technology have come to cover
so many fields with the result that today billions of people enjoy every day affordable and convenient
transport and goods delivery thanks to it, while millions of people are working in the ICE industry, either
directly with Original Equipment Manufacturers (OEMs) or within Suppliers, Academia, Operations,
Maintenance & Servicing,...

However, this has also caused growing concerns about the negative effects that fossil-fuel
based transport has on human health and environment, both due to local criteria pollutants emitted in
urban dense areas, as well as to global Greenhouse Gases Emission (GHG) - primarily in the form of
CO¢z. In fact, according to a 2018 study by the International Energy Agency (IEA), more than a quarter
of global CO2 emissions were caused by the transport sector alone, and in turn 75% of transport emis-
sions were caused by road traffic ([1]).

In this context, by using Hydrogen (Hz) as fuel for ICE, it's possible to keep efficiency and con-
venience of internal combustion engines — including their wide industrial footprint and servicing network,
skilled workforce, — while practically eliminating criteria pollutants and reducing GHG emissions to very
low levels by using ,blue® and ,green“ Hz (Figure 1).
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Fig. 1. H2>-ICE strengths

The use of hydrogen fuel in ICE is a proven technology. In fact, various automobile manufactur-
ers (e.g. BMW, MAN, Ford, Mazda) have continuously researched the potential of hydrogen combustion
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until the last decade, with good outcomes in terms of compatibility and safety of operation. However,
due to various technical limitations, development had concentrated on combustion control via fully stoi-
chiometric operation and therefore largely ignored the potential of efficiency.

In the very last years, however, a new wave of attention has been given to Hz-fuelled ICEs that
can rival in efficiency with Hydrogen Fuel Cells, thanks to a complete overhaul of the combustion pro-
cess. This is exemplified in the Figure 2, reprinted from [2]. The figure shows, as function of Air-to-Fuel
Ratio (AFR), the qualitative trends for engine BMEP, engine-out NOx and Thermal Efficiency. As can
be seen, stoichiometric operation for Hz-ICEs is not preferable as knock onset at high load occurs at
lower BMEPs, while thermal efficiency and NOx emissions are unfavourable due to high in-cylinder
temperatures. If combustion is instead controlled at high relative AFRs (RAFR 2.0 — 2.5), a sweet-spot
of performance, efficiency and NOx emissions can be simultaneously achieved. Of course, with the
benefits above-described, also challenges come, especially in terms of combustion stability control (slow
burn, misfire) and engine-out NOx during transients.

However, as pros do exceed cons, this is the region targeted by the new combustion concepts
described in [3-8], which will be examined in this paper and assessed via testing on a single-cylinder
engine (SCE) purposely built. The SCE object of the present paper, in particular, features a homogenous
port-fuel injection (PFI) combustion system and dedicated piston bowl profile for a retrofitted Diesel
operating as spark-ignited H2 monofuel that has been designed by PUNCH following extensive simula-
tion activities described in [9, 10].
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Fig. 2. Schematic for the combustion concept of traditional stoichiometric-operated SI H2 ICE vs new generation,
ultra-lean burn concept [2]

While Diesel engine may not represent the ideal hardware for a homogeneous-charge, spark-
ignited flame propagation concept — indeed a pent-roof cylinder head with tumbling intake ports would
be much more suitable than a flat desk, swirling system typical for Diesel engines — there is emerging
consensus in the Academia and Industry that Diesel base engine may actually be the donor for the first
H2-ICE commercial applications [4, 11, 12].

The reasons for this choice reside in the durability and reliability of the base engine, which can
resist high in-cylinder peak firing pressures (PFP) typical of the highly-boosted lean combustion strategy
described above, as well as are better suited against the fuel embrittlement and infiltration to engine
materials thanks to the rugged heavy-duty mission of this engine type [13]. In addition, the operating
speeds well match commercial applications already on the market, and finally the lean aftertreatment
system for NOx reduction is already present to address the residual engine-out emissions from H2-ICE
and enable compliance to the most stringent standards in the world.

Such benefits overcome the drawbacks related essentially to the combustion concept not well
suited for homogenous spark-ignited flame-propagation, even if developments are ongoing to minimize
them, by applying — among other techniques — stratified low-pressure direction injection (LP-DI) and
Turbulent Jet Ignition (TJI), a pre-chamber assisted ignition concept capable to ignite very lean mixtures
and promote fast combustion process.
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In this paper, the Authors focus on the first step in this ideal ‘journey’ to a highly-optimized Hz
system, by testing the spark-ignited homogeneous PFI version which builds on proven commercial-
grade technology which is derived from CNG engines essentially by optimizing the piston, the spark
plug and the injector for hydrogen operation, including materials’ compatibility [13]. The Authors discuss
the effect of the main engine parameters, extensively investigated by means of DoE techniques, in order
to recommend the most effective combustion regimes and the relevant control strategies.

2. Test Unit
The test unit in focus for the study is a 0.5 {/cyl single-cylinder engine (SCE) that has been manufactured
and assembled in-house by PUNCH and it is based, among others, on the thermodynamics and CFD

studies previously discussed in [9, 10]. The SCE main features are reported in the Table 1.

Table 1. Main single-cylinder engine characteristics

Part Value

Bore 83.0 mm

Stroke 90.4 mm

Unit Displacement 0.5¢

CR 12.0

Piston Type Hemi-spherical bowl, shallow

Intake Ports Swirling, low turbulence

Spark-plug Cold-type, low protrusion

Fuel System PFI1 with rail, 6-8barreL feed pressure

Injector type Solenoid, ‘peak & hold’, 2.2g/s static flow @ 8bar Delta Pressure
Valve phasing IVO =356 CA, IVC =592 CA; EVO =115 CA, EVC =392 CA

The power unit, i.e. the upper part of the SCE including the cylinder head, intake manifold and
piston, has been specifically designed in order to be representative of a Diesel engine retrofit with hy-
drogen Port Fuel Injection (H2-PFl), in order to prove the potential of this commercial-grade technology
(TRL = 7-8) in terms of performance, emissions and specific fuel consumption. The choice of a Diesel
base engine, as described in the Introduction, is consciously done because of the expected success of
this type of retrofit that - while from combustion and thermodynamics standpoint is not ideal — has sig-
nificant appeal in terms of supporting lean combustion thanks to its robust design featuring high PFP
and turbocharger with VGT, as well as reliability thanks to the sturdy design of parts and components
that provide a good compatibility with hydrogen [13].

Figure 3, left shows an axonometric view of the SCE power unit, with - in partial transparency
— the camshafts and cam-carrier construction, as well as the pipe of the spark plug and its coil. In fore-
ground, on the left side of the cylinder head, is visible the PFI injector close to the intake valves, fed by
a top-mounted hydrogen rail. It is important to highlight that the intake manifold, the fuel rail, the cylinder
head itself, as well as its cover, have been all designed and manufactured using additive manufacturing
technology, which provides an ideal framework for a quick and agile prototyping able to adapt to the
fast-moving environment of new hydrogen ICE concepts. On the right-hand side of Figure 3 a detail of
the aluminum piston with hemi-spherical bowl is reported, highlighting the strength of the Diesel-derived
piston blank concept, as well as the relative simplicity of the homogenous combustion bowl concept
featuring 12.0 CR.
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Fig. 3. Axonometric view of single-cylinder engine head (left) and piston bowl (right)

Finally, in Figure 4 is reported a rendering of the overall single-cylinder assembly, together with
some pictures of actual physical components and parts highlighting the additive manufacturing details.
It is interesting to note that, as usual for single-cylinder engines, the feeding of combustion air and the
evacuation of burnt gases is managed by an external test cell system instead of a standard turbocharger:
in the rendering this is apparent by the two pressurized vessels placed on the sides of the engine, to
provide two controlled environments for homogenizing pressure and temperature upstream and down-
stream of the combustion process, and critical to measure boundary condition with great accuracy.

Fig. 4. Overall single-cylinder engine assembly with pictures and details of actual physical components

3. Experimental setup

3.1 SCE test cell layout, instrumentation, and automation

As described in the previous ‘Test unit’ section, the SCE has some peculiar characteristics with respect
to a standards multi-cylinder engine. This is reflected in a different test cell configuration.
The focus aspects are:

e Hzdelivery system and its related safety.

e Automation to reproduce the multicylinder auxiliary systems and their functionality.

e Instrumentation’s layout.
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3.2 SCE test cell layout

In Figure 5 the overall test cell layout and the whole instrumentation used during the investigations is
reported in form of a schematic representation.

The main system of the test cell, as well as the most peculiar one from the point of view of the
novelty and safety, is the hydrogen fuel delivery and management. This system can regulate the pres-
sure of hydrogen in the range of 0 — 60 bar (suitable for both PFI and LP-DlI injection systems), measure
the real-time fuel consumption thanks to a Coriolis mass flow meter and it is at the center of each safety
countermeasure (including emergency shut-off).

As standard, the SCE does not feature a turbocharger, therefore in terms of test cell automation
an important part is the intake combustion air and exhaust gases flow control, to replicate whatever
compressor / turbine matching may be of interest, and to parameterize the boosting and back-pressure
to the relevant values for exploring hydrogen combustion properties in a wide range. In particular, the
intake system can deliver compressed air up to 5 bar abs with a controlled temperature via dedicated
heater. As anticipated, the intake manifold is preceded by an intake tank of about 50f capacity to dampen
the pressure waves and promote stable flow, as well as to measure input parameters with high quality.

In a similar way, the exhaust part features the same structure, with an anti-explosion 50f exhaust
tank and a set of water-cooled flow control valves to set the backpressure of the engine to the desired
value. The EGR routing completes the air/boosting system and is composed by a connecting tube be-
tween the exhaust and intake tanks, fitted with a flow control valve and a water-cooled radiator to ap-
propriately set the mass flow and temperature of the EGR gas. The radiator itself is appropriately sized
to mimic both low-pressure and high-pressure EGR systems, thanks to the closed-loop control of the
intake vessel temperature based on enthalpy matching between intake air and EGR gas. It is important
to notice in this regard that, due to significant water vapor quantity recirculated by the EGR system (each
kg of hydrogen burned generates ~ 8.9kg of water), the system uses a moisture condensation model to
limit the amount of EGR recirculated and/or the mixture temperature to avoid excessive condensation
which would not be acceptable also in view of a real engine application (particularly relevant in case of
low-pressure EGR systems).
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Fig. 5. Test cell layout and details of instrumentation

3.3 Safety

As it is well known, hydrogen features a high potential in terms of combustion characteristics (in terms
of flammability range and flame speed), but the drawback of such favorable engine-related properties is
its dangerous reactiveness with oxygen in the storage and testing environments. Safety is therefore at
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the center of hydrogen research, with the goal to make this technology acceptable to the wide public
and robustly demonstrate its suitability for a sustainable society to come. For the present investigation,
this objective has worked on different sides, encompassing the storage facility, the hydrogen delivery
system, the test cell itself, the engine and finally the exhaust gases collection system. In each of these
environments, safety has been implemented in specific and customized ways by considering the haz-
ards of the environment conditions like temperature, H2 concentration and possible ignition spots.

For the test cell environment, the main systems are: Hz sensors detector installed in the entire
volume of the cell with the scope to detect possible leakages of Hz from delivery system, and the second
an extractor hood on the engine to suck-up H2 coming from the engine. The onboard engine safety and
then the exhaust gases collection safety are other key areas to be considered in the countermeasure
safety system. On this side, different subsystems, as showed as safety box in Figure 5, have been
implemented. Their aim is to avoid cumulating the hydrogen in the exhaust line and especially in the
exhaust tank where the condition of auto-ignition temperature could be present.

The target of maximum allowed hydrogen concentration is set following a LEL limit for the hy-
drogen (4%). One of the countermeasures implemented is the detection of the misfire. The misfire over
a certain limit cause Hz slip in the exhaust. The strategy consists in two different detections and a dedi-
cated countermeasure. The detections are based on indicating pressure analysis and the exhaust gas
analysis. Crossing data to generate an alarm starting actions in parallel:

- Stop the Hz delivery

- Injection — Ignition stop by ECU

- Decrease the heater setpoint

- Increase the air mass flow

- Close EGR Valve

- Open exhaust valve
The aim is to dilute as much as possible the exhaust and, in the meantime, decrease the overall tem-
perature reducing autoignition condition.

3.4 Test bench and instrumentation characteristics

Table 2. Main test bench and instrumentation characteristics

Part Charateristic
Dyno Horiba Dynas Low Inertia
Max torque: 480Nm
Max Power: 250kW
Max RPM: 10000 rpm
Emission bench Emission Bench AVL Dual Stream
CLD for NO/NOx 0-1000 ppm
FID for THC 0-2000 ppm
PMD for Oz 0- 20%Vol
NDIR for CO 0 — 1000 ppm
NDIR for CO2 0- 20%Vol
Sampling system: 191° Heated ceramic filter and PTFE probe.
Sample Flow around 12 I/ min
FTIR FTIR AVL i60 Emission system single stream
NO 0-1000 ppm
NO2 0-1000 ppm
N20O 0-1000 ppm
H20 0-25 % Vol
Sampling system: 191° Heated ceramic filter and PTFE probe.
Sample Flow around 10 I/ min
Microsoot AVL Microsoot sensor 483
Real time particulate soot measurement 0 — 1000 mg/m3
Sample flow 2 I/min
Particle counter AVL particle counter advanced 489
Real time particulate number measurement
Heated sample probe, Sample flow 5 I/min




8 D. Gessaroli, R. Rossi, et al.

4. Experimental results

The experimental campaign to characterize the combustion of the developed Hz-ICE and optimize its
calibration has been carried-out on several operating points at both part load and full load. For the sake
of brevity, in this paper the results achieved at two interesting operating conditions will be described,
notably the 2000 rpm, 6 bar BMEP part load point and the 2000 rpm — WOT full load point (rated torque).

Before diving more into the details of the two above conditions, it is important to remark that the
data measured on the whole engine map have been used for a comparison with the analytical model
developed and discussed in [9, 10], in order to improve the accuracy of the digital twin of the SCE and
enable more virtual development for future PUNCH H2-ICEs applications.

4.1 Correlation of Experimental Data with Analysis

The possibility to improve 1D- and 3D-CFD models is of great relevance for the virtualization of engine
development, and in case of Hz-ICE the scarcity of experimental data makes any opportunity particularly
valuable.

Therefore, the Authors took advantage of the experimental campaign performed on the SCE to

feed-back the measurements into the analytical model and in this way to close the loop between the
SCE itself and its 1D-CFD digital twin. For reference, the 1D-CFD model described in [9, 10] has been
developed in GT-Power environment with customized predictive ‘SI-Turb’ and ‘Knock’ sub-models tuned
on purposely-run 3D-CFD Converge simulations, in order to capture the hydrogen turbulent flame speed
at high dilution levels (high RAFR and EGR rates) and the knock-limited performance at high peak firing
pressures and temperatures.
It proved to be rather accurate and after some tuning of the charge-exchange loop and further refinement
of the turbulent combustion sub-routines, was capable to correctly capture the main sensitivities to en-
gine operating conditions and control parameters, such as Start-of-Injection (SOI), Spark Advance (SA),
Relative Air-to-Fuel Ratio (RAFR) and EGR rate.

Figure 6 represents a high-level summary of the results achieved, by comparing a set of engine
operating conditions (represented on the X-axis by the Case setup number) experimentally measured
(‘Exp’, dashed black line) with their simulated twins (‘Sim’, solid red lines) in terms of RAFR, Air Mass
Flow Rate, ISFC and Net IMEP. As will be the case for a few following graphs, the absolute values of
the axes are not reported as they are ‘sensitive PUNCH information’; however, absolute deltas of the
axes gridlines are provided in order to let the Reader understand the sensitivity of the developed trends
or the quality of the matching between simulations and experiments as in this specific case.

As can be noticed, the expanded Y-scales put in light some differences particularly in RAFR
and ISFC patterns at high mass flow rates, but, overall, the trend is correctly captured underlying a
fundamental robustness and accuracy of the modelling.
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Fig. 6. Correlation between 1D-CFD model output (Sim, red solid lines) and experimental results (Exp, black
dashed lines) for a RAFR and EGR rate variation (EGR levels indicated on the plots)
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Figure 7, as indicated by the caption, reports correlation of CA-based indicating parameters (in-
cylinder pressure and HRR) between 1D-CFD model output (‘Sim’, red curves) and experimental results
(‘Exp’, black curves) for a sub-set of Figure 6 operating conditions at different speeds and loads, as
indicated on the diagrams. As anticipated, the quality of the cycle-resolved quantities of Figure 6 is well
evident in the accuracy of the CA-based in-cylinder pressure and HRR curves: these latter are particu-
larly sensitive to the reliability of the modelling and exhibit predictive capability to capture dilution effects.
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output (Sim, red curves) and experimental results (Exp, black curves) for a set of operating conditions at different
speeds (rpm) and loads (bar of BMEP), as indicated on the diagrams

4.2 Part Load: 2000 rpm x 6 bar BMEP

The point considered for part load is 2000 rpm, 6 bar BMEP which falls in the middle of the engine
operating map, and as such can be considered an ‘average’ condition. In addition, the engine at this
load features some initial boosting requirement and can be operated unthrottled thanks to the wide
hydrogen flammability limit; on the other side, the combustion stability can still be a challenge due the
mix of air and EGR dilution. Because of these reasons, it can be considered a rather interesting condition
to examine more in details.

Before deep-diving into the results, let’s consider that being an SCE application, the BMEP level
cannot be measured directly as typical on MCE applications, but it is rather an output of IMEP indicated
measurement coupled with a friction and accessory model (FMEP), as described in [14] for a similar
SCE application. It goes without saying that in this case the friction and accessory model has been
updated and parameterized according to the specific contents of the MCE H: reference application,
which lacks for example the high-pressure Diesel pump, and therefore features a lower friction level.

The ranges used for building the DoE variation list, which primarily explored the effect of EGR
rate, RAFR and MFB50 on combustion behavior (including engine-out emissions, efficiency and exhaust
temperature) have been quite ample in order to fully capture the effects of the above quantities; in par-
ticular: ~16% EGR, ~1.1 RAFR and ~17 CA MFB50 variations have been considered. Each single test
of the variation list was run with a specific combination of the variable main thermodynamics parameters:
Manifold Absolute Pressure, EGR rate, Start of Injection and Spark Timing, according to pre-determined
values to cover the relevant ranges and adjusting Fuel Injected Quantity to keep Net IMEP constant
(corresponding to BMEP of 6bar). In addition, Spark Timing advance was limited to knock-free combus-
tion to avoid NVH issues and engine damages.

Figure 8 reports the main results of the DoE investigation in graphical form, through the output
clouds generated starting from the variation list above-described. About 5700 points — extrapolated by
means of Kriging methodology — have been identified and are represented by the blue points; among
them, those exhibiting the best trade-off between ISFC and IS-NOx are indicated by orange dots,
whereas the best overall operating area (low ISFC & low NOXx) is identified by the green dots. It is
interesting to observe that a calibration featuring medium-high levels of EGR, high RAFR (high boost)
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and advanced combustion phasing (MFB50 ~8CA deg ATDC) represents, as reported in the literature,
the best combination of parameters [6, 14].
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Fig. 8. DoE output clouds for the 2000 rpm — 6 bar BMEP operating condition for several output parameters (blue
points) — ISFC vs IS-NOx leading-edge is represented by orange points, whereas the green dots define the opti-
mal calibration region

This optimized calibration setting provides also a quite good combustion stability, as measured
through the CoV-IMEP: the green area is close to the leading edge of lower CoV-IMEP, and this happens
thanks to the completeness of the hydrogen flame propagation process, notwithstanding a certain cycle-
to-cycle variation in the pressure diagrams as apparent from Figure 9 for the same engine operating
point 2000 rpm — 6 bar BMEP. The high degree of combustion completeness has been recognized as
a peculiar behavior of optimized lean hydrogen combustion (RAFR ~2.0+2.5), which exhibits fast flame
propagation (up to 6 times faster than gasoline or CNG stoichiometric mixtures), higher tolerance to in-
cylinder inhomogeneities (which allow to burn effectively locally richer/leaner pockets) and a minimal
quenching distance. The combination of these features contribute to a consistent IMEP delivery (as
apparent from the cumulative MFB curves with minimal changes in end-of-combustion value in Figure
9) despite a variability in pressure cycles similar to gasoline or CNG applications. In completing the
comments related to Figure 9, it is worth mentioning that the curves illustrate 100 consecutive cycles,
with blue lines representing in-cylinder pressure, green lines instantaneous HRR and purple curves the
cumulative MFB. The solid thick lines indicate the average cycles, whereas the colored area limited by
solid thin lines the upper and lower envelopes.

In-cylinder pressure
Instantaneous HRR

-40 -20 0 20 40 60
CA [deg]

Fig. 9. Cycle-to-cycle variability of in-cylinder pressure (blue), instantaneous HRR (green) and cumulative MFB
(purple) for 100 consecutive cycles at 2000 rpm — 6 bar BMEP with optimized calibration

Figure 10 is a simplified illustration of the flame propagation process characteristic of the inves-
tigated combustion system. While qualitative, the position of the piston vs the spherical flame front for
different crank angles is meaningful and shows the main parameters governing the shape of the HRR
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recorded for this operating condition, in particular the reason behind the HRR peaking when the flame
front reaches the piston top, then keeping roughly flat for a few crank-angle degrees due to the con-
stancy of the total flame front area (as flame moves laterally after reaching piston top and while piston
uncovers additional combustion chamber height in its descent from TDC), as well as the rapid flame
extinction following the eventual approaching of the liner walls. It is especially helpful in explaining how
even small variations in the isotropy of the flame propagation, and hence a deviation for the ideal spher-
ical flame front, can determine a different position in the HRR peak(s), as well as in their relative mag-
nitude, while still providing a consistent cumulative HRR at the end of the process, which is the reason
behind the low CoV-IMEP.
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Fig. 10. Sketch of the HRR behavior with illustration of the corresponding flame-propagation phases

Figure 11 focuses on the ANalysis Of VAriation (ANOVA) for the 2000 rpm — 6 bar BMEP op-
erating point, and analyzes the trends and relative contributions of MFB50, EGR and RAFR input vari-
ables to IS-NOx (left), ISFC (center) and CoV IMEP (right). The Y-axes easily show not only the sensi-
tivity of the output quantity to each input quantity, but also the trend that the output quantity has for the
range investigated of the input variables. The left chart for example highlights that MFB50 optimum
range is — as expected — in the low MFB50 range, where the sensitivity of ISFC to MFB50 is also tiny,
whereas rapidly deteriorates as MFB50 overcomes a critical threshold and expansion efficiency is rap-
idly decaying. On the contrary, low RAFR and EGR rates impact negatively ISFC (high wall heat losses),
as happens in the case of RAFR also for too high values (longer combustion duration and incomplete
hydrogen oxidation). This is especially interesting and witnesses the power of this techniques, as can
quantitatively capture the effects described in the literature.

ISNOx ISFC COV IMEP

90% —RAFR EGR em==MFBS0
=—RAFR EGR wmmmMFB50

80% w—RAFR EGR wmmsMFB50

ISNOX [%]
g
COV IMEP [%]

Fig. 11. ANOVA outputs for IS-NOx (left), ISFC (center) and CoV IMEP (right)
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4.3 Full Load: 2000 rpm WOT (Rated Torque)

Let’'s now analyze the rated torque point, i.e. 2000 rpm - WOT. This point is very interesting as is one of
the most critical regions for H2-ICE, where the desire of high torque density and low BSFC challenges
the knock resistance of the fuel under lean conditions.

Figure 12 reports the results of the ANOVA analysis for 2000 rpm, full-load (rated torque) con-
ditions: the four dominating parameters in order of contribution to the final quantity are reported for ISFC,
IS-NOx, IMEP and Exhaust Temperature. It is interesting to observe that, as typical for hydrogen com-
bustion, the RAFR is dominating most of them through the lean-out of the charge and reduction of
combustion temperature (which, in turn, reduces NOx production and heat losses), with MFB50 taking
the second spot overall.

ISFC ISNOx
PUMPING EGR_RATE ]|
EGR_RATE ruvpinG [
RAFR wreso |
wreso rare S
L
0% 10% 20% 30% 40% 0.00%  2000%  40.00%  60.00%  80.00%
IMEP T Exhaust
MFB50 PUMPING
EGR_RATE L EGR_RATE
soosT [ MFBS0
RAFR RAFR
| | | |
0.00% 20.00% 40.00% 60.00% 80.00% 100.00% 0.00%  2000%  40.00%  60.00%  80.00%

Fig. 12. ANOVA output contributions for (clockwise): ISFC, IS-NOx, Exhaust Temperature and IMEP

Figure 13 reports — similarly to what Figure 8 did for Part Load operating point — the output of
the DoE investigation in graphical form, through the output clouds generated starting from the specific
variation list for this operating point. Among the cloud points, those exhibiting the best trade-off between
IMEP and IS-NOx are indicated by orange dots (leading edge performance curve), whereas the best
overall operating area is again identified by the green dots. In this case, as represented in the top left
diagram, it is interesting to observe that there is a clear relationship between the attainable performance
level and the corresponding engine-out NOx emissions, in other words ultra-low emissions H2>-PFI ICEs
need somewhat to compromise their power output [6].
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Fig. 13. DoE output clouds for the 2000 rpm — WOT operating condition for several output parameters (blue
points) — IMEP vs IS-NOx leading-edge is represented by orange points, whereas the green dots define the opti-
mal calibration region
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4.4 EGR effect

As a final focus of this brief article on hydrogen combustion, let’s now analyze the EGR effect on hydro-
gen combustion at the Part Load, without pretending to be exhaustive but with the objective to cast
some light on its effect on Hz-PFI homogenous combustion compared to Diesel Combustion. In fact, the
effect of EGR — which for H2-ICEs is essentially composed by recirculated, air-diluted water vapor — on
hydrogen combustion and its relative benefit versus an equivalent fresh air dilution in controlling knock
and NOx production is still a debated topic, not entirely comprehended and accepted in literature [6].

Figure 14 reports the results of two sweep variations of MFB50 (left) and EGR rate (right) on
IS-NOx vs RAFR on 2000 rpm — 6 bar BMEP engine operating point, as indicated by the legends. As
the X- and Y- scales are the same for both figures, it is possible to capture the relative magnitude of
both parameters: the effect of MFB50 appears to be slightly larger than the EGR one for a similarly
practical variation in the controlling parameter (SA timing or EGR rate) and seems to hint that EGR rate
is not as effective for H2 combustion as it is for Diesel one.
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.
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Fig. 14. Effects of MFB50 and EGR rate on IS-NOx emissions vs RAFR, at 2000 rpm — 6 bar BMEP

In order to prove or disprove the above observation, and to quantitatively capture the effect of
air vs EGR dilution, the Authors calculated a “diluted RAFR” parameter that is defined as RAFR’:

MAIR*MEGR
RAFR' = % where: MaRr is the air mass flow, Megr is the EGR mass flow, MrueL is the fuel mass

St

flow and ast is the stoichiometric air-to-fuel ratio. Differently from the conventional definition of RAFR,
the newly introduced RAFR’ defines, rather than the stoichiometry of the combustion, the overall dilution
of the fuel (and hence of the combustion products) either by fresh air or by recirculated exhaust gases.

Figure 15 re-plots the EGR sweep variation of Figure 14 (right) at 2000 rpm — 6 bar BMEP
engine operating point, using RAFR’ as X-axis (EGR rates are indicated in the legend). It is quite inter-
esting to observe that the three curves (representing three different levels of EGR) tend to collapse, and
two RAFR’ regions appear, indicated by a blue and orange shadow. The orange shadow, characteristic
of very lean mixtures, does not exhibit any difference at all in the IS-NOx emission due to the three
different EGR levels (including no EGR), indicating that EGR and fresh air have the same effect on
nitrogen oxides formation. The blue shadow, characteristic of less lean mixtures, is instead showing a
scatter among the three NOx curves corresponding to the different EGR levels: at same dilution level,
the presence of EGR is more efficient in reducing the NOx formation. In the Authors’ opinion, this may
be due to the effect of the higher heat capacity of water vapor vs fresh air, an effect that is increasing
as RAFR’ is reduced thanks to the higher water concentration in the recirculated exhaust gases.
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Fig. 15. Effects of EGR rate on IS-NOx emissions vs RAFR’ for three EGR rates, at 2000 rpm — 6 bar BMEP

Figure 16, for the same engine operating conditions 2000 rpm — 6 bar BMEP, performs a com-
parison between H2-PF| and Diesel combustion, overlapping the corresponding IS-NOx curves for three
EGR levels: 0%, 5%, 10% (in case of Diesel combustion, only a 12% value was available as the highest
EGR rate, therefore the comparison should be taken with a little approximation). It is striking the quite
different shape of the curves: in fact, Diesel experimental points corresponding to the same EGR level
do not highlight any appreciable sensitivity to RAFR’ (even for the lower RAFR’ region), and in addition
— at same RAFR’ — the sensitivity of NOx formation to EGR is quite larger for the Diesel combustion vs
the Hz-PFI one (especially for the higher RAFR’ region). Concluding the comments related to Figure 16,
it's worth noting that in the actual RAFR’ optimal range of operation for hydrogen the IS-NOx values for
the gaseous fuel are much lower than the diesel ones and according to literature [4].
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Fig. 16. Effects of EGR rate on IS-NOx emissions vs RAFR’ for three EGR rates, at 2000 rpm — 6 bar BMEP.
Comparison between Hz-PFI and Diesel combustion

In order to reconcile and explain such apparently inconsistent behavior, the Authors prepared a
qualitative sketch of the two different combustion regimes, comparing the specific Diesel and H2-PFlI
areas of operation in terms of actual RAFR and flame temperature under which NOx formation mostly
happens for the two combustion regimes, as reported in Figure 17 (left). The first thing to consider is
that Diesel combustion mostly happens in a highly-inhomogeneous, mixing-controlled charge, with fuel
oxidizing under slightly lean conditions at the boundary between the fuel vapor plume and the surround-
ing air/EGR. In this thin region, the gas temperature is the highest reached, before the surrounding air
brings excess oxygen to dilute the burnt gases and rapidly drops their temperature: the NOx formation,
which is exponential with local temperature, and proportional to local oxygen concentration (according
to the Zeldovich mechanism), is the result of this combustion kinetics. In case of H2-PFl, instead, the
flame propagates from the initial kernel generated by the spark plug through a roughly spherical front
and progressively involves the homogeneous pre-mixed charge of hydrogen and air/EGR in the cham-
ber. The local temperature at the flame front, and its oxygen concentration, therefore, tend to be very
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close to the chamber average (excluding local small inhomogeneities), and as a consequence of the
lean burn combustion, quite lower than the Diesel one. Due to this, the NOx production of H2-PFI engine
in the optimal regime highlighted by the orange shadow in Figure 15 is low and also the sensitivity to
EGR is smaller. In fact, the EGR gas reduces - through its higher heat capacity and dilution — local flame
temperature, thus impacting the NOx formation with a magnitude that depends — via the exponential
Zeldovich mechanisms — on the baseline flame temperature. As Figure 17 (right) exemplifies qualita-
tively, this effect is much stronger in case of the inhomogeneous Diesel combustion happening locally
in near- stoichiometric conditions, rather than the homogenous H2-PFI one which is locally as lean as
the charge average.
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Fig. 17. Qualitative sketch of the RAFR and Flame Temperature effect of NOx production, comparing the different
Diesel and Hz-PFI areas of operation

Conclusions

In the present paper, the Authors tested a 0,5t single cylinder Hz-fuelled engine featuring an optimized
PFI layout and a dedicated piston bowl coupled to a retrofitted Diesel engine operated as H2 monofuel,
in SI mode.

The effects of the main engine parameters, extensively investigated by means of DOE tech-
niques at one Part Load and one Full Load point, as well as the effect of dilution and EGR to promote
clean and efficient hydrogen combustion, have been discussed in order to recommend the most effec-
tive practices.

For the Part Load point (2000 rpm, 6bar BMEP), it is interesting to observe that a calibration
featuring medium level EGR, high RAFR (high boost) and advanced combustion phasing (MFB50 ~8CA
deg ATDC) represents, as reported in the literature, the best combination of parameters. This optimized
calibration setting provides also a quite good combustion stability, notwithstanding a certain cycle-to-
cycle variation in the cylinder pressure, thanks to a very high degree of combustion completeness which
leads to a consistent IMEP delivery. The ANOVA analysis highlights that MFB50 optimum range is — as
expected — in the low MFB50 range, where the sensitivity of ISFC to MFB50 is also tiny, whereas rapidly
deteriorates as MFB50 overcomes a critical threshold and expansion efficiency is rapidly decaying. On
the contrary, low RAFR and EGR rates impact negatively ISFC (high wall heat losses), as happens in
the case of RAFR also for too high values (longer combustion duration and incomplete hydrogen oxida-
tion).

For the Full Load point (2000rpm, rated torque), results of the ANOVA analysis show that, as
typical for hydrogen combustion, the RAFR is dominating most of output parameters through the lean-
out of the charge and reduction of combustion temperature (which, in turn, reduces NOx production and
heat losses), with MFB50 taking the second spot overall. Looking at the DoE output clouds, it is inter-
esting to observe that there is a clear relationship between the attainable performance level and the
corresponding engine-out NOx emissions: in other words ultra-low emissions H2-PFI ICEs need some-
what to compromise their power output.

Finally, the EGR effect on hydrogen combustion at the Part Load point (2000 rpm, 6bar BMEP)
has been discussed, without pretending to be exhaustive but with the objective to cast some light on its
effect on H2-PFI homogenous combustion compared to Diesel Combustion. At very lean mixtures, EGR
and fresh air have the same effect on nitrogen oxides formation for H2-PFI combustion; for less lean
mixtures, the presence of EGR is more efficient in reducing the NOx formation than fresh air dilution. In
the Authors’ opinion, this may be due to the effect of the higher heat capacity of water vapor vs fresh
air, an effect that is increasing as RAFR’ is reduced thanks to the higher water concentration in the
recirculated exhaust gases. It is also interesting to observe that Diesel combustion does not exhibit any
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appreciable difference between dilution due to EGR or fresh air, but — for the same overall dilution level
— the sensitivity of NOx formation to EGR is quite larger for the Diesel combustion vs the H2-PFI.
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Abstract. Hydrogen combustion engines could provide a timely, robust and cost effective way to de-
carbonise hard to electrify transport applications like heavy duty trucks. However, near zero harmful
emissions and vehicle range, and therefore high engine efficiency, are key to market and legislative
acceptance. This paper will present the results of new experimental work undertaken in a collaboration
between Ricardo and University of Brighton to examine hydrogen combustion in a single cylinder en-
gine representative of Euro VI heavy duty hardware with medium pressure hydrogen direct injection.
Test work has been carried out to investigate the performance of measures to reduce NOx (EGR and
lean combustion) to understand more deeply trade-offs between NOx emissions and efficiency. Re-
search to date has shown that lean conditions can result in near zero NOx emissions and measure-
ment of hydrogen slip at these conditions is needed to understand whether hydrogen slip is increased.
In this work, hydrogen exhaust emissions are measured using a newly developed analyser from
HORIBA which uses mass spectrometer technology to measure concentrations of hydrogen up to 5%
in exhaust gas. Hydrogen emissions data measured using this analyser shows that hydrogen slip in-
creases with air fuel ratio and EGR rate, with a clear trade-off between NOx emissions and slip. Indi-
cated efficiency over the test conditions investigated was relatively constant, deteriorating as high
EGR rates led to less stable combustion.

1. Introduction

Decarbonisation of transport is an important part of the route to reducing the impact of climate change,
with transport accounting for around of quarter of greenhouse gas emissions in the UK. Recent work
from IPCC has demonstrated that rapid reductions in GHG emissions are needed to limit warming to
1.5°C, with GHG emissions reductions of 45% needed by 2030 [1]. Vehicle electrification, combined
with deep decarbonisation of the electricity supply, is seen as a popular solution for light duty vehicles.
However, for larger vehicles like heavy duty trucks and off highway machinery, this technology is chal-
lenging due to high power and energy requirements which lead to large battery size and long charging
times, significantly increasing cost of ownership. Hydrogen is recognised as an alternative to electrifi-
cation for these applications due to its increased energy density compared to Li-ion batteries and fast-
er refuelling, combined with zero CO2 emissions at point of use. Where hydrogen is produced using
renewable electricity, very low well to wheel carbon emissions can also result. PEM fuel cell passen-
ger cars have been in low volume production for a number of years, although high cost and low pene-
tration of hydrogen refuelling infrastructure have limited their uptake. PEM fuel cell systems are in de-
velopment and trial for a range of heavy-duty vehicles where more predictable routes and back to
base refuelling reduce the required infrastructure investment. However, the power output and durabil-
ity requirements for these systems mean that they are not expected to be cost effective until after
2030. Hydrogen engines can provide an alternative powertrain, based on a modification of the existing
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diesel or LNG technology. This approach gives the advantage of a technology with an existing manu-
facturing base and relatively low cost which could encourage a fast roll out to meet the urgent need for
deep cuts in GHG emissions.

Alongside priorities for GHG emissions reductions, it is also vital to ensure that air quality emissions
from transport are reduced, including NOx and particulate emissions. Hydrogen engines (H2 ICE) in
theory will have greatly reduced particulate emissions compared to hydrocarbon based fuels, however
levels of NOx can be significant. For commercial applications, low cost of ownership is key to industry
acceptance of propulsion technology, so lowest possible fuel costs, driven by H2 ICE efficiency are al-
so important. Recent work has also shown that although the Global Warming Potential (GWP) of hy-
drogen itself is zero, its effect on other reactions in the atmosphere, particularly those involving me-
thane and ozone, means that its indirect GWP is between 6 and 16 [2]. This means that slip from the
engine must be minimised, alongside measures to eliminate fugitive emissions from the distribution
and refuelling infrastructure. Key development priorities for hydrogen ICE are therefore near zero tail-
pipe NOx emissions, minimal hydrogen slip and high efficiency alongside performance to meet market
sector needs for power output and driveability.

Approaches to NOx reduction for H2 ICE have been explored by a range of researchers including
lean air fuel ratios, water injection and changes to compression ratio, with good coverage in review
papers such as [3]. For example, in [4] variation in air fuel ratio, alongside exhaust gas recirculation
(EGR) was used to control NOx in a converted production gasoline engine. In this case, the boosting
system limited the degree of enleanment that was possible at higher loads, and the authors concluded
that lean air fuel ratios were a suitable strategy to reduced NOx at lower loads, although stoichiometric
operation with EGR was preferable at higher loads. In [5] the authors compared the effectiveness of
water injection and EGR for NOx reduction and reducing the incidence of backfire (combustion in the
intake manifold). The authors conclude that both strategies were effective, although the benefits of wa-
ter injection were greater with NOx reduction of 97% compared to 57% with EGR. In [6] the authors
consider the effect of compression ratio on knock and performance. The research shows the com-
bined effects of compression ratio and air fuel ratio, with higher compression ratios amplifying the ef-
fect of air fuel ratio on knock. Both EGR and lean air fuel ratios are expected to affect hydrogen emis-
sions in the exhaust, however there are very few studies which include the use of analysers to quantify
these emissions. Studies by the research group at the Research Center for High Efficiency Hydrogen
Engine and Engine Tribology, Tokyo City University [7, 8, 9] have investigated the use of a plume
combustion concept, with high pressure (>100bar) direct injection hydrogen, showing potential for very
low NOx emissions and high efficiency, although high injection pressures could limit vehicle range due
to reduced differential pressure between the engine hydrogen supply and hydrogen storage tank pres-
sure. In [10] the authors examine NOx emissions with EGR rates up to 40% for a port fuel injected en-
gine and in [11] the effect of lean air fuel ratios (1<lambda<2.2) and spark advance timing on emis-
sions and performance are investigated, where results show reductions in NOx with leaner air fuel
ratios and rising hydrogen emissions for 2>lambda >2.2.

Ricardo and University of Brighton have been conducting single cylinder hydrogen engine test work
in the University of Brighton’s laboratories to examine the performance and emissions of H2ICE. The
work examines the performance of a single cylinder engine representative of a heavy duty truck en-
gine, and moderate fuel injection pressures (35 bar). This paper presents results showing the effec-
tiveness of EGR (0-45%) and lean combustion (up to lambda 3) for NOx reduction, combined with hy-
drogen emissions measurement using a new prototype analyser from HORIBA to understand the
trade-off between NOXx, hydrogen emissions and efficiency for these approaches.

2. Experimental Setup

2.1 Engine configuration

Test work was carried out on a Ricardo Proteus single cylinder research engine at University of
Brighton representative of a Euro VI heavy duty diesel engine, which has been converted to direct in-
jection hydrogen operation as detailed in Table 1.



Examining Trade-offs between NOx Emissions and Hydrogen Slip for Hydrogen Combustion Engines

Table 1. Proteus Engine Configuration

Component

Diesel Proteus

Hydrogen Proteus Conversion

Piston and bot-
tom end

Volvo D13 12.8L diesel, 131mm
bore, 158mm stroke

D13 piston machined to give a plain bowl
shape and reduced compression ratio

Cylinder Head

Scania DC13 diesel unit head

Scania OC13 CNG unit head modified for
direct injection

Ignition system

None

Custom spark ignition system using AEM
smart coil

Injection System

Delphi DI common rail system
variable (300-2000 bar) injection

Borg Warner prototype H2 injector (35
bar injection pressure)

pressure
Throttle None Throttle located pre-intake manifold.
Compression ra- | 16.17:1 12.62:1

tio

Combustion air supply is controlled via a compressor and critical flow nozzles to minimize the effect
of pulsations. Fuel injection, spark timing, throttle position and EGR valve position are controlled via
an in-house National Instruments module. A water based cooling system is used to regulate the tem-
perature of recirculated exhaust gas in the EGR system. Hydrogen fuel pressure is controlled using
hand operated regulators, with injection quantity controlled by varying injector opening time. A photo-

graph of the test cell installation is shown in Figure 1.

2.2 Instrumentation

Test bed control and low speed data acquisition were carried out using a HORIBA STARS Lite, with
high speed logging carried out using an A&D Phoenix Combustion Analysis system (CAS). Instrumen-

tation is summarised in the Table 2.

Figure 1: University of Brighton single cylinder hydrogen engine test cell
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Table 2. Instrumentation Summary

Logging Type

Instrumentation Detail

High speed logging

Intake and exhaust manifold and in-cylinder dynamic pressure meas-
urements using Kistler 6025 pressure transducers
Spark and fuel injection timing using current clamps

Low speed logging

Engine and test cell system temperatures and remaining pressures

Fuel mass flow rate using a Bronkhorst F-113AC mass flow meter

Air mass flow via a T Mass sensor and critical flow nozzles

Injection and spark timing, throttle and EGR valve position data from
National instruments control system

Calculated AFR, lambda and EGR rate

Emissions

Two HORIBA MEXA 7000 exhaust gas analysers monitoring intake and
exhaust composition measuring-

Oxygen (intake and exhaust)

Carbon Dioxide (exhaust)

Carbon Monoxide (exhaust)

Unburnt Hydrocarbons (HC, exhaust)

Oxides of Nitrogen (NOx, exhaust))

Exhaust hydrogen concentration using HORIBA HyEVO prototype ana-
lyser (see details below)

The HORIBA HyEVO prototype, shown in Figure 2, is a gas analysis system for the measurement of
exhaust hydrogen emissions from internal combustion engines and hydrogen fuel cell systems. The
gas sampling path into the analyser unit is heated, enabling the direct measurement of exhaust gases
from internal combustion engines. The analyser measures hydrogen content of the exhaust as a per-

centage of the exhaust gas flow.

% 0

Figure 2: HORIBA HyEVO prototype hydrogen exhaust analyser

Specifications and system performance for the unit are shown in Tables 3 and 4 below

Table 3. HORIBA HyEVO prototype System Specification

HORIBA HyEVO prototype specification

Measurement Internal Combustion Engine (ICE) exhaust, Fuel Cell (FC) exhaust
Targets

Measurement Sectoral Mass Spectrometry

Principal

Sample line flow
rate

3.5 +/- 0.5 L/min

Sample line Inlet
Pressure

-5 kPa to +200 kPa (Gauge pressure)

Data update in-

0.2 secs
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terval
Sampile line Inlet | Below 200 °C (At Sample Probe)
Temperature
Installation Con- | In-house use
ditions Temperature 5~35 °C
Humidity: relative humidity 80% or less
Altitude: Below 1000 m sea level

Table 4. HORIBA HyEVO prototype performance

HORIBA HyEVO prototype performance
Noise Zero: = 0.5%FS
Span: = 0.5%FS
Scale Accuracy <+1%FS
Repeatability Zero: = 1%FS
Span: = 1%FS
Interference Effects Zero: < +1%FS
Coexistence Effects Span: < £2%FS
Calibration gas line response time t10-90<1.0s
Sample line response time t10-90<2.0s
Drift Zero: < +1%FS/8 hours
Span: < +1%FS/8 hours
Warm-up time Approx. 3 hours after start-up
Sample line pressure fluctuations effect < +1%FS

2.3 Test Programme

The test programme covers a range of operating conditio