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Abstract

Climate changes emergyin the lastfew decadesave resulted in accelerated efforts goarantee
aviableglobalecosystem. Despite the aim of lesarbon economies to integrate all aspects for the
minimal G1G outputs, the transport sector is under severe obligation to abide due toethted

substantialcontribution of CO2 emissions.

Although, inthe lastfew yearsthe electrification of powertrain systemisas gained significant
attention in the mediait is widely acknowledged by the industry thiie internal combustion
engine will remain a dominant source of propulsion for decades to commerecent years,
conventional fossil fuels (gasoline and diesel) have Ipegtiallyreplaced with the alternativeuels

such as biodiesel, natural gas, ethanol, hydrogen, etc. These substitutions were beneficial in diverse

perspectives making significant reductions in exhaust pollutants with maintained performance.

The currently reported work was concerned with expegital and numerical evaluation of the
potential to partially replace diesel with hydrogen fuel, which continues to attract attention as a
potential longer term alternative fuel solution, whether produced-lomard or remotely via
sustainable methods. Theedt engine adopted was of a single cylinder HD diesel tyjtical
common rail diesel fuel injection and EGR0INRE RdzOG A2y | DxQa Sy3aAySo

The experimental work was involved with the fumigation of hydrogen and intake air enrichment
with oxygen at two partular engine loads (6 and 12 hast indicated mean effective pressure

IMEPR) typically visited under real worlfiGVdriving conditions. Highest practical hydrogen
substitution ratios could increase indicated efficiency by up to 4.6% and 2.4% whiEmgd@O2
emissions by 58% and 32% at 6 and 12 bar IMEPn respectively. Soot and CO emissions were reduced
as more hydrogen was supplied, particularly at 6bar IMEP. Furthermore, intake air enrichment with
oxygen resulted im faster combustion process. Thi®uld restraint soot and minimised CO

emissions at the expense of considerably higher NOx emissions.

The numerical study was made using the commercial engine simulation packagew@it Initially
areverserun calculation known as Three Pressure Analjid?\) was applied faleterminingthe
cylinder trapped conditions in addition to the measured burn rate. Two distinct phenomenological
models were used in parallel with aim of modelling the eu@l combustion. By comparing the
optimised calibration fadrs in different operating pointsn-depth evaluation of the unique dual

fuel combustion phenomenon was possiblacluding evaluation of urning velocities and the

knockon effects on performance under varied mixture compositioliswas concluded that



hydrogen substitution provides a viable method of displacing diesel and the associated carbon
emissions with favourable accompanying reductions in soot. The phenomenolagtaFuel

Y2RSt LISNF2NX¥SR ¢St -fuddycenSitiohs Bud 2aseBsS igliadle2nwfientaQ R dz
proportion of the diesel was premixed. The arising error was largely associated with lacki-of du

fuel burning velocity data, which will remain a key barrier to efual simulation as the premixing

is largely acknowledged to improveettombustion efficiency.
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Chapter 1: Introduction

1.1 Preface

There is no doubt that climate changedne of the most critical issues of the modern era.
Duringrecentdecades, the treaties such gsyoto Protoco(1)] and[Paris Agreemen®)]
have been adopted by the UNFCCC \lignaim of stabilising the greenhouse gas (GHG)
emissions at the levels wth will impede the disastrous anthropogenic interference with
the climate systenfUN (3)]. Most recently, theParis Agreementeached in December
2015, set the target of retaining the increase of earth average temperatures bel@v 2

above preindustrial ecord.

Hence, the promises to combat the climate change have become crucially binding
worldwide on reducing the GHG, patrticularly the carbon dioxide (CO2) which is the prime
culprit blamed for rising the global temperature. The transport sector in gereamél
commercial vehicles in particular are the major contributors to the existing circumstances.
Within UK, the heavy goods vehicles (HGVs) are responsible for 15.7% of CO2 emission in
the transport sectolf UK statistics4)]. Thus, the manufacturers are lidred to abide with

severe regulationswith more emphasis on improving the Heavy Duty (HD) engases

passenger cars shift to more electric solutions

HD diesel engine can hardly take advantage of the conventional measures which are mostly
applicable to he engines of passenger cars. Nevertheless, these engines can be dual
fuelled with various fuels like natural gas (NG), ethanol, hydrogen, etc. In fact, théudual
combustion has opened a pathway in recent years to the sustainable operation of HD

engines in the transport sector by significant reduction of CO2 emission.

1.2 Researclobjectives

The currently reported work weconstituted of three main objectives:

1 Substituting the diesel fuel with hydrogen in a HD diesel engine.
1 Performance ameli@tion and decarbonisation of a freight vehicle engine.

1 Numerical study of HDiesel combustion.



In addition to hydrogen, oxygen as another product of water electrolysis carried out in the

electro hydrogen generation machine mentioned in t®et3.4 was itroduced into the

diesel engine and its effects was studied.

1.3 Thesioutline

Thisthesis is structured i chapters as follow:

T
T

Chapter 1is the introduction and outline for the reported work.

Chapter 2:reviews an inclusive literature of fundamentalgdiesel engines with
alternative gaseous fuels with relevant works and statisticaddition numerical
modelling classification as well as specific numerical models are discussed.
Chapter 3describes the experimental methodology with technical spegiions of

all measurement devices. Alsi@atures of the simulation program as well as its
optimisation capabilityas well as GT phenomenological modeisexplained.
Chapter 4: presents the experimental evaluation of hydrogen and oxygen
enrichment of he test engine.

Chapter 5:the baselinediesetonly and duaifuel modellingresultsare set out in
this chapter with detailed discussion.

Chapter 6:summarises the findings of experimental and numerical studies with
recommendations for the future work.

Chapter 7: sets out the list of references.



Chapter 2: Literature Review

2.1 Overview of I@nginethermodynamics

The IEA World Energy Outlook shows that hydrocarbon fuels will still carry on supplying
90% of transportation energy by 2040. Electric vehicks emerging rapidly, but
generating electricity is not capable of satisfying the whole needs of electrical transport
sector without CO2 penalties. However, it is not completely emiss@sn Hence,
commercial vehicles will use ICEs as their powerti@itidreseeable future

ICEs use various fossil or renewable fuels. Natural gas or fuel oils like gasoline and diesel
are the conventional fuels which were used since petroleum exploitation in 19th century.
Besides, renewable energy is seen as a sustaisabiee with less Greenhouse Gas (GHG)
emission. Biofuel can be produced biologically like biodiesel derived from vegetable oils or
it can be produced chemically using renewable energy sources such as steam reformation
of methane for hydrogen productioniCE %)].

As seen in Figure 2.1, the idisalddiesel cycle follows 4 discrete processes: two isentropic
compression(1-2) and expansion3p,-4) processes comprising of work done on or by
system The constantolume endothermic process(2-3a) simulates the premixed
combustion(processbc in Figure 2.2) followed kiyre constantpressure (3-3p) mixing
controlled diffusioncombustion process cd in Figure 2.@hich were triggered by diesel
injection near the end of compression and entrained by compressed lagr.exothermic
constantvolume procesg4-1) presumes the end of cycle for reaching the initial state
[Diesel Cycleo]].

Figure 2.11dealised diesel cycle



As observed in Figure 2.2, the heat release diagram of a typical Cl combustion can be
specified m three distinct stagegHeywood (7]

1. Premixed combustion (bc)he rapid onset of premixed flame results in high heat release
rates as it will be surcharged to the prepared fuel for burning. This stage resembles to a
significant fast ircylinder presare rise and its released heat equates (Figure 2.1).

2. Mixing-controlled diffusion combustion (cd):Despite of various involved processes
(fuel atomisation, vaporisation, psgame chemical reactions), the burn rate is regulated

by the mixture availability rate for combustionhi$ is a descending heat release period
equates)  (Figure 2.1) which lasts approx. dfank angle degrees (CADNB. stage 1

and 2 ordinarily consume approx. 80% of the total fuel.)

3. Late Combustion phase (de}: KA & Wil A f Q rrdsponds ®burnin& th& I 4 S
remaining 20% of total fuel and the fueth combustion products (soot). This final burning
carries on slowly (lower heat release rate) ascyfinder temperature drops during

expansion.

Premixed combustion phase

/
™ Ignition f
delay

| period

Mixing-controlled combustion phase

Rate of heat release

Late

| combustion

phase

Start of
injection

End of
injection

! 14|

-20a b -10 TC 10 20 30

Crank angle, deg

Figure 2.2Typical Cl engine heatleaserate diagram identifying different diesel combustion phases

[Heywood (7)

The brake fuelconsumption of a 1.91 TDI diesel engine is superimposed on a
performancemap in Figur®.3. To retainower exhaust particulates, diesel engines burn a
lean combution; hence engine power is smoke constrained. By moving from the optimum
operating point that returns minimum fuel consumption in all four highlighted directions,

the BSFC (brake specific fuel consumption) incredsasjuson ()



Higher engine speedhis results in more friction losses.
Lower engine speed: the heat losses would increase.
| AAKSNJ Sy3aayS t2FRY YAEGAINBE ySSRa (2 06

= == =4 =2

Lower engine load: the friction gets the substantial part of the indicated work.

16

n--—->

g

L

Engine Speed [rpm]

Figure 23: Engine Fuel Consumption M&8SFC in g/kW,A.91 TDI diesel enginé€leorgi et al. (9)

2.2 Alternative gaseousfuels

2.2.1 Naturalgas andbiogas

Compressed Natural Gas (CNG) can be exploited from oil reserves naturally. Natural gas
may be obtained from renewable sources such as water treatment or landfill which
qualifies as advanced biofuel.

Despite of storage tank placement issues, Natural Gas Vehicles (NGVs) have less
maintenance expenses. Due to gaseous state, better-diremixing typically occurs.
However there is no fuel loss from evaporation due to sealing the fuel system. According
to Table 2.1, CNG has a narrow flammability rangel8% Vol) comparing with hydrogen,

so it is less probable to ignif€NG (10) Most importantly, CNG has less emissions and

better performance. According to CARB, conventional ULSD emits 94.7 gCO2el@1J whi



CNG lifecycle GHG emissions is 67.7 gCO2e/MJ. It is worthwhile to mention that bio
methane emits much lower CO2, 11.26 gCO2e/MJ. The corresponding value for H2 from
NG reforming (including liquefaction and-gasification) is 142.2 gCO2e/Nkrb.ca.gov

(11)].

CNG differs from Liquefied NG (LNG) as it is a high pressure (supercritical) fluid at ambient
temperature but LNG is a liquid stored at low temperature with almost ambient pressure.
Natural gas is transported in LNG foowver lengthy distances and then transformed into

CNG for end usade€NG (10) As of 2013, there are more than 18 million NGVs worldwide.
Iran, as the 1st ranked country with largest fleet of NGV (3.5 million), has 2335 CNG fuelling
stations which supply approximately one quar@rf L NI} y Q& G NJ y & LJ2 NIi
[Financial Tribunel@)].

The current NG units can be divided to three main categories as depidtglire 24. The

most conventional system comprises the stoichiometric spaniked type which NG can

be added whethe via PFI or DI system ignited by a spark plug. Although, it has less
complexity, its efficiency is exacerbated due to high temperature combustion -tuaain

gas engines have higher efficiency due to lower gas temperatures and no throttling
pumping loss.gnition source for the NG bulk mass burn is served by diesel injection. More
recently, the High Pressure Direct Injection (HPDI) has been developed for introducing NG
and diesel directly into the cylinder. Although, HPDI requires more expensive injegtor, b

it benefits higher volumetric efficiency and power output cf. PFI degigihag (13)).

Spark Ignited: Compression Ignited Dual-Fuel:] HPDI Dual-Fuel:

* Port Fuel Injection (or DI) |.  port Fuel Injection of NG + Direct Injection of NG
of NG - Diesel Ignition Source + Diesel Ignition Source

- Spa rk Igniﬁon Source * Lean-burn . Lean-burn

+ Stoichiometric with three
way catalyst

Figure 24: NG units: (a) spark ignited (b) CI dfwl (c) HPDI dudluel [May (13]



As a renewable energy source, biogas is obtained from organic waste andneontai
predominantly methane (505%). This gas needs upgrading to acquire purified bio
methane which has the capability ofrming 17% of vehicles within URiogas 14)]. Based

on the NNFCC survey (map above), there are 401 anaerobic digestion plantsApriUK (
2017) which have the capacity of 363 MW in toleINFCC16)|. As the pioneer of
renewable energy producer in Europe, Germany has built 9,209 biogas power plants with
capacity of 4,237 MW in total by end of 200BBA 16)].

Table 2.1 Physical propéies: Hydrogen, Methane and Diegelimmer et al. (17)

Parameter Hydrogen Methane Diesel
58yaAirde I o n e/ 0.089 0.72 830
Stoichiometric air/fuel ratio 34.3 17.2 14.5
LHV [MJ/kg] 120 50 425
Mixture Calorific value at=1 [MJ/n?] | 3.2 3.4 3.83
.2AEAY3 ¢ SYLISNI G (-253 -162 180- 360
Ignition Limits [Vol%s] 4-75%, 5.315%, 0.6-5.5%,
0.2-10 0.7-21 0.5¢l3
Min Ignition Energy at aikE1) [mJ] | 0.02 0.29 0.24
AutoA Ay Al A2y ¢ SYLIS|585 595 ~250
Laminar Flame Speed «t1 [m/s] 2.0 0.4 0.4-0.8
Carbon Content (Mass %) 0 75 86

2.2.2 Hydrogen usage in ICEs

Historically, the hydrogefilled Graf Zeppelin burning in 1937 is a reminder of the
hazardous application of hydrogen. However, this catastrophe did not stop tempts

for applying hydrogen as the propellant fuel in different sorts of vehicles such as space
rockets, ICE and fuel cell automobiles. Hydrogen is typically viewed as energy carrier rather
than fuel itself. Most of the existing hydrogen fuel supply sduced from fossil fuels like
natural gas, oil and coal via partial oxidation or steam reforming. One other method,
electrolysis of water, is less popular due to high electricity consumption but provides high

purity. Therefore it would be a sustainable fufats manufacturing problems can be solved.



Hydrogen storage and transportation is usually in compressed, liquefied in metal hybride
form or absorbed by particular alloysarim (8)].

Approximately 95% of hydrogen is supplied from methane throughogagss known as
WAGSEY NBFT2NXIFGA2YQ gKAOK @8AStRA y2 20SNI
Another method involves electrolysis by renewable energy, which is a zero carbon route
but is very costly. Alternatively, a novel possibility for hgdnoacquirement is via enoard

steam reformation of part of the liquid hydrocarbon fuel, which improves the overall
system efficiency by about 5% via waste exhaust heat recoNéoygan et al. 19)].
bSOSNIKSt Saaszs G§KS OJAaA 2y forseeable whdhdReégRiESY S
production energy is totally supplied from green renewable sources. If so, transportation

and electrical needs can be fulfilled using hydrogen fuel petlsm (8)].

Storage is among the main areas for development of hgeinoppower due to the relevant
safety issues and physical properties of hydrogen. Although distinct crystalline materials
have been suggested for hydrogen storage, hydrides are used for storing significant
qguantities of hydrogen gas. In 2008, a hydrogenktarsing an alloy found by Robin
Gremaud could have 60% less weight than a battery packenceDaily (2[)) Besides,
cryogenicankshave other preferencesvhich attempt to improve compatibility, expense
and volumetric capacity. As an example of effortshis area, BMW previously adopted
cryogenic tanks for a 7 series mitget to demonstrate improved driving range. The
distribution of hydrogen for vehicles at filling stations needs remarkable infrastructure and
huge investment. As of 2018, there are @dblic hydrogen stations in the US, with 36 of
those located in Californid>OE 21)].

Several automotive manufacturers including BMW, Ford and Mazda have attempted to
utilise hydrogen as an alternative fuel for the IC engine. The BMW Hydrogen 7, powered b
a hydrogen IC engine, was developed by BMW between 2005 and 2007. This demonstrator
adopted the same 6L V12 engine as the gasoline production model but with modifications
to allow for dual fuel operation. Overall, the combustion system matched the exifigi

values of a baseline turbdiesel engine at a maximum of 42%MW Hydrogen 722)].



Elsewhere, Ford also developed the first vehicle in North America exclusively powered by
a hydrogen fuelled IC engine (H2ICE). A Zetec based 2 litre H2ICE witfualpopction

(PFI) system was integrated into a P2000 passenger sedan. Comparing with gasoline
powered 2L Zetec, hydrogen powered CO2 emissions were reduced to 0.4% of that of the
gasoline case with 18% higher metro cycle fuel econayvabowski et a(23)]. In later

work, to achieve the stringent 2010 Phase Il Heavy Duty emission standards, Ford re
designed a V10 Triton engine with the aim of running a#5& bus with hydrogen.
Following this, the Ford Focus fuel cell vehicle (FCV) was developed aieraative
hydrogen fuel cell vehicle. Such FCV vehicles are widely considered to offer considerable
promise but only provided the current high costs of fuel cell technology can be reduced in
the longer term. Hence, in the medium term (at least), the hgime remains dominant

[Natkin et al. 24)].

There have been numerous other attempts to adopt hydrogen in IC engines. Revolve UK
modified the engine of a Ford Transit 2.2L Puma Diesel to operate with PFI of hydrogen as
the main fuel. As the ignition sourcdiesel pilot injection was used to allow a permanent
duakfuel mode[LCVPZ5)|. More recently, Alset developed a hybrid hydroggasoline
system that allowed the vehicle to use both fuels individually or at the same time. This
technology was implementedn the Aston Martin Rapide S, which was the first vehicle
completing the 24 bur Nurburgring race with hydrogen technologlset 26)].

¢KS Ay2SOdiA2y AGNI iS3e KIad O2YyaARSNIOGES A\
and stratification at ignition Hydrogen direct injection (DI) could have further benefits
rather than PFI due to providing more volumetric efficiency and avoiding irregular
combustion such as backfif®lonemian et al. Z7)].

Lund university researchers have had the earliest attemgtyafrogen HCCI combustion
[Stenlaast al. (28)]. Although H2 HCCI operating range is much limited than S| hydrogen
operation, but HCGhode showed better efficiencyn an optical study by Aleiferis et al. at
UCL, hydrogen HCCI combustion was charactehgesweeping various equivalent ratios

and intake air temperaturegrosati et al. (29) This combustion was initiated by PFI ef n
heptane prior to the main DI of hydrogéma low compression ratio combustion chamber.

The intake air needed to be preheat as the autagnitiontemperature of hydrogen o
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high. Considering significant ability of hindering CO2 and NOX intensely, the ideal zero

emission engine can be realised as a rival to the fuel cell.

2.2.3 Hydrogercombustive properties

The uniquephysical properties of hydrogen make it quite different from conventional fuels,

4 AYRAOFGSR Ay ¢l 06fS HomMd 5dzS (G2 GKS GSNE
is small relative to that of diesel even in a compressed storage tank or indigied Hence,

a large volume is needed for storing sufficient hydrogen to perform a requisite driving
range[Lanz et al. (30) This fact highlights the benefits of hydrogen production through
on-board reformation. Accordingo Table2.1, vastignition lmits (475% volumetric
concentration in air), enables combustion over a wide domain ofdirehixtures including

high efficiency lean operation. Furthermore, hydrogen has a relatively high flame speed
that leads to higher efficiend Cassidy (31)

Hydrad SY Q4 KA 3IK RATFTFdzA A OA (0 &-aifitixre feadilyl ThiSisalsd 2 NI
advantageous in the case of a hydrogen gas leakage, with rapid dispérsicz (30) Low

ignition energy of hydrogen and high burning speed makes the mixturiesékhydrogen

easier to ignite, hence, mitigating misfire and improving performance and emissions.
.SaARSasx 06& AYyONBlFraAy3da (GKS I k/ NrXridAz2z KeR
lean mixtures. However, the full load must be supplemented by soe&s of volumetric

efficiency compensation, such as compound boostiregz (30)

Comparing with diesel, hydrogen has meaningfully higher specific energy by mass, lower
heating value (LHV), enabling a significant proportion of required diesel fuel bigtgidos

by hydrogen in a more cost effective way. However, diverse challenges remained are
including high ircylinder pressure rise rates and the occurrence of-igretion and
flashback within the intake system, particularly under heavy loads. The higk #ipeed of
hydrogen is favourable in terms of kno¢kanz (30) However, incylinder hotspots
exposed during the intake stroke can serve as ignition sources for caustignpren and
FflrakKol Ol RdzS (2 KeéRNER3ISY Qalubgdcarudepositd arthet 3y A (
sparkplug electrodes are alshought to initiate flashback anz (30)
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2.3 Engineexhaustemissions

2.3.1 Emissiomegulations andstatistics

Currently, several emission standards have been regulated around the world withnthe ai
of governing air pollutants released into the atmosphere. Emission standards set
guantitative limits on the permissible amount of specific air pollutants that may be released
from specific sources over specific timeframes. They are generally desigaetiéve air
quality standards and to protect human healtamission Standard (32)
Due to differences in testing procedures and compliance systems, emissions standard
within various territories are not comparable. For instance, while EU follows New Europe
Drive Cycle (NEDC), Federal Test Procedure (FTP) is followed by Environmental Protection
Agency (EPA) as the US emissions regulatory body. These drive cycles are distinct in
duration, distance and vehicle speed plus driving condit[@izshis et al.33)].
As a consequence of oil embargo by OPEC members in 1973, US regulated the first fuel
economy standards. The Corporate Average Fuel Economy (CAFE) is a harmonic fleet
average calculated each year by EPA for every car manufacturers. Following Energy
Independence and Security Act of 2007, national fuel economy of 35 miles per gallon (mpg)
is targeted by 2020. This program follows some motivati@rsis et al. (3F)

1 Electric and hybrid vehicles promotion

1 Incentives for Natural gas vehicles

1 Technological deslopments in order to reduce GHG.
Although, EU has not set a particular standard for fuel economy, the limitation is enforced
on fuel consumption indirectly by introducing GHG emissions standards in term of grams
of CO2 emitted per 1 km mileage. The latesget has been defined of 95 gCO2/km by
2020. Figure 25 shows highelEU equivalent fuel economy norfised to CAFE testing

procedure[Canis et al.33)].
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Figure 25: Fuel economy standards for lightity vehicles: US vs. EOanis et al.33)]
In addtion to emission and fuel economy standards, several agreements and treaties had

been agreed among countries to tackle the climate change issue. The latest agreement is
obtained during the 2015 UN Climate Change Conference (COP 21) in Paris. The expected
key result of these talks was an agreement to set a goal of limiting global warming to less
than 2 degrees CelsiusQ) compared to préndustrial levelsParis Agreement2]. As

global temperature rise is mostly a function of accumulated CO2 emissiensiime, CO2
ySSRa (2 06S NBRdAzOSR (2 WwySi TSNRQ Ay 2NRSI
The OICA commercial vehicles sales statistics during a decade from 2005 to 2014 is
presented inFigure 26. Although, the global salesane reduced significantly in 2008 due

to global economic crisis for two years, it was monotonically increased afterwards. The
consequence of financial crisis has been also reflected in the GHG emissions of2Be EU

by adrastic dropin 2008.

25,000,000

22,500,000
17,500,000 —‘/\//A

—a— World

Eurape

””””””””” UK

2005 20060 2007 2008 2009 2010 2011 2012 2015 2014

Figure 26: Commercial Vehicles Salg3ICA 34))
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As a determined contributor to the global efforts for confronting with climate change, EU
could reduce its GHG emissions almost by a quarter since ERRO¢ 27. Themain factors

of this decrease are amelioration of energy efficiency and using lebsrcantensive and
more renewable fuels. This has resulted in dissociation of EU economic growth from its

GHG emissions.

100

75 +

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Figure 27: EU greenhouse gases emissions (Index 1990 5 H0035)]
As of 2008, it must be ensured that the net UK carbon accfmurihe year 2050 is at least

80% lower than the 1990 baselife K 86)]. Within UK, while the total CO2 was reduced
significantly (approx. 30%) since the baseline year 1990 until 2014, the CO2 emission in
transport sector was almost unchanged represen@7g5% of total CO2 in 2014 K 4)].

In that year, CO2 emission of Heavy Goods Vehicles (HGVS) has experienced a 9%
improvement compared with 1990. Despite of the fact that UK is on track to meet the
second 'carbon budget' regarding the Climate Change28@8, transport sector has not
contributed a major impact on CO2 emission due to increase of motor vehicles sales in
recent yearOICA (34)! & |1 D+& FNB | O02dzy GiSR F2NJ mMp &147%
emission, the vehicle manufacturers have been reggito additionally focus upon Heavy
Duty (HD) vehiclegJK &)].

2.3.2 Emission regulations for heaaduty engines
The emission standards for heagyty engines apply to all motor vehicles with a technically
permissible maximum laden mass over 3,500dqyipped with compression ignition (CI)

engines or positive ignition (P1) natural gas (NG) or LPG engines. The Table 2.2 contains a
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summary of the emission standards and their implementation dates for stetadg

testing conditiongDieselNet 87)]:
Table2.2: EU Emission Standards for He®uty Diesel Engines: Stea8yate TestingDieselNet (37)

Stage Date Test CcoO HC NOXx PM Smoke
[g/kwh] | [g/kwh] | [g/kWh] | [g/kwh] | 1/m
Euro | 1992, <=85kW | ECER9 |45 1.1 8.0 0.612
1992, > 85 kW 4.5 11 8.0 0.36
Euro 11 1996.10 4.0 1.1 7.0 0.25
1998.10 4.0 1.1 7.0 0.15
Euro 11l 1999.10 EEV only ESC & EL| 1.5 0.25 2.0 0.02 0.15
2000.10 2.1 0.66 5.0 0.1¢ 0.8
Euro IV 2005.10 15 0.46 3.5 0.02 0.5
Euro V 2008.10 15 0.46 2.0 0.02 0.5
Euro VI 2013.10 WHE 15 0.13 04 0.01

a¢ PM=0.13 g/kWh for engines < 0.75 #swept volume per cylinder and a rated power speed > 3000 rpm.

It is seen that regulatory emission test cycles have been changed several times; as the
earlier ECE-R9 test cycle has been repkt by two cycles: the European Stationary Cycle
(ESC) and the European Transient Cycle (ETC) since the Euro Ill stage (2000). Among these
various test cycles, European Stationary Cycle (ESC) is the subjected to our focus of interest.
The ESC test cycle wiasroduced together with theeTQEuropean Transient Cycle) and

the ELREuropean Load Response) tests by the Euro lidstom regulation for emission
measurement oheavyduty diesel engines. The ESC is ari®le that was also referred to

as OICA/ACEA cy¢leieselNet38)]. The engine is tested on an engine dymometer over

a sequence of steadstate modes. The engine must be operated for the prescribed time in
each mode, completing engine speed and load changes in the first 20 seconds. The
specified speed shall be held to within £50 rpm and the specified tostpadl be held to

within £2% of the maximum torque at the test speed. Emissions are measured during each
mode and averaged over the cycle using a set of weighting factors. Particulate matter
emissions are sampled on one filter over the 13 modes. The éimédsion results are

expressed in g/kWlDieselNet (39)


https://www.dieselnet.com/standards/cycles/etc.php
https://www.dieselnet.com/standards/cycles/elr.php
https://www.dieselnet.com/standards/eu/hd.php
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Figure 28: European Stationary Cycle (EST¢selNet 88)]

The engine speeds are defined as folloivgselNet 88)]:

1. The highspeed(nhi) is determined by calculating 70% of the declared maxmmet
power. The highest engine speed where this power value occurs (i.e. above the
rated speed) on the power curve is definedrdm.

2. The low speednlo) is determined by calculating 50% of the declared maximum net
power. The lowest engine speed whehes power value occurs (i.e. below the rated
speed) on the power curve is definedras.

3. The engine speeds A, B, and C to be used during the test are then calculated from

the following formula:
A = nlot+ 0.25(nht nlo)
B = nlot+ 0.50(nht nlo)
C = nlot+ 0.75(nhi- nlo)
During emission certification testing, the certification personnel may request additional
random testing modes within the cycle control ardagure 28). Maximumemissions at
these extra modes are determined by interpolation between restritm the neighbouring

regular test modes. The ESC test is characterized by high average load factors and very high

exhaust gas temperaturé®ieselNet 88)].

2.4 Diesetombustionfundamentals

Understanding the performance ICEs requires a fundamentalenstanding of the

combustion process which is affected by engine design, fuel injector operation, heat
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transfer, turbulent flow and gas composition. Engine manufacturers need to design diesel
engines which are compliant with severe emission standards whaetaining high
thermal efficiency. Diesel combustion is a turbulent maoiodal phenomenon which
occurs under rapidly varying high pressures and temperatures.
2.4.1 Dec diesel combustion oalel
As one of the most accepted models fdiresel combustionJdn Dec introduced a
temporalspatial phenomenological description of diesel jet ignition at Sandia National
Laboratories (Figure 2. This model is based on seveaialerse optical studies done since
1992 until 1997 by Dec and Epsey:
1 Liquidphase fuel digibution [Dec and Epseyl, 42))
1 Quantitative images of vapotuel/air [Dec and EpseyZ, 43)]
1 Polycyclic Aromatic Hydrocarbons (PAHs) and soot distrib[fien and Epse9,

44-47)]
1 Soot particle size distributiofbec and Epsey5-47))
1 Diffusion fame structure Dec and Epsey (40)
1 Auto-ignition chemiluminescencgec and Epseyif))
Diesel jet development is conceptualised from SOI until early moongrolled burn with
ASI time scale which gives the crank angle after start of injection asreegblai following
steps.L1 Q& y20Sg2NIKe (GKIFIG GKS 2 SyinddrgwirlSvid O A :
neglected in this model.
(a) Initial jet development (0.8 - 4.5x ASI):the initial three imagesHigure 29) present
liquid fuel evaporation. Wite this area only includes liquid fuel at injector vicinitye
entrained air evaporates the fuel liquid dropletsii no®px ! {LX (GKS K2Y23S)
of equivalence ratio 2 to 4 has appeariédec (48).
(b) Auto-ignition (3.0x - 5.0x ASI): while precise autagnition (Al) occurrence is not
ALISOAFASR aLIl dAlLftfe FyR (SYLRNIfftes OKSYACS
jet by arrows under schematics. As fuel pyrolysis and PAHs formation are processed in
@2f dzYS 0SG6SSYyLn®pkt 2gRRpaPExa2Fad F2NNI GA2
probable that Alvashappered by 4b p x [Déc{dd)].
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600 CANERG LI NI 27 -dINBxrtheRSHwWiGictiZedh hamogfedeSushd n & n
I ONR&a 2S3GQa YI Ay L3 NI mapksin eatkeedsd u@Eec o A K
(48)].

(d) Onset of the diffusion flame (56 6.5x ASl):at jet environs, diffusion flame forms
between products of premixed fueich burn and surrounding air. This slim diffusion flame
SYGANBf e adNNRanpkidn2S0B)Ra R2geyai

(e) Last part of premixed burn spike (409.0x ASl):while, jet keeps penetrating by end

part of premixed combustion, soot formation persists with maximum concentration at the
KSIFR @2NISE ySI NI YI A ybulnRdéng, latger godt pacticlésfare @ 5
pulled inward the jet, making the diffusion reaction zone a thin surrounding layer.
Nevertheless, the central jet is solely occupied by small soot parfickes48)).

(f) First part of the mixingcontrolled bury 6 pdnx ! { L ( 2earlgpiiRng2 T A
controlled emerges as minor changes to the jet since it was already formed when last part
2F LINBYAESR ¥FdzSt 61 & odaNYyiGP® SAFFdzAA2Y Ft I
smaller than head vortepDec 48)].
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Diffusion flame combustiomwvith its corresponding emissions is shown in Figurk0 2.
presenting thermal and chemical variationaitially, the liquid fuel spraygmetrates into

high temperature air and gets heated up to 825K. This stage of diffusion flame unleashes
15% of total combustion heat. Inside the flame plume is now filled by rich combustion
products (CO, HC and Particulates). While a slim layer of stmielie combustion has
enclosed the flame plume, high temperatures of diffusion flame results in NOx formation.
In addition, this diffusion cause fuel segments to be transformed into carbon dioxide and
water vapour. Due to lack of sufficient oxygen inside sheath of diffusion flame and the

cold liquid fuel, diesel particulates form in significant voluiagnn et al.49)].

Temperatures
950 K ~1600 K

350K 825K

~2700 K

=]

Cold f Rich Fuel/Air v ol
Fuel Mix phi = 4 CO2 & H20
Warm Products of
Air Rich Combustion
Chemistry CO, UHC & Particulates
N Liquid Fuel [0 Fuel-Rich Premixed Flame
[ Rich Vapor- [ Initial Soot Formation

Fuel/Air Modture - g Thermal NO Production Zone
Diffusion Flame e 500t Oxidation Zone

0 10 20
Low I High
Soot Concentration Scale (mm)

Figure 210: Diffusion flame combugtiy Y W2 Ky B&HEOQa Y2RSt

According tg Sitkei(50)], the combustion process can be split irfitar distinct phases as
depicted inFigure 2.1:
1. Ignition delay: defined as the interval between start of injection (SOI) and the first
identifiable pressure increase.
2. Sudden pressure increase: covers the period from start of thermal ignition until
whenPmax is reached.
3. Main combustion: refers to the interval between Pmax_CA and Tmax_CA.
4. Delayed postombustion: In higfspeed direct injection (HSDI) diesel engines, this

phase lasts for approx. 50% of entire combustion duration.
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™ Start of injection \\

TDC " cap
Figure 2.1: Combustion paseqSitkei (50)

2.4.2 Diffusion versupremixed combustion

Two main types of combustion flames include diffusion and premixed (fuel/air). In diffusion
flame, fuel and oxidants are either separated or not fully premixed. Thus, reaction is
controlled byfuel/air mixing rate. This physically controlled process is related linearly to
local temperature while chemical reactions are dependent on temperature logarithmically
and hence more rapifKarim (8)].

Physical effectors such as liquid fuel atomizatiore@iup), penetration, air entrainment
and vaporisation are controlling the spray development. Later, spray growth is depending
on couple of factors: fuedhir reaction through momentum exchange, mixing process
(improved by higher injection pressure) and swurbulence (dependent on intake port
and combustion chamber geometrical desigaqrim (L8)].

In comparison to premixed mode, diffusion flames have extended composition variability.
Hence, they are more flexible to fuel quality and type than the prethi@me. Fuel jet
entrainment and burning is shown iRigure 2.2. As fuelgets sprayed from orifice, it
scatters and gets diluted by entrained air. A stoichiometric envelope is located at certain
distance from discharge point. Prior to this place, fueh mixture is existing while lean
mixture envelopes are grown progressively further than this point. Therefore, a diffusion
flame is appeared when fuel spray is ignitadhjle burning occurs easier around most

reactant region which is available around isttometric envelopéKarim (L8)].
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Figure 212: Fuel jet diffusion flaméKarim (8)]

The resultant temperature alters in axial and radial directions while the maximum values
are surrounding stoichiometric region. Supposing a horizontal plane sectfoeédpray,
concentrations of fuel, oxygen and products are varying radially. In essence, comparable
processes occur nearby fuel droplet burnifggre 2.8). An extendedegion of fuelair

mixture is formed as fuel evaporates and spreads out to the emechair[Karim (L8)].

Fuel Vapor

Temperature

.//‘_P—q———“
o L % Oxygen
\ i -—~ Flame

P\
Droplet

Figure 2.B: Fuel vapour and air concentration as well as temperature variation around diffusion flame
[Karim (8)]
2.4.3 Theoreticabnalysis of thesoot-NOxtrade-off
The mechanism of PM formation needs to be clarified in ordeplan for reducing this

problematic emission. Soluble Organic Fraction (SOF) formation at low and medium load
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operation relates well to HC formation (while this parameter reflects soot emission in high
loads). Optical and gas sampling studies of diesabestion have enabled both temporal

and spatial resolved evaluations of soot concentratisamimoto et al.§1)].

Traditional trajectory of a HD diesel engine is superimposed on the equivalence ratio (phi)
vs temperature mapHigure 2.4). This path begmwith fuel injection. The phi reduces
severely as fuel spray develops and gradual heating up is resulted by air entrainment and
weak chemical reaction. However, some peripheral points of fuel spray set to high
temperature reactions followed by autignition of premixed mixture when reaching the
end of ignition delay which results in a rising temperature quickly (90deg bend of arrows in
Figure 2.4). In next process (diffusiocombustion), the heat release and mixing rates
determine the slope of combustigpath while phi decreases and temperature increases.

The combustion path travels firstly througbot formation zone followed by NOx zone

[Zhao §2)].
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Figure 2.4: PhiT diagraniZhao 52)]

Studying variousombustion modest is triedto avoidthe sootand NOx formation zones
as two paths presented in Figure 2.1The PCCirack is formed by early DI in the
compression stroke while P and T are pretty low which results in very low chemical reaction

rate despite enogh time for homogeneous mixinghao (2)].
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2.5 Dualifuel dieselcombustion

Dualfuel engine operation relies on method of introducing gaseous fuel. The conventional
approach is adding gaseous fuel into the intake air flow like SI engines. The enrichment can
also be done at start of compresasistroke allowing fuel gas be mixed with air before diesel
injection. Both these ways can be named as premixed-tiledlengines with fumigation
mode of enrichment. Other method of enrichment includes direct injection of fuel gas both
whether prior to or dter liquid fuel injection. In all approaches, gaseous fuel does notauto
ignite on its own via compression ignition, but usually burns with the assistance of the
injected liquidfuelled ignition processe$<arim (8)]. In current work, fumigation of
hydrogen into intake port of a heavy duty diesginewas appliedallowing a premixed
duakfuel combustion. The progress of conventional diual combustion (with diesel

injection at near TDC), is depicted in Figures2.1

(1) (2) 3)

H2-air ch
AL ams Onset of the diesel diffusion

Unburned zone Autoignition of diesel

Diesel
3 Onset of premixed combustion flame H2 Flame front
Injector ¥
R a 1 —— -
Initial spray development Burned zone

iy 4 Ignition of H2-air mixture
reakup.seevaporation H2 flame development

Start of diesel injection

(4) 1 (5) (6)
R (Onset of knock) e
Start of mixing- Mixing controlled End of combustion
controlled burn \ combustion
s A | e Unburned H2

(Incomplete combustion)

H2 Flame propagation & overlap

Flame propagation of H2
with other spray plumes

(Burned zone)

Figure 2.5: Progress of converdnal H2diesel duaffuel combustion

The complicated interaction of liquid fuel spray and bulk premixed gaseousdinet not

only thermal but has chemical kinetic feature which tends to extend the ignition delay and
emissions. Thus, very precise comia timing of both fuel gas introduction and liquid fuel
injectionis essentialKarim (8)].

Fuel type and concentration (in air) are important factors in premixed combustion as these
parameters control chemical reaction rates. However, local flame wglog affected

heavily by mass and heat transfer. It is worthwhile to note that extra fuel or oxidant are
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needed for initiating burn process in partially premixed regions. These instances present
complicated interaction among many chemical and physiaadtiens which are expressed

on burn process in ICEs generally and in-fuall engines specifically. Chemical processes
are generally governing in conditions relatively slower than physical mixing processes such
as at low temperatures. However, oxidatiaraltering exponentially on temperature which
makes it happen more rapid than other physical processes. Sometimes for simplification,
its effect on burn rate might be undermined or dismissed. Diffusion flame length requires
to be regulated ensuring no exme impingement and heat transfer would result in

intolerable high temperature surfaces (Fig@d6) [Karim (8)].

———— Preignition - . :
& Ignition Combustion | Fost Flame
-~ Reactions Reactions

Figure 2.5: Main stages of fuel gas combustion in[&garim (8)]

Fumigating gaseousel into intake air ofaduakuel engine, makestal SN> G A2y Ay
physical and transport properties like gamma (specific heat ratio) and heat transfer
features. In addition, varying partial oxygen pressuesulted from gaseousfuel
displacement, affects prggnition activity and its associated heeelease which can be
altered by residual gas effects. Therefore, ignition delay trend in-tlehlengine is
distinguished from conventional diesel engine. This delay extends with higher gaseous fuel
fumigation up to a specified peak and later reducestealue (before the stoichiometric

ratio of equivalent gas and liquid fuels with available/darim (L8)].

121 —e— Diesel only

—#— Diesel + Hydrogen

Pilot = 0.4 kg/h
Intake Temp. = 20°C
Inj. Angle = 20° BTDC

Crank Angle atIgnition, Deg.

_6 . 1 ' 1 N 1 N 1
0.0 0.2 04 0.6 0.8
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Figure 2.Z: Ignition Delay vs. equivalence rafidéarim (.8)]
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Some of the characteristics of dualel combustion which make is more complicat#an
conventional S| and diesel combustion are as folléarim (8)]:
1 The gaseous fuel has low tendency to get oxidised completely at low loads which
results in higher fuel consumption, HC and CO emissions.
1 Since significant pregnition occurs sporadatly within gaseous fudir mixture,
fast heat release and pressure rise is observed.
1 The knock threshold at high loads is characterised by uncontrolledignitoon and
very fast partial combustion subsequently.
Mixing process within Cl engines is imjamit for leading combustion process properly. For
instance, injecting lovamount pilot makes ignition occur after end of injection allowing
mixture of pilot injected fuel with premixed gas feak. Earlier pilot injection if not too
early (preignition), might start lean mixture combustion permitting more time for mixing
of pilot with gas fuel.
Achieving optimised combustion and performance, maximum pressure requires to be
located 1015 ATDC. Conventional didfakel combustion relies on diesel pilot spragda
ignition properties as well as gaseous fuel type and concentration. Whilegpiton
results in radicals and some products such as aldehydes and CO, their concentration is
increasing during late part ofompression stroke to affecsubsequentcombuston
progress of diesel pilgKarim (L8)].
As seen in Figurd.18, premixed duafuel combustion examined through heat release
curve is divided to three major overlapping parts: 1) pilot combustion 2) gaseous fuel
combustionin the environs of pilot combusbn centres. 3) prégnition and resulting

turbulent flame propagation within lean gas feak mixture.

~ Light Load [ Heavy Load

Rate of Heat Release
Energy Release Rate
=
-
~

Crank Angle
(@)

Crank Angle
(b)

Figure 2.8: Heat release components of dufalel combustion (a) light load (b) heavy logdrim (18)
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2.6 Hydrogenenrichment of diesel combustion

It is obvious that aftr reaching the Paris Agreemethe worldwide efforts for challenging

the climate change has been made effective. Hence, a universal binding commitment for
Green House Gases (GHG) reduction, particularly CO2, has been formed d&seit of

this treaty.

European Union (EU) has regulated severe laws and targets to force car manufacturers to
control the exhaust emissions in their products. As commercial vehicles have been
accounted for 25% of emissions of EU transport sector,dhad on their Heavy Duty (HD)
engines matters seriousp:C (53)]

As heawyduty engines benefit less from the conventional measures of passenger vehicles,
alternative low carbon fuels like hydrogen become particularly attractive for reducing CO2
emissions Although, HD diesel engines have high thermal efficiency, their high soot and
NOXx emissions cause serious problems. Aftestment controls such as Diesel Particulate
Filter (DPF) for inhibiting soot or Selective Catalytic Reduction (SCR) for NOioredrect
expensive and of limited durability but are essential.

Effectual approaches classified in Low Temperature Combustion (LTC) category, with three
specs: lower gas temperature, longer ignition delays and lower local equivalence ratios; can
be proposedfor curbing soot and NOx in diesel engines. Longer ignition delay allows
adequate premixing, reducing-gylinder rich regions and hindering soot formatidteitz

et al. (54). Nonetheless, lower combustion temperatures results in higher CO and HC
emissios because of incomplete combustion. This issue may be solved by partial
substitution of the diesel fuel with a lowarbon fuel like hydrogen. Indeed, lack of carbon
content is beneficial within hydrogen burning in IC engines, leading teappearance of

CO2, CO, HC and PM exhaust emissions (neglecting small levels via lubricant carbon).

As depicted irFigure2.19, thereare three pathways proposed for hydrogen supply to the
IC engingéMorgan et al. (59)

1. Off-board water electrolysis
2. Off-board methane stam reformation

3. Onboard diesel fuel reformation
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Figure2.19 Hydrogen supply pathways: (a) dfbard electrolysis (b) ofioard methane steam reformation

(c) onboard diesel fuel reformatiofiViorgan et al. (55)

Approximately 95% of produced hydrogensigoplied from methane steam reformation
which yields no overall benefit in CO2 per equivalent mass of diesel. The electrolysis
method can be a zeroarbon route if the required electricity is supplied by renewable
energy, but this would be very costly. Netheless, for both these offoard methods, the
produced hydrogen should be pressurised to ease compact storage. Regarding a report by
US Department of EnergyVurster (57), the compression work for pressurising the
hydrogen from 20 bar (production pras®) up to 350 bar (storage pressure) is 0.15
kWh/kgn2.

Although, basic electrolysis has 20% efficiency, the recently developed machines could
achieve the efficiency of 50% to 80K (58). Supposed the higher efficiency,-30 kWh
electricity is requiredor 1 kg hydrogen production. If IC engine can burn hydrogen at same
efficiency to diesel, each 1 kg diesel can be replaced with 358 g hydrogen. Considering the
current UK grid emission of 0.59&gkWh [Strbac (59, this replacement would result in
emission of 12 kg of CO2. Given that the 1 kg diesel replacement with hydrogen, can only

emit 3.19kgcoz the meritof this approach is arguable unless the grid CO2 emission can be
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reduced significantly. This agenda could be possible if renewable energibcbioin takes

more share of power generation in the futuigtrbac [59).

The third approach comprises the diesel fuel reformationboard using the recovered
exhaust energy. This energy generates superheated steam and will enhance the calorific
value ofthe fuel by 25%. The resulting syngas which consists of 70% H2 and 30% CO and
CO2, could displace a fraction of diesel fuel with 5% reduction in fuel consumption. Due to
several issues engaged with direct application of hydrogen such as infrastructure,
distribution and onboard storage, o+board reformation can be assumed as an interim

solution.

TheTable2.3summarises the CO2 emissions of the introduced pathways, compared to the

baseline diesel fuel:

Table2.3: Q02 emissions of various hydrogen delivpathways[Morgan et al. (55)

Pathway Assumption CO2 per kg diesel equivalen

Baseline Diesel 1 kg diesel 3.19 kg

Hydrogen (electrolysis) | 80% efficient electrolysis (current UK grid] 12 kg

Hydrogen (electrolysis) | Zeracarbon electricity 0 kg
Hydrogen(reforming) Methane feedstock 2.6 kg
Hydrogen (orboard fuel | 5% improvement of overall system 2.47 kg
reformation) efficiency via waste exhaust heat recover

At the end ofliterature review, it is worthwhile to mention that lower flammability limit
(LFD. plays as a turning point in dutlel combustion as the mechanism is affected
depending on which side of LFL, the hydrogen concentration is. To clarify this point, a
conceptual model proposed within a relevant work [byorgan et al.(19)] including the

following three modes was consideregidure 2.20):

1. When hydrogen concentration is above its LFL, hydrogen igypited resulting in an
auto-ignition like homogeneous charge compression ignition (HCCI) mode or knocking

combustion type.
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2. In case of @n hydrogen (below LFL), hydrogen just burns in existence of diesel diffusion

flame in a mixingcontrolled mode.

3. If hydrogen concentration is over the LFL andyiimder conditions are not providing the
hydrogen burn prior to diesel fuel ignition, theremixed hydrogen air combustion

develops in laminar mode encircling the diesel diffusion flame.

H2 Flame
propagates
from diesel
flame

Mode 1 Mode 2 Mode 3

Figure 2.20Hydrogendiesel conceptual combustion modéligrgan et al. 19)]

2.7 Numerical modellig
2.7.1 Numerical models classification

Various modelhave been developed to describe the thermodynamic and fluid dynamic
processes in IC engines (and associated complex interactions). In simple terms the different
models can be classified by three criteria: computational cost, predictive capabilities and
spatial resolution, as depicted iRigure 2.21. Thenain categories of numerical models in

order of complexity and computational expense are as follows:

1. Zerodimensional thermodynamicbased upon the first law of thermodynamics
and mass conservation while glecting (or dramatically simplifying) the
conservation of momentum and spatial variation of composition and
thermodynamic properties. As combustion products are a mixture of various
components, the internal energy depends on the mixture composition akasgel
temperature. Mixture composition can be approximated by equivalence ratjp (
hence the energy balance is solved for temperature. Consequently, {tgdiinder

pressure is estimated using the ideal gas law. Despite high speed, such
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thermodynamic modks cannot accurately predict air/fuel mixing and emissions
(with the latter often described via reduced chemical kinetic schemes).

2. Quastdimensional (phenomenologicalyhile they are more sophisticated than
thermodynamic models, the spatial discretisatioh combustion chamber into
multiple zones paves the way for modelling the various physical and chemical
phenomena. The heat release is generally based upon turbulent burning velocity
correlations, with the ircylinder flow field defined in advance and pogibed.

3. Multi-dimensional CFD (computational fluid dynamicggking turbulence into
account, CFD codes compute the differential equations of mass, energy and
momentum conservation on detailed meshes. Although they provide full details of
mixing and combstion subprocess, they are computationally costly (especially
where attempts are made to fully describe the flow field via large eddy and Direct

Numerical Simulation)

Multi-dimensional

( Quasi-dimensional >
’
Zero-dimensional
7
7

7’

Mean-value,
algebraic models

Predictive capabilities

Computational cost
Spatial resolution

Figure 2.21Numericalmodelling classification

Specifically, thermodynamic models thanly consider the first law of thermodynamics
linked to simple chemical kinetic schemes cannot adequately predict the products of
combustion. In addition, fuel spray and chemical reactions cannot be simulated without
complex and expensive empirical inpitevertheless, such models are commonly used in

industry for extracting additional thermodynamic information from engine testing and or
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prediction key performance parameters (when large data banks of historical heat release
are available to estimate theaviation in burning with changing engine operation). One of
the most common expressions used in industry in the Aketwn Wiebe function\Wiebe

(60).

Nevertheless, in currently reported work, the commercial 1D gas dynamic simulation
package, GPower (2016) was selected to carry out the numerical modelling ctildé3el
combustion. The features of this computational program and its optimisation capability are

explained inChapter3
2.7.2 Wiebe combustion model

Initially, the empirical Wiebe function washosen for duafuel modelling. This function
targets to reproduce the typicat$haped profile of the integrated heat release rate of Si
engines. The ratio of the heat released until crank angte the total amount of heat

released by the end of combiisn can be estimated by:
h Yy

while Qniot (= muel . LHV) represents the total fuel energy content, dnekl Y R soc)

represent the start of combustion (SOC) and tleenbustion duration, respectively.

According tdrigure 2.22, the constanin defines shape of the integrated heat release curve
and factorais derived from thgerception that only a certain fraction of the injected fuel
has been burned at the end of comdtion (EOC). Introducing the conversion efficiency

' convat the end of combustioh =" eoc:

E o 11 - (2.2)
Thus, for a typically assumed conversion efficiency of 9%a%¢comes 6.908.

By differentiatingeq. 2.1)with respect to the crank angle, the instant heat release rate can

be resulted:
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InFigure2.22, the instant and integrateddat release rates calculated by Eg4. and2.3,

are plotted for different parametem values.
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Figure2.22 Wiebe function for various parametefStiesch ()]

¢CKS NBIFftAdGe Aa (0KIG &adzOK Y2RSta FNB of2d LI
the heat release curve to match the user input. Although homogeneous charge Sl
combustion can be reproduced well by Wiebe function, the diesel combustion cannot due
to its distinct premixed peak. Hence, a superposition of three normal Wiebe curves has
been proposed by GT for approximating the standard single direct injection burn by

modelling premixed and diffusion parts separately.

2.7.3 Phenomenological models

Thermodynamic models have insufficient capability of predicting the effects of important
fadors on combustion (prior measurements). Also, CFD models need detailed
characteristics of the fuel spray and combustion which can be computationally expensive
(or difficult in the case of simulating primary break up of a direct injected liquid fuel, for

example). Hence, the phenomenological (quaisnensional) model as a category classified
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between thermodynamic and multidimensional CFD is chosen to performéifreent
pre-processing of HRR and emissions as the function of important engine parametiers wh
relying on sophisticated empirical correlations obtained over a sufficiently wide set of

operating conditiongStiesch (@)].

Thermodynamic Phenomenological CFD
(0-dimensional) (Quasi-dimensional) (Multi-dimensional)
« empirical heat release « physical + chemical « conservation of mass,
function submodels energy and momentum
« no pollutant formation « no turbulent flow field « detailed physical +

chemical submodels

\ \__ﬂ,.g
l

dm | p.To)

FTW/ -

« ordinary differential « ordinary differential + partial differential
equation (time) equations (time) equations (time and space)

Figure2.23 Combustion model classificatigBtiesch ()]

In the currently reported work the objective was to couple a seie combustion
phenomenological model to a turbulent premixed model to describe dual fuel combustion.
Such an approach opens up numerous potential pitfalls, particularly in the event of any
RAS&St FdzSt LINBYAEAY3IOD | 2 ¢ SeaSingk didsel Kjpciod 2 y O ¢
is used as a form of liquid spark plug in effect) this approach was considered to be worthy
of investigation, particularly in light that the commercial version of GT had recently
incorporated this model for wide use. Inevitabdyich an approach is still only as effective

as the quality of the input and appropriateness of the empirical correlations adopted, as
described in more detail below. The usual restraints remain in terms of predictions of
emissions, where the simplified emical kinetic schemes and assumptions of chemical
equilibrium render the qualitative evaluation of pollutant emissions as unreliable. In the
currently reported work such emissions data was recorded in the experiments, hence the
main objective was to estdish the sensitivities of the dual fuel model in predicting the

heat release.
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[Yoshizaki et al. (6Ris weltkknown and has also been introduced in-Bdwer entitled,
GoMSGié Y2RSt o

In the Hiroyasu model, fuel spray is discretised either axially or radially as illustrated in
Figure2.24. Such an approach represents the spraymgety and specified processes
including fuel breakup and evaporation, air entrainment and cortibosat the mercy of

the resolution of the grid. Since axial parts of spray are formed equally in time, the fuel
amount of each packet depends primarily on the injection r&tenservation of mass and
energy is considered for the air zone and all sprake@cindividually. Thus, each zone has
its own T and AFR history. However, pressure is uniform and varies by tin{& oailyzaki

et al. (62).

Figure2.24 Schematic of Packet Spray mog#liesch ()]

Immediately after injection, there is only a ligiuiuel zone. Penetrating into the cylinder,
fuel atomisation starts and entrain air in order to evaporate the liquid fuel subsequently
unburned vapour fuel will be formed. Air entrainment decelerates the fuel zone
penetration due to momentum conservatioifhis issue is more severe at outer zones
compared with inner zones due to quicker air entrainment, thus less distant penetration is

seen in outer zonesigure2.24[GT (63),

Determined by cylinder pressure, zonal temperature and FAR, unburned zonetstarts
burn. Temperature of injected fuel and entrained air plus fuel evaporation effects help to
specify the zonal temperature. In addition, the zonal FAR is determined from mass of fuel

vapour and air within unburned zone.

Regarding Figur@.25 there can le two possible mode®f combustion within each

package: evaporationate-controlled and akentrainmentrate-controlled.
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Figure2.25 Schematic of mass system within each pacKageshizaki (62)

GT use proprietary equations within the DIJet model wiliebcribe specific suprocesses
including: injection, time to breakup, spray tip penetration, air entrainment, droplet
evaporation, ignition delay antkeat release. However, these equations are based on those
used in the initial modl developed by Hiroyasand his cevorkers The flowchart of the

calculation process is presented in Figar2e
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Figure2.26 Flowchartof computations process in Packet Spray madekhizaki et al. (6R)
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and emissions predictions done in its model and hence it can comply with emissions
standards. Consequently, electronicatigntrolled fuelinjection system which has capable
of altering injection amount, pressure, timing and rate aegiely can be used for emissions

amelioration satisfactorilyYoshizaki (62)

2.7.4 A discussion on premixed combustion modelfin

In spite of long term attempts and progress particularly since sixty years ago, the
turbulence has remained a poorly undesstd concept. The reason is its unsuitability for
simple mathematical analysis due to many time and length scales involved.

The combustion process in ICEs are influenced by toglinder gas motion which is
patterned initially by intake process and ewedvduring the compression stroke. The
turbulent diffusion of incylinder flow is resulted from its local fluctuations which leads to
enhancement of heat, momentum and mass transfer. Turbulence can assist on burn
process acceleration by better charge mixuig wrinkling the flame front. The pockets of
burned gas can be in the unburned side and vice vefFsgure 2.27. Sinceithout
turbulence, there would not be sufficient time for efficient combustion; the turbulent flow

is essential for reasonable operaii of the ICERHeywood 7)].

==
= (a—
Burnt gas Unburnt gas Burnt gas Unburnt gas
[
| =
[y
—_— B E—
Laminar Flame Front Turbulent flame front

Figure 2.27Laminarvs turbulent flame fron{Stone 64)]

As turbulent flow has a random behaviour, it needs to be defined statistically. Turbulence
can be introduced in form of diverse velocity and length (or time) sc8tesdy local fluid
speed (V) is defined as:

Yo Y 600 (2.4)

"Yis the mean flow velocity.
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The instant velocity fluctuation, u(t) is defined by its root mean square, turbulence intensity
0dzQu Y

L. - - e
o | EF Y Y Qo (2.5)

o
lf §K2dZAK dzQ A& (y26y +a GKS dNBdzL SyOSsS Ayl
The turbulence can be dimensioned via a spectrum of turbulent edtvéde the size of

largest eddies are restricted bysigm boundaries, the smallest scales are governed by
molecular diffusion.The characteristic length scales of an intake turbulent jet flow are
depicted inFigure 2.28. The laegt eddies which are responsible for producing the most of

turbulence are scalelly the integral length scale, L as the integral of correlation coefficient

of fluctuating velocityHeywood 7)]:

0 _ 'Y QawhereY B (2.6)

Figure 2.28Theturbulent structure of intake flow jetHeywood 7)]

The intermediate length scale,®alled Taylor microsde relates the fluctuating strain rate
to the turbulence intensity:

— - (2.7)
Ultimately, the smallest scale of turbulente known as Kolmogorov length scale is where

the turbulence dissipation occufsieywood 7)|. These chacteristic lengths are depicted

in Figure 2.29:
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Figure 2.29Theturbulent eddy structurg Tabaczynski (65)

The rate of transferring the unburned gas into the flame front and converting to
combustion products under laminar conditions is specified byihar burning velocity
OO® LY fFYAYIFINI Y2RSE (GKS ¢F&ft2NJ YAONR&AOI f
sheets where the burn process takes place. Regarding the fact that at the beginning, the
flame is in laminar mode and then through the transition process wtakks the time

order of t , it evolves to the turbulent flame, the burning law is defirjedl (63])

T - (2.8)

As the threshold velocity of combustion initiation, (unstretched) laminar burning velocity
(u) has a dominance ver whole combustion due to persisted interaction of initial
combustion and charge motion. The laminar burning velocity is calculated by empirical
correlations derived from pressure rise measured within constettme bombs or
burners. Various empiricaloorelations of laminar velocityu() for a stoichiometric iso
octane/air mixturecompressed from 1 bar (and 298K) up to 60 bar are presented in Figure
2.30. While solid lines represent thmeasureddata ranges, thalotted lines depict the

extrapolations. 50, the dashed lines represent the possible unstable burning velocities.
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Figure 2.30Measured(solid line)vs.extrapolated (dotted line) fou, stoichiometric iseoctane/air mixture

compressed from 1 bar and 298K to specified pressdashedine representshe possibleunstableuy)

[Farr (66)

TheS Y LIA NA OF £ Qugt by Haliihi a21d/K& cf62 [Fis acknowledged to be the
most comprehensive correlation incorporating the effects of unburned gas pressure,
temperature, composition and regigls. However, the data is extrapolated up from 50 bar
and also does not include the effects of flame stretch and instabilities as these
measurements were taken in a constafit2 £ dzYS ao02VYo0é GAGK2dzi & A
by researchers at Leeds Universitgtistretch has harmful effect on burning velocity. Also,
flame instabilityleadsto flame cellularity and increase flame surface area and hence
burning velocity and cylinder pressure.
The correlations were obtained for various hydrocarbons and metharwtiaose at high

pressure and temperatures can be fitted in form of a power [lawywood 7)]:

~

0O Oy — -— (2.9)

where To = 298 K and Po = 1 atm are the reference temperature and pressure,.and

I Yy R i onstahtdSfor @ given fuel, equivalence ratio and burned gas diluent fracfion.

is the temperature of unburned gas.

For laminar burning velocity of hydrogen, the GT solver uses a proprietary equation similar
to the Eg 2.9 with slight modification. Alsothe effect of dilution is considered by
multiplying by a function specified below:

MOMAOO0PE TFFO p p TWEFEO 20Qa 060 Q¢ ¢ (2.10)

where the Geis the dilution effect multiplier.



39

As laminar burning velocity relatesrectly to the equivalence ratio, the lean combustion
engines suffer from low flame propagation speed. Thus, it is attempted to increase-the in
cylinder turbulence with aim of making up this insufficiency. As the result, the reaction zone
(flame) enlarge due to wrinkliness and mass entrainment rate is ameliorated. However,

partial or complete quenching might be caused by excessive turbulence.
2.8 Summary

This chapter started with a review on ideal diesel engine cycle and its different combustion
phases.The properties of various alternative gaseous fuels such as NG, biogas and LNG
were considered. Later, hydrogen was introduced in detail with the aim of applying in diesel
engines. Some statistics of global vehicle production were followed by their emissio
regulations. The diesel combustion fundamentals were described including: Dec model,
diffusion and premixed flame and dufalel combustion mode. Hydrogen enrichment
pathways were explained and compared in terms of CO2 emission. Numerical modelling
was cassified and two models, Wiebe and Packet Spray were explained in detail.
Ultimately, premixed combustion modelling was discussed with details about laminar and

turbulent flames.
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Chapter 3: Experimental and Numerical Methodologies

3.1 Introduction

This chater contains the detailed description of the experimental methods for testing the
effects of hydrogen enrichment in a HD diesel engine. The technical specifications of all
equipment of the thermodynamic (full metal) single cylinder HD diesel engin@rig alith
hydrogen setup are explained. Furthermore, the data acquisition and-aostessing of

the acquired data is presentedt the end of this chapter, the numerical methodology of

simulation program and its optimisation methods are described.
3.2 HD desel engine specifications

The test engine was installed at Brunel University and was a boosted HD diesel single
cylinder with a combustion system based upon an OEM roylinder engine, namely the
CdzOK -4 Y & . Y2 RSt @ylintidl BaseYedginé wasanufactured by Guangxi
Yuchai Machinery Group in China, and was similar in design to a modern Euro VI heavy duty
platform (boosted common rail with EGR). The technical specifications of the test engine is

presented in Table 3.1.

Table 3.1Technical spafications of test engine

Parameter Value

Bore 129 mm

Stroke 155 mm

Connecting rod length 256 mm

Swept volume 2.026 dn¥

Number of cylinder 1

Number of valves 4

Geometric Compression ratio 16.8:1

Max incylinder pressure 180 bar

Max brake power ~ 52 kW

Max brake torque ~275Nm

Max continuous operating speed | 1900 rpm

Diesel injection system Bosch common rail, 2200 bar max injection pressure, 8 holes,spsay
Diesel fuel DieseloffNE I R aNBRE RAS&ASE o[l I 1
Hydrogen fuel BOQCP grade hydrogen N5.0 (LHV = 120 MJ/kg)

Oxygen gas BOC® Oxygen N2.6

Engine coolant 50% ethyleneglycol and 50% water

Engine oll Comma TransFlow SD 150

The combustion chamber had aeatrant bowl piston which was fitted to an engine block

origindly designed by AVL, as shown in Figure 3.1. A 150 kW eddy current dynamometer
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(Froude Hofmann® AG150) was used for absorbing the engine brake torque and hence
controlling the engine load. Engirentrol unit (ECU) had the capability of governing

enginespeed by regulating the diesel flowrate at a given load.

Legend:

1. VVA access window

2. Bespoke cylinder head
3. Intake port

4. Common rail

5. Engine block

6. Crankshaft

Figure 3.13D desigrof test engine

While intake air pressure was boosted using an AVL 515 external superchargarmiimge

of the pressure was possible using a Bosch® intake throttle valveErdress+Hauser®
(Proline tmass 65F) was measuring the intake air flowrate. A 24 litre intake plenum located
downstream of intake throttle and a 54 litre exhaust plenum located upstream of EGR
circuit were used for damping the pressure fluctuations. Astiical backpressure valve
(Foude Consine®) located downstream of exhaust plenum, allowed exhaust gas
recirculation (EGR) in association with the EGR valve. The schematic of intake and exhaust

system is depicted in Figure 3.&everal watecooled heat ezhangers allowed



42

temperature controlling of oil, coolant, intake air and external EGR. The technical

specifications of all measurement devices is presented in Appendix A.

Ambient /Boost Air

EGR EGR Intake

Cooler valve Thrattle
Back P *Q—-—@» ------ .,1:' ¥ K-Type Thermocouple
Pressure g :
= valve S i
=1 Exhaust B ﬂ
g -y * Surge e e e e T
-l Tank i EXHAUST [

T Smoke
: Meter

Horiba
Gas
Analyser

Figure 3.2Schematic of intake and exhaust system

3.3 Diesefuel injection unit and its injector calibration

The diesel fuel was delivered to the cylinder using the Bosch® cosraiidngh pressure
injection unit. This unit was controlled by a dedicated CR.8 ECU (supplied by the ECE GmbH)
via CAN interfacelhe mass flow rate of diektiel @ ) was specified via measuring

the supply and return flow rates by two Endress+Hauser® (Promass 83A Coriolis) flow

meters. The components of the diesel fuel system is depicted in Figure 3.3.

Injector actuator is the significanteshent of commomrrail system whictgenerally has two

main types: solenoid and piezo. In a Solenoid, the applied current is proportional of derived
force but this force is a nelinear function of actuator position (agap size). Therefore,

the control of sition and velocity in a solenoid is not simple and they are assumed as a
aKdzik 2 LISy @It @dSd hiKSNBAaSY | LIAST 2 | OGdz i
which has linear relationship with displacement. Thus, although piezo is more expensive

and sophisticated than solenoid, it has more controllabilijao (52).
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. Oil tank
. Oil pump

. Coolant pump

. Diesel flow meter (supply)
. Diesel flow meter (return)
. Diesel fuel tank

. Diesel filter

. Diesel LP pump

. Disel heater

0. Gas detector

B O ONOGOOUVAEWNLR

Figure 3.3Components of diesel fuel system

The injector unit used in currently reported work was piemtuated. The advanced
characteristics of this fuel injection unit was enialgl multi injections per cycle paving the
way for combustion noise control and performance improvement. It also allows flexible
injection pressure and timing regardless of engine speed. The technical cp@aifs of

the dieselinjector arepresentedat Table 3.2:

Table 3.2Technical specifications of diesel injector

Parameter Value

Injector Bosch CRIN22 piezeactuated
Type Solenoid, semsac hole (1x1), ks
Number of holes 8

Hole diameter MTC >Y

Spray angle 150 deg

Operating rail pressure | 250- 2200 bar

Static flow rate 1600 cc/min at 100 bar

In a detailed series of experiments undertaken by a prior Brunel PhD student, Idivisiay
(13)], the exact amount of fuel injected and the injector delay were measured for various
energizing times and rgdressures. The injector delay needs to be determined in order to

specify the exact timing of injection.
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With aim of minimising the hardware errors, the same fuel system arrangements of the
experimental test was set up for the injector calibration procedwhich was based on
%S dzO K Q & Figa® 8.4FalIBwing fuel injection into a constamblume chamber which
has been already filled with fuel, the inner pressure would rise in proportion of injected

fuel volume[ishikawa et al. (68)

¥ o~ (3.1)
Thus, the fuel injection rate can be determined by differentiating the Equation (3.1) with
respect to time (t):

—_ - - (3.2)

where:

A 7

nt A& LINB&aAadzZNE NARAAS YSFadz2NBR o6& (NI yaRdzOSI

V = volume of chamber (constant & &n¥).

k is bulk modulus of fuel which varies linearly with pressure.

Pressure Pressure Data Acquisition
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“  3.5bar = E D
T i 5
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Diesel Tank Heat ol i
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%S dzOKQad YSUiK2R KIFa (GKS F2ftft2¢gAy3 TSI (dzNBa

- Only a single injection event including starting and ending pressure in constant volume

chamber is recorded.
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- Injection rate can be calculated from change in pressure/time and then be integrated to
get fuel mass injected.

- Bulk modulus of diesel fuel is considered.

- Energizing time of diesel solenoid (piezo electric) injector was measured

After successful calibration processimection unit, the fndings are as follow

- Necessary fuel pressures and energizing times have been tested to characterize the
injector.

- The injection delay for the injector solenoid has been quantified, scipeeSOI can be
determined.

- Effect of pilot injection on amount of fuel delivered in the main injection was determined.
- Limits of dwell time were explored and limitation has been applied during engine mapping
6STFSOGaAa dzLd (2 aHlB0ORPMY.AX 2NJ mndn /! 5

- The interactions betweepilot and main injectiorwere preliminarily understood and it
was found out hat diesel injector calibration for fuelling amounts not completely

reliable
3.4 Hydrogen and oxygn enrichment setup

The motivation for currently reported work was developing ardemand electro

hydrogen generation (EHG) machine for the automotive industry. This machine was

invented originally at the Frumkin Institute in Russia and its first threeigdions were

patented in that country. Brought to United Kingdom by a UK Trade Investment team, the
AMISYSNY GA2Y -a/&2 o¢ & 40 defl Dndzy RSNJ G4 KS | dz& LIA (

Newcastle University and was tested extensively at the Intefiekord [VNA (69).

This machine produces hydrogen from an electrolyte and water mixture using a
combination of centrifugal electrolytic and magnetic forces. The resultant hydrogen and
oxygen can be used in conjunction with diesel in IC engines with ainhiefvary efficient
combustion and reduced emissions. Therefore, the feasibility of introducing hydrogen and
oxygen into a single cylinder HD diesel engine was studied by the currently reporting author

during a project for an industrial partner, VAutomotive Ltd.
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One most important issue about hydrogen fumigation is safety due to hydrogen
combustible properties particularly iexcessive flammability range €475 Vol%) and the
odourless and colourless flame. Hence, a comprehensive risk assessment was done i
consultancy with supervisors, technicians and suppliers. The schematic of the hydrogen

and oxygen enrichment setup is presented in Figure 3.5.

Pneumatic
Actuator E
Pneumatic
—<::' Actuator
Pressure 02 oY - ==
Regulator Flowmeter —@-(@’—
Intake Flow Pressure
02 Plenum Controller Regulator
cylinder
H2
cylinder
@
FBA |
Pressure
Single cylinder Gauge
Heavy Duty engine
|
Oxygen Setup i — Engine Bed|| Hydrogen Setup

Figure 3.5Hydrogen and oxygen fumigation setup

The first risk control measure includes embedding the gdseatiers in the test cell. Two
flameproof Crowcon® gas detectors of Xgard Type 5 were installed one on the ceiling and
one near the engine bed. Their sensors which contain a pellistor (catalytic bead), have
capability of sensing various flammable gases waidinticular calibration for hydrogen

detection.

[ SEAOLIffeY | O2Yo0AyliAz2y 2F aLISttSiGé | yR
which their resistance varies in presence of target gas. Since the measurement principle of
detecting sensor is [s&d on burning the detected gas, it requires to be heated gently using
electrical connections. Therefore, the resistance of pellistor would vary to the target gas

concentration proportionallyPellistor (70).
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In addition, adedicated electrochemical detear (Xgard Type 1) was mounted in the test
cell for sensing oxygen gda.case of detectioexceeding the specificoncentration, the
gas detectors would trigger the fire alarm and stofit the both gas flonimmediately.
Besides, a big fan which extractdee fuel vapours inside the cell to the outdoor resulted

in reducing the flammable gas concentration and hence the probability of explosion.

As hydrogen reacts actively with oxygen, these gases must be stored far away from each
other. Hence, hydrogen gaglinder was kept in a protected cage outdoor. On other hand,
oxygen gas cylinder was placed in an unoccupied cell next to the test cell. In case of gas
leakage detection, an emergency button embedded at the user control room could rapidly
shut off the hydogen and oxygen supply via two solenoid actuated pneumatic valves
(Figure 3.6). In addition, two flashback arrestors were appropriately mounted on the test

rig to avoid any potential flame to be harmful to the equipment.

Legend

1: Hydrogen cut-off valve
2: Oxygen cut-off valve
3: Oxygen rotameter EE
4: Hydrogen pipeline coming from outdoor

5: All pipelines going to the test rig

b

Figure 3.6Hydrogen and oxygesupplying control panel

With the BOC® gas cylinder supplying gas at 200 bar, the hydrogen pressure was regulated
down to 7 bar gauge. The required hydrogen mass was controlled using an OMEGA® mass
flow controller before being fumigated into the intake pqdownstream of the intake

plenum).
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The gas stream entering the OMEGA® mass flow transducer is split by shunting a small
portion of the flowthrough a capillary stainless steel sensor tube while the remaining gas
flows through the primary flow conduit.ne geometry of the primary conduit and the
sensor tube are designed to ensure laminar flow in each brartuls.makes the flow rates

of these conduits relevant to each other. Indebdsed orthe principles of fluid dynamics,
flow rate measured in the senstubeisdirectly proportional to the total flow through the
transducer. In order to sense tHe®w in the sensor tube, heat flux is introduced at two
sections of the sensor tube by means of precision wound hesgasor coils. Heat is
transferred throudp the thin wall of the sensor tube to the gas flowing inside. As gas flow
takes placeheat is carried by the gas stream from the upstream coil to the downstream
coil windings. Thus, the differential in the resulting temperatdependent resistance is
detected electronically. The measured gradient at the sensor windings is linearly
proportional to the instantaneous rate of flow taking place. Ultimately, an output signal is
generated that is a function of the amount of heat carried by the gases to indcass
molecular based flow ratdg©OMEGA (71)

The OMEGA® mass flow controller also incorporates a proportionating solenoid valve. The
closedloop control circuit of the controller continuously compares the mass flow output
with the selected flow rate. Déations from the sefpoint are corrected by compensating
valve adjustments, thus maintaining the desired flow parameters. The set point can be
controlled either locally (via a potentiometer) or remotely (via an analogue signal). The
control process can benade without needing to compensate for variations in gas

temperature or pressure (within stated limitEpMEGA (71)

Considering 3.5 bar pressure drop inside the flow controller, the ultimate hydrogen line
pressure would be sufficient (approx. 3.5 bar) fomigating at the junction with intake

port. To avoid any risk of ignition at the intake manifold, hydrogen was introduced after
the intake plenum (into a mixture of boosted air and cooled EGR) and at the nearest

feasible point to the combustion chambir the intake runner

In next stage, pure oxygen gas which was used for intake air enrichmastregulated

down from 200 bar of gas cylinder to 3.5bar and its flow was controlled by a RM&C®
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rotameter. Oxygen supply pipe through a specific flashback amresas joint at the
beginning of intake air pip&oo far awayfrom hydrogen junction). The jointing points of

oxygen and hydrogen pipelines to test rig is depicted in Figure 3.7.

. Cylinder head
. Intake air pipeline
. EGR junction

. Intake plenum

. Exhaust plenum

. Dynamometer

. Common rail

. Engine block

Figure 3.7Test rigg Depicting gaseous pipelines jointing point: oxyglue circle), hydrogen (red circle)
3.5 Data acquisition system

3.5.1 DAQ hardware and exhaust gas analyser
AninK2dzaS O2Y0dzAGA2Y Iyl f@aSNI LINRPINI YYS yI
previous postdoctorate at Brunel, Dr Yan Zhantnhang (77) for montoring and recording

the data acquired by two National Instrument cards. Some of the instrumentation data
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which were synchronised with thencoder (esolution = 0.25 CA degrees), were acquired

by the high speed DAQ card (NI U&851). While the remainglow frequency operating
signals were obtained by the low speed DAQ cardU8B6210). The screenshot of the
combustion analyser program is presented in Figure 3.8 depicting the key factors. These
factors can be classified into 4 categories:

1. Conventional siings: these are the input variables customised by the user
regarding the aimed test settings. These are including: engine speed, injection and
valves settings.

2. Conventional outputs: these are the ordinary outputs which consist the testing
conditions suchas: cylinder pressure trace,-\P diagram, heat release curve,
combustion attributes.

3. Restricting outputs: these outputs are whether restricting the engine operation
(Pmax and PRR) or may reduce the operational stability and repeatability of test
outputs COV_IMEPN).

4. Target outputs: these are the most important outputs which are monitored with
scrutiny by the user during reéime testing. These are including engine load,

indicated efficiency, emissions, etc.
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Figure 3.8Screenshot of combustion analygamogram, YanTech®
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While a Kistler® piezoelectric pressure transducer sensed tbginder pressure, intake
and exhaust pressures were measured by piemistive pressure sensors. In addition, a
number of thermocouples were used to measuring the tempara at various points of

the test rig. The installing location of these thermocouples are presented in Table 3.4.

Table 3.41Installing location of thermocouples

Thermocouple label | Installing location

Coolant System #1 on inlet line at 10 mm before cyliler head
Coolant System #2 on the coolant heater (Bowman®)

Oil System #1 on the oil pressure regulator

Oil System #2 on the bottom of the Oil Balance Tank
Intake System #1 at 10 mm before cylinder head

Exhaust System #1 at 10 mm after cylinder head

EGR #1 at 10 mm after EGR valve

There was a VVA system installed on the intake camshaft developed by Jacobs Vehicle
{2adsSyad ¢KAA aYRRIIARYY ¢6 KOAIGKS RA &g laat 2G50y a A A G A Y
to selectively bleed oil from a HP hydraulic plento a LP circuit as a means for valve
seating control, depicted in Figure 3.9. This solenoid valve is controlled by calibrated TTL

signal sourced from an-4nhouse MATLABased interface program.

High-Speed Rocker Arm

L§ (Solenmd Valve » | Tappet
| i 7 . !”“*

Rocker o~ \
Return - Reflll Check : J |
Spring .:E’ s, Valve /
Accumulator
Tappet with | Camshaft
Valve Catch
Assembly Body Valve Bridge
Valve
Tappets

Figure 3.9Components of VVA systeichwoerer et al. 3]

¢KS YIFEAYdzY LI&&aAo6fS tAFG |yR RdzNIGAZ2Y 7T
approached 15.2 mm and 360 CAD. When the oil is free to go out while the tappet is
02002YSR 2dzi YSOKIYyAOFIfttesr GKS YAYyAYdzy O f
fully collapsed tappets result in a lift approx. 60% of the maximum lift. Various conventional

valve lift events can be achieved in term of duration between these two extremes by



varying the timing and amount
0S I OKASYOSR G2
[Schwoerer et al. (7B)
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of the oil is free to exit the tappet. AssalteLIVC could
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Figure 3.10Extreme intake valve profiléSchwoerer et al. (73)

As variable valve actuation (VVA) control unit reedithe intake valve settings sent by

high speed DAQ card, the intake valve lift was sensed by -D¥RSI24 displacement

sensor. Considering 4 CAD delay at 1200 rpm, the lift curve wasppmsissed with its
start and end specified at 0.5 mm lift. Degpéxisting VVA system, the intake and exhaust

valvelift profiles (Figure 3.11) were kept fixed during all test cases with details presented

in Table 3.

Table 35: Intakeand exhaust valve timings

Parameter Value
Intake valve opening (IVO) | 367 ATDC
Intake valve closure (IVC) | - 139 ATDC
Intake valve lift 13.8 mm
Exhaust valve opening (EV| 144 ATDC
Exhaust valve closure (EV( 360 ATDC
Exhaust valve lift 12.6 mm
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Figure 3.11exhaust and intake valve lift profiles

The gas analyser, Horiba MEXEY0 DEGR was utilised for measuring the exhaust gaseous
emissions including: CO, CO2, NOx and HC. While the span gases was required for each gas
measurement calibration (prior to the test), a branch line of the sampling line was
maintained at temperature o#464K to prevent condensation. It is worthy to mention that

analyser was in communication with the user PC via Ethernet ports.

Several detectors were embedded inside the gas analyser for detecting various species. A
pair of AIA722 nondispersive infrared (NDIR) detectors were used for measuring CO and

CO2. This way, the EGR rate can be determined using equation below:

0'0'Yb (3.3)

CLA720MA heated chemiluminescence detector was dedicated for NOx measurement as
the sum of NO and NO2. The combination of ozone (O3) witedtiained exhausgases

in a reactor results in excited NO2 production. After returning back to the stable state,
those molecules emit light which is directly proportional to the NO concentration. As an
alternative, NO2 can be converted to NO via a catalyst before beeaguned. The FIA
725A flame ionisation etector (FID) was used for measuring the total HC (without

distinguishing between different HC species) on the wet basis.
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In addition to Horib®gas analyser, an AVL smoke meter 415SE was reading the soot

emission im 0-10 relativefilter snokenumber (FSN).
3.5.2 Postprocessing of acquired data

The realtime postprocessing of acquired data were handled in a spreadsheet with
detailed equations explained in this section. The specific parameters were averaged over

200 sampled cycles.

Combustion heat release was analysed by a singfee model based on the first law of
thermodynamics during the IVC aB¥O. The chemical energy released by the combustion

(06X} could undergo 4 different ways:

1. Expansion work over the pistony)
2. The sensible energy gained by gag)(
3. Heat transfer to cylinder wall(w)
4. Enthalpy loss flowed into/out of the chamber crevicé& ).
Q0 Qw QY Q0 BQQa (3.4)

While the heat losses to crevices and cylinder walls were combined with the chemical heat
release, the combination is termed as the "net heat release" and can be calculated using

ideal gasdw:
— —N— —w— (3.5)

Although, it is well known that the specific heat ratip ( — varies with the gas

temperature and equivalence ratio as will be discussed in Section 5.4.4; bah ibe
approximated as averagalue of air and exhaust géis= 1.33) during the engine cydla

simplifying calculationsZhao et al. (74)
Cyclic variability was defined by the coefficient of variation of the net IMEP (COV_IMEPN).

The cylinder volume at any crank anglesition—wasgiven by Eq 3.6:

T
W— O — - p WEI — 0 Q& (3.6)
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Subsequently, the ratio of integrated heat release from SOC until a given crank angle to the
total of cumulative heat release will detern@ the mass fraction burnt (MFB). This way,
the combustion timing (CA50) and combustion duration (CE2A90) could be specified
accordingly. Furthermore, the interval between start of main injection (SOI) and start of

combustion (SOC) at 0.3% MFB point lsarassumed as the ignition delay.

As will be explained in Chapter 5, the TPA reveusemethod was used with aim of
obtaining the heat release rate (burn rate) associated with-p@ass filtration. The average

pressure rise rate (PRR) was limited to 20/deg for our testing purposes.

Integrating the incylinder pressure over its instant volume (Eq 3.6) during whole cycle,

returns the net indicated work:
W p . nQw (3.7)

Subsequently, the net indicated mean effective presgiEPN) as the engine load index

isresulted:

QarQ i (3.8)

Cyclicvariation can be introduced as an indicator of the flow and combustion stability in

form of coefficient of variation of imep_net (COV_IMEPN) theN=200 sampled cycles:

00w TQda '&NQo pTT (3.9)

The COV_IMEPN was limited5% for testing purposes, in line with typigadlustry limits.

The work loss required for inhaling and exhausting the charge (gas exchange) is known as

pumping mean effective pressure (PMEP):

00 0b-* (3.10)

The Eq. 3.9 results in a specific efficiency considehagtmping work loss known as the

gas exchange efficiency:
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— — pPTW (3.11)

Ultimately, the specific exhaust gas emissions and combustion efficiénfywére

calculated using the calculations defined UN/ECE (75with wet basis correction.
3.6 Numericaimethodology

GTPower as a usefriendly and powerful engine simulation tool is used by many engine
manufacturers and research centres. Based on-dineensional flid dynamics, flow and
heat transfer are represented in all flow components of an engine uni#P@er is an
object-oriented graphical user interface with robust modelling capabilities. This has
minimised the input datamount since only specific geometleelements are required.
Hence, this commercial packages utilisedfor processing our numerical modelling of

duakfuel combustiorusing its phenomenological models
The following assumptions are common for all ofgB&nomenologicainodels:

1 The behaviar of all gases are assumed similar to that of the ideal gas.

=

In whole engine cycle excluding the combustion process (IVC to EVO), the content
of cylinder is assumed as a lump sirpbme which is homogenously mixed.

The heat transfer between burned andhwrned zones is neglected.

Cylinder pressure is assumed uniforra£M = Ry).

Each zone has homogeneous temperature and chemical composition.

= =42 =4 =4

The unburned zone composition is frozen and the composition of burned zone is

kept in chemical equilibrium.

After running the model in GIPower, the postprocessing tool, GPost, is used for viewing
and manipulatingts output results Engine performance plots such as power, torque, ISFC,

etc. can be produced in terms of various parameters in each operating case.

3.6.1 Flow computations in GPower
This section describes the method of flow solution used in pipes andsibiivs. GTIPower
solves the 1D Naviedtokes equationgncluding conservation of continuity, momentum

and erergy in all subsolumes. While there are two methods of time integration which each
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affect the solution variables and time step limitations, the explicit method is more
recommended for GPower simulations. This is due to more accurate predictions of

presaire pulsations within air flows and fuel injection systems.

Since the flow system is discretised into many volumes, eachdivand pipe is
represented by one or more volumes connected by boundaries. While scalar variables
(pressure, temperature, dertyi internal energy, etc.) are uniformly assumed in centroid,

the vector variables (mass flowrateglocity, etc.) are calculated at boundaries. This
RAAONBGAALFGAZ2Y A& 1y23g Fa Gadl 33SNBR INAI
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Figure3.12 Schematiof staggered grid appexh: scalars calculated at centroid, vector quantities at
boundariegGT 76)]

The primary solution variables of the explicit method are: mass flowrate, density and

internal energy. The pressure and temperature at each time stepcaleilated in the
following way[GT 76)]:

1) Continuity and energy equations yield the mass and energy in the volume.

2) With the volume and mass known, the density is calculated yielding density and

energy.

3) The equations of state for each species define density and ersexgy function of
pressure and temperature. The solver will iterate on pressure and temperature until they
satisfy the density and energy already calculated for this time step. The species chemical

change and the mass transfer between species is also atabéor during this iteration.

The conservation equations are presented below where the left hand side represents the

derivatives of the primary variabl&T 76)):
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Continuity: — B a (3.12

Energy: — n— B a0 ® Y Y (3.13
B SS - ss

Momentum: — (3.19

& = boundarymass flux into volumey 0 0 m = mass of the volume

V = volume p = pressure

" = density A = crosssectional flow area

As = heat transfer surface area e = total specific intanal energy

H = total specific enthalpy®0 Q - h = heat transfer coefficient

Truia = fluid temperature Twan = wall temperature

U = velocity at the boundary G = fanning friction factor

Ko = pressure loss coefficient D = equivalent dimeter

dx = discretisation length dp = pressug differential acting across dx

3.6.2In-cylinder flow and heat transfer modelling in GFower

¢KS 1S& 2062S00G 27F WwW9oy3a/ & tcgifder dlenzelotigNERA O &
turbulent intensity. The outputs of this object are required for the predictive combustion
Y2RSt 2F a{L¢dNbé¢ H6KAOK gAft 0SS SELX L AYS
experimental data in order to help correlate the unknown turbulence \deis while
verifying the correlated values with relevant existing correlations of similar engine
structures.

The incylinder chamber is divided into four main regions by this object: central core,
squish, head and piston cup region. Taking into accourthainber geometry, piston

motion and in/out flowrates via valves, mean axial/radial and swirl velocities are computed

in each region. By following a singlene turbulence sumodel explained inMorel et al.

(77)], the simplified turbulence kinetic energgnd turbulence dissipation rate €k 0
equations are solved. Consequently, the isotropic and homogeneous values of
instantaneous mean turbulence intensigyz{and turbulence length scalk) (@re calculated

GKAOK NB dziAf AaSR A ys appfodclt idzheivedsinae2hir Siscete | 2 &
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regions of isotropic and homogeneous turbulence do not exist within the combustion
OKFYOSNI 2F | Y2RSNY Sy3aaySeo ¢KS Ft266O0KIF NI
Is presented in Figurg.13

Divide cylinder content into 4
computational regions

Vp =y o, o ~Chamber geom => & +

k-2 model based orj74] are solved.

u' & L are calculated in order to be used
as the inputs of SITurb.

Figure3.13: Flonchart2 ¥ Ff 2¢ O f OdzAf  GA2ya GAGKAY @G9y:

In GTFPower, heat transfer within cylinder and crankcase is modelled using two objects:
goy3a/eftl SFGEeNH FyR U9y3I/efe¢2tftfrpUd Woy3I/ &
transfer model for calculatinghe in-cylinder heat transfer coefficients. The temperature

of the head, piston and cylinder walls are calculated/imposed by one of three
woy3/efc¢e2lftftfFpQ 202S8S00ad

lY2y3 GKS SEA&adGAYy3I KSIFG GNIXryatsSN Y2RStas
measured swl data is not available. This model follows the classical Woschni correlation
without swirlas explained in Sec 12.4.3 of Heywood with minor modifications.

The convective heat transfer coefficient for WoschniGT model is specified as foliaws

(63):

0 — " (3.15
hc = Convective heat transfer coefficient (W) B = Cylinder bore (m)
Ki=3.01426 K= 0.50

p = Cylinder pressure (kPa) T = Cylinder temperature (K)

w = Average cylinder gas veity as given below (m/$\>T (63
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0 6Y 6 —n N (3.16)
“¥Y=Mean piston speed(m/s) T, = working fluid temperature prior to combustion(K)
p = Instantaneous fluid pressure (kP@ay = Motoring fluid pressure at same angle as p(kPa)

pr = working flud pressure prior to combustig¢kPa) V4 = Displaced volume

» = working fluid volume prior to combustion £m

0 ¢& Y oBb O0 - p (3.17)
G
During cylinder gas exchange and compression 0
During combustion and expansion 3.24E3

3.6.3 Fuelinjection modelling in GIPowe

The common rail fuel injection unit of thegerig was modelled by an injection connection
YIEYSR WLy2adzZ GAt NEFAES/ 2yyQ S6KAOK | ff2ga
rate or pressure profiles. Sindeis aimed to build a predictive combustion model for DI
diesel engine, an extensive map of injection rate profgagquired

¢KS WLYy2SOGA2ywl (i Smap loi(njedianpoides in JokddtCoh MassS &
flowrate vs. time corresponding to differerdil pressures and energizing times. This typical
output of injection engineers can be provided from test bench measurement which has

been collected through diesel injector calibration as described in Section 3.3.

2% ECU Signal —020ms—025ms|
_ : —0.30 ms —0.40 ms
=180 ‘ 0.50 ms —0.60 ms
8)120 0.80 ms—1.00 ms
S 60 | —125ms 150ms
§ | 1.75ms —2.00 ms

80/ 800 bar

60
@ 40 ~
2
s 20
3 _ ‘
< 801 2000 bar,
S S
g 60
c 40

20

0 il wit
Time[millisec]
Figue 3.14: Typicalinjection data: ifection mass flow rate vs. time for different rail pressures and electrical

energizing timesGT 78)]
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The total fuel injected equals thategration of each mass flowrate in tegof time which

results in injected mass contour shown in FigBkb.a Therail pressure and the required
Ay2SOGSR YILaa INB AYLRNISR Ay GKS WwWLye2ad i
contour, the injected mass is converted to an energizing time at the given rail pressure.
Through an example procedure shown in IFggBL15, the injection profile is interpolated

from the profiles in the 'InjectionRateMap’ object. In tl@gample the rail pressure and
injected mass in the 'InjMultiProfileConn' have been set to 1000 bar and 70 mg,

respectively. This injected mass is i@esfed with an energizing time of ~1.3 ms at 1000 bar.

1000 bar, 70 mg - > 1000 bar, 1.35 ms
b

§ 1400
%m S S,
g~ el
&‘ 800 s ."0 .

600

4000 0 05 > 10 ‘5 3 20 40% o ( - 0.5 - - 100 - 1~5 . 20(/
( a) Energzing Time [millisec) ( b) Energizing time [ms)

Figure3.15: a) Injected mass contour b) Map of injection profil&s {8)]

In Figure3.16, the injectedy a4 O2y (i 2dzNJ 2F (Sad Sy3aiayS LINE
is shown. This contour is reged for calibrating the predictive diesel combustion model,
W5 Lt dzf aSQd

Injected Mass Contour
InjectionRateMap part Yuchai IRM
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Injected Mass [mg]
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297.0
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Energizing Time [ms]

Figure3.16: Injectionrate map forthe test engine
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3.6.4 Combustionprocessing in GPower
This section explains in particular about the tamnecombustion which applies to all 6T
POWER combustion models except fortdlE RA OG A S RAS&St Y2RSft X
detailed in Chapteb.
The twozone combustion occurs in the following mannerT (63]x
1. Initially, the cylinder content is divideidto two zones of unburned and burned
zone.
2. Considering chemical equilibrium for all atoms of C, H, O, N, S and Ar existing in the
burned zone, the concentrations of combustion products (13 species) are obtained.
The concentrations depend mostly on therbad zone temperature and to a lesser
degree, the pressure.
3. Once the new composition of the burned zone has been obtained, the internal
energy of each species is calculated and summed to give energy of the whole
burned zone. Applying the principle that egg is conserved, the new unburned

and burned zone temperatures and cylinder pressure are obtained.

Divide cylinder into two zones: unburned §
burned.

Chemical equiblirium is considered for all
atoms of C, H, O, N, S & Ar within burned

Internal energy of each species is
calculated and summed up to give,E

Energy conservation => TT, & R,

Figure3.17: Flowchartof combustion process

The following energy equations are solved in each time step of combustion nMd0éb3]x

Unburned zone:

— A— 0 —10 —0 P (3.18)
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Where:

my = unburned zone mass ms = fuel mass

Ma = air mass ms, = injected fuel mass

eu = unburned zonenergy p = cylinder pressure

Vu = unburned zone volume Qu = unburned zone heat transfer rate
hs = enthalpy of fuel mass ha = enthalpy of air mass

ht, = enthalpy of injected fuel mass

Burned zone:

—— 39— 0 —10 —07 (3.19)
GKSNBE a4dz0 aONRLII do0é RSy20Sa o0dzNYySR 1T 2ySo
The four terms of the right hand of unburned zone equation, handle pressure work, heat

transfer, combustion and enthalpy addition of injected masespectively. The third term

(combustion) contains the instantaneous rate of fuel consumption or burn rate .

3.6.5 Three Pressure Analysis (TPA)

This section introduces the methodology of a reverde/ Yy 26y | a & ¢ KNB
lylLfeaaraég oc¢t! 0 YSiK?2Rylinde Ndndifidb Lahd2Burih kafe3 G N
calculation. Regarding its name, this approach requires three measured pressures as
inputs: incylinder, intake and exhaust. Thus, the correspagdengine model included

valves and ports connected to a single cylinder crank case with all three required pressure
curves (vs. CAD) fed into it.

TPA approach is a muttycle simulation. For Cycle 1, a mock burn rate is used with no
pressure analysis. Imext cycles, the forwardun will calculate the burmate (Eq. 8.18))

using the trapped conditions at IVC and measured pressure profile at the start of each cycle.
The injection profile and the heat transfer rate are imported from the previoyde

resuts. The burn rate will be iterated until the calculated cylinder pressure matches the
measured cylinder pressure.

The main benefit of TPA is prediction of all of the cylinder trapped quantities particularly

the residual fraction. Another benefit is proung the burn rate input data consistency
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check, as there is always some amount of error in calculation of burn rate from cylinder
pressure. In addition to the measurement errors of cylinder pressure and other measured
quantities (used as inputs), there agert of inaccuracies and/or assumptions in the model
used to calculate the burn rate (i.e.-aylinder heat transfer). All of these potential errors
which can count up to 12 types, add to a single "cumulative error" which results in
mismatching of the preicted burned fuel with total ircylinder fuel mass. With aim of
handling this problem, GPOWER adjusts the fuel energy content (LHV) until the available
fuel is consumed right at the end of the predicted burn rate. The amount of this fuel energy
adjustme/ i 6 KAOK A& NBLRZ2NISR Fa aaFdzSt SySNHe
direction) of the cumulative error. This multiplier is provided as an analytical tool, not a
solution for a mismatched cylinder pressure. The acceptable value for adjustivig L
multiplier is 1+0.05 which had been abided for all cases.

Furthermore, due to fluctuations seen over measured cylinder pressure trace known as
GNAYIAYyIéET GKS SEGNI OGSR o6dzNYy NFGS 61 & RA
by lowpass filtration of TPA method with no effect on the useful pressure data. A sweep
among the cutoff frequency of lowpass filter is seen in Figure 3.18. By reducing the
frequency from 7 kHz, the spikes in HRR trace are mitigated insofar as 3 kHz which they
were completdy removed resulting in a normal HRR trace. The cylinder pressure
fluctuations were also smoothed as the maximum pressure rise obtained bydew/filter

was 5.74 bar/deg while it was recorded 12.14 bar/deg before filtration.

0.100

—3kHz —TkHz

0.075 -

0.050 -

0.025

Heal Release Rate [1/deg]

0.000 =)

-0.025
-10 0 10 20 30 40 50 &0

Crank Angle [deg]

Figure 3.18Cutoff frequency sweep of lowpass filtration- HRR
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The origins for the combustion noise can be divided to direct and indirect factors. The direct

noise is related to wtylinder gas pressure over whole engine block regardless of piston

speed. Indirect noise is corpgence of gas forces on components making them move into

their clearances/Keeler (79). Sincethe pressure trace ringing frequency could be

estimated between 4 and 6 kizigure 3.18), thexistingpressure noise was resulted from

the in-cylinder oscillabns across the piston bowl and not derived from the pressure

transducer. Tie Figure 3.19 presents the resoftpressure treatment by TPA.
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TPA calculated (filtered)

Figure 3.19Ringing effect(left) on cylinder pressure (righfpn normalised mass fraction burned

One of the beeficial results of TPA method is presenting a detailed energy analysis. As

seen in Figur&.20x (1 K& faMyyRSNJ Sy SNH& o

flLyOS¢é LINBOJA

measuredand predicted results thus can be used as a calibration tool:
U a¢c2dlt CdzS¢t ¢
U &. dzZNGRRE ¢
U G/ dzvdzZf F GA GBS 9ySNRHe¢ | a GKS

6

Total Burned Fuel

= Cumulative Energy

adzy 2F AyidSI

Total Burned Fuel - measured

Internal Eneray Cumulative Energy - measured

N IREEEEEEEEEE Cumulative Energy - prediced

- Internal Energy - measured

Energy (kJ)
LY

- Internal Energy - predicted

g Work - measured
! -~
Nortf — ——— Work - predicted
-
/f’/ Heat Transfer Heat Transfer - measured
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—
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Figure3.20: In-cylinderenergy balance, HF = 15%
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The combustion results of peprocessing method explained iBetion 3.5 (net heat

release of Heywood(7)]), are comparedvith those of TPA output#s seen irmable3.6,

there is very close similarity between all values except dPdCA_max which shows difference.

This is because the test value is calculated from unsmoothed measured cyliedsure

while TPA has already fited the PCyl hence resulted in lower and normal maximum in

cylinder pressure rise rate. The cumulative burn rate (MFB) comparison is made in Figure

3.21, which shows very close estimation of TPA with LHV multiplier = 0.9727. The existing

wrinkles on themeasured MFB relates to the PCyl fluctuations due to combustion noise.

These fluctuations are smoothed finely with TPA filtration. In conclusion, TPA was

considered appropriate for smoothed pegtocessing of the measured test data obtained

in the currenty reported study.

Mormalised MFB [-]

n tn M oo e

[ e T e T e T o R e T = T <= T oo}

[: "R PP

20 30

CAD [deg]

Test M easured

TPA cakulated

Figure3.21: Normalised MFB: Test measured vs. TPA calculated

Table3.6: Combustion parametersomparison: Net. Heat release pegatocessed results vs. TPA results

Parameter Unit Test RLTs TPA RLTs
IMEPN bar 6.052 6.052
PMEP bar -0.191 -0.191
Pmax bar 83.840 83.39

CA_Pmax deg ATDC 6.5 6.50

dPdCA_max bar/CA 7.858 4.83
CAl0 degATDC -0.65 -0.48
CA50 deg ATDC 4.33 4.75
CA90 deg ATDC 23.27 23.02

CA10CA90 deg CA 23.92 23.50
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3.6c D¢ & anmbukiodantdel

Although DIJet model can be used for modelling of DI diesel combustion, it has more
complicated and slower performance than an alternative model, DIPulse which also can be
O02dzLJt SR 6AGK a{L¢dzNDPD¢ Y2RSt 0 SaelDuakuglSR A\

combustion.

DIPulse follows a strategy of tracking fuel as it is injected, evaporates, mixes with entrained
air and finally burns. This model must be calibrated with experimental cylinder pressure
analysis. Furthermore, in order to achievecaptable correlation results, an absolute
requirement is a precise injection profie K A OK Aa Ay F2NX 2F |y
obtained through the method explained in Secti8.3 Within DIPulse, the contents of

the cylinder are split into three themodynamic zones as illustrated in Fig@r22:
(1) main unburned zone (MUZ) includes all cylinder mass at IVC
(2) spray unburned zone (SUZ) contains injected fuel plus entrained gas

(3) spray burned zone (SBZ) comprised of combustion products.

Figure3.22: three zones of DIPulse model

The physical processes during injection and combustion are simulated by several sub

models within DIPulse, asmmarised belovand described in following paragraphs
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Fuel Injection

Entrainment

g ] -
momentum conservation: S,bt>—E-: =

Droplet Evaporation

Ignition delay:Wj .
O

u
Premixed Combustion:-—g—

Diffusion combustion:.%l

Figure3.23: Flowchart of DIPulse calculations prese

Fuel Injection:any number of injection pulses can be added to the SUZ through the
aLy2S0O0A2Yy wl-riofel aldwltdacking eahirjectidropalse individually with

no influence on other pulses. The injection mass flow rate through the nazglean by:

a 00 ¢ Yo (3.20

where @ is the discharge coefficient of nozzle,i&\the nozzle hole areé,is liquid fuel
RSyaaride FYyR pt Aa GKS LINBa&AzNBE” RNEP the | ONER & 2

fuel injection velocity at the nozzle tipif) can be expressed &sung et al.g0)):
o & L (3.21)

Entrainment: determines the position and velocity of each packet. The entrainnoént
unburned gases into thimjection pulse causes it to get slowed and makes the intermixing

of pulses possible. Using an empirical correlation for spray tip penetratéscribed in
[Jungetalg0))= SIF OK LI O1SdiQa LkRaAauAzy o6{0 A& RS
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8 (3.22)

The breakup time §) as the turning point for the spray penetration is derived by

calculations presented ipung et al.g0)]:

0O T&UVvp——— (3.23

where d indicates the injector nozzle diameter anglis the gaseous fuel density.

Applying the momentum conservatio® 6 & 6 hthe entrainment rate can be

calculated andbe RA FASR 0& A9V NI A8 NI S Ydzt @

- 5 — 5 = (3.24)

Evaporaton: the evaporation of droplet is modelled with a coupled solution of heat and

mass transfer. It accounts for limitations due to diffusion and bojligarwal et al.g1)].

Ignition Delay:The ignition delay is calculated by Arrhenius equation and eaadtbred by
GLIYAGAZ2Y 58S & addidah id eritdhirm8nildEnd évaporation, puise

pulse interactions are accounted for ignition delay calculatiahs (63).
t 6 7 8Qon— O 8 (3.25)

The Ignition occurs when —'Q0 p8

Premixed CombustionKineticallylimited premixed combustion at the beginning of pulse
ignition is calibrated @ &t NBYAESR / 2Y0odza#)/B2@3) wt GS adz i

~

—— 85 4@ Qo 6 QU (3.26)

where k is turbulent kinetic energy andjds oxygen concentration.
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Diffusion CombustionUltimately, the remaied unmixed fuel and entrained gas involves
a mixing and diffusiof A YAGSR 0dz2NyAy3 gKAOK OFly o6S OI
wlh S adzZai[sTIH SNE o/

— 6 62=00 (3.27)

where \yis cylinder volume.

3.6.7D¢ d& { kombmstiorémodel

Since the turbulence parameters such as integral length scale (L), rms turbulent velocity
60dzQ0 'y R f I YAY h)Hik difiedifoméatre ékBerirBedtallii thdepedgine
conditions, a numerical model must be used to estimate these parameters. The GT
LINBYAESR O2Yo0dzadAz2y Y2RStX yIYSR |a a{L¢dz
[Blizard and Keck (Ayhich is the most LILX A Ol @&fitSy & HHzNP ¥Sufedl Y 2 R
for Sl engine§Heywood (7). The computational steps for this modek depicted in Figure

3.24:

Laminar burning velocity calculation: u
Calculating u' & L by "EngCylFlow" =3 u

. ml
Entralnment.T'< Z<>==|=|°4 |

Burnup time:V&,( 0

[l 1 A
Mass burn rate:TJfk .
<« W

Figure3.24: Flowchartof SITurb calculations process

This model is formed on three principle equations explained below. mtraiament rate

of unburned mass into the turbulent flame is given[kyT (63]x
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— "0 O (3.28
Me: entrained mass "u: unburned density
Arr flame front area Ute: turbulent entrainment velocity

The rate of mass burning is determined/&s (63
—_— — (3.29

where (M: ¢ Mp) is the mass of entrained yet unburnégil & & ig’ e burning
characteristic time defined in EQ.8. Equations3.28) and @.29 in addition to Eq2.8,

constitute the fundamentals of Blizzard and Kewddel[Blizardand Keck (82)

In GTFPower, the turbulent entrainment velocity in EZ}8 has been replaced withut + w)

in accordance with improvements applied to Keck and Blizraxdel by Tabaczynski et al.

[Hires et al. (83) This was aimed to split the effectslaminar burning velocity component

normal to the flame surface and the turbulent distortion of flame surface.

As explained irBection 3.6.2 turbulenceA Yy 1 Sy aA ié& 0dzQv FyR Ay (S:
prescribed by irO&8 f AYRSNJ Ff2¢ osKKDKEAGT 2r@ FPded BROD &
adjusting the effects these parameters via three multipliers of SITurb model which are
highlighted in red in the below equations, the premixed combustion can be calibiatéd

(63):

6 06 Oep —— (3.30
J— (3.31)
YQ — (3.32

Crrs turbulent flame speed multiplier Re: turbulent Reynold number
Cr.s Taylor length scale multiplier >y: unburned bne dynamic viscosity

Gkg flame kernel growth multiplier “u: unburned density

odcdy D¢ G5dz £ CdzSt ¢ O2YodzaldAzy Y2RSE
The conventional spark ignition models are not precisely applicable for premixedudlial
combustion particularly during the ignition and early stages of combustion as the pilot

injection is appliedindeed, the prospect model for duéilel combustion would divide the
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burn process into two dedicated regimes: pilot spray aigiaition and tke subsequent
burning of premixed charge.

¢ KS &5 dz f CdzSvodel of X Rowvetmasusedifgr predicting the burn rate for

the dualfuel engines where a pilot injectiomas used to ignitea premixed gaseous fuel/air
mixture. This model combines two dis\ y Ot O2YodzadAz2y Y2RStay
DIPulse handkethe burning of the direct injected fuel and any premixed fuel that is
entrained by the fuel spray and SITurb will model the resulting flame propagation for the
premixed mixture. Both these twonodels take effect in parallel with an interaction
between them.

Regarding optical observations, at the beginning of combustion, the spray shaped flames
are formed. Then the flame front propagates into the unburned zone and ultimately will
dominate the wiole combustion chamber. Although, the flame front area for SITurb will
initially use the conical area of the spray from DIPulse but the flame will finally transit to a
spherical flame as seen iRigure 3.25. A linear transitionfunction will model this

transformation[\Walther (84):

0 p — 0 p — 0 (3.33

(1) ()

- ADD

(3) (4)

Figure3.25: Flame propagatiom GT DualFuel modglvalther (84)

The flame jet geometry includes a truncatedne and a hemisphere. Itadremental

growth is depicted in Figur@ 26 as it is required for surface area calculation in £§3
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Ignition of H2 at the periphery of
diesel spray

Diesel spray

Figure3.26: incrementalflame growth in GT DualFuel model

3.7 Summary

The test engine and H2/02 enrichment setup in addition to all experimentatelewere
described at the beginning of this chapter. Later, the data {postessing of DAQ system
was presented. The numerical methodology including different aspects of the simulation
program and its optimisation methods were described. In addition,n®dels such as

DIPulse, SITurb and DualFuel were introduced specifically.
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Chapter 4: Experimental Evaluation of hydrogen

enrichment of diesel test engine

The following sections present the experimental results of hydrogen and oxygen
SY3IAyYyS @Al aFdzyAIl GA2y £ | LILINE

with two pathways for hydrogen supply mentioned in @&t 2.6: onboard diesel fuel

enrichmentinaHD d& S €

reformation and hydrogen electrolysed from renewable sources.
4.1 Testing conditiondor hydrogen enichment

As indicatedin Table 41, two specific opeating points were chosen fahe hydrogen
enrichment The first corresponds to 1200 rpamd 6 bar IMEPN, equivalent to 25% load
representing operating point #7 of the ESG&3A25 The second operatirgpint was 1200
rpm and 12 bar IMEPN, equivalent to 50% load close to point #5 of the ESCAR0

Based on energy input, the hydrogen fraction ratio (HF) was calculated, Eq. (4.1):

00 (4.1)

With aim of simplificationn writing, it is convectional to usaH¢ plus a number to refer to a specific

hydrogen fraction ratio (e.g. H20 means HF = 20%).

Table 41: Engine Operating Conditions of H2 enrichment

Parameter Operating Point 1  Operating Point 2
(A25) (A50)
Engine Speed 1200 rpm 1200 rpm
Load (IMEPnN) 6 bar 12 bar
Intake Air Temperature 309 K 318 K
Intake Pressure 125 kPa 190 kPa
Exhaust Pressure 135 kPa 200 kPa
EGR Rate 25% 25%
EGR Temperature 339K 367 K
Rail Pressure 1250 bar 1400 bar
Diesel Injection Strategy Preinjection Preinjection
H2 Energy Fraction Rangs 0% to 65% 0% to 35%
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Figire 41 denotes where the operating points (patterned circles) are placed over the
operational map of a HD engine fitted to a truck. The selected test points are placed in a
frequent residence area of a generic HD engine driving cycle. The corresponsaiigda

calibration is based on operating conditions optimised during the prior work done by

ViniciusPedrozgPedrozo (89)at Brunel University.
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Figure4.1: The selected test points with ESC13 points over the HD engine operational map

By optimising thdnjection pressures and timings (SOI), it was aimed to obtain the best
indicated efficiencyySSoot trade-off. While H2 substitution ratio was altered with 10% and
5% increments at A25 and A50, respectively; it is worthwhile to note that highest hydrogen

fraction in each operating point, was limited by the maximum flow rate of H2 mass flow
controller (100 lit/min).

4.2 H2-Diesel combustion analysis

Initially, with aim of reducing the high pressure rise rate (PRRjinpgetion strategy was
followed. As seerin Figure4.2(a), preinjection allowed the heat release rate (HRR)
reduction with lower pressure rise rate (PRR). The same sensation was observed during
hydrogen enrichment while keeping the SOls fixed (with lower main injection duration),
Figure4.2(b). Hence, the preanjection resulted in advancing SOC and reducing ignition
delay.As single injection resulted in very highaylinder pressure rise (> 20 bar/CAD) with

remarkable higher HHR, the pigjection strategy was chosen for all test cases.
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Fgure 4.2: Use of preinjection to reducecombustionnoise A25 (a) diesebnly HO) (b) dualfuel (H65)

[Monemian et al. 27)]

According to the conceptual modelgposeal in Setion 2.6 by [Morgan et al.(19)], for
experimental studying effect of hydrogemechment on diesel combustion, in each two
operating points, specific hydrogen substitution ratios were selected regarding their H2
concentration in air.Their corresponding burn rate and cylinder pressure plus the key
attributes were postprocessed by th threepressure analysis (TPA) reverse
calculation (explained iBection 3.86) on the measured test results.

Combustion characteristics affected by hydrogen enrichment over two test operating
points are presented in Figuse3. While govawas ket fairly constant for both loads, it
was leaner at low load compared to mid load. Evaluatinrgylmder flow,it wasobserved

that volumetric efficiency dropped drasticalps expected. This is becausggnificant
amount of intake air was displaced witlydrogen which although has higher LHV but low
molecular weight.

The key parameter, CAADAS0, represents the premixed combustion part whseh out

and dominates the entire combustion process. While it was almost reluctant at A25, it was

reducing monotorcally by H2 enrichment at A50. This phenomena is felt well in burn rate
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comparisons presented figure4.5and4.7 as there is no variation at A25 while significant
change is seemed at A50. The same trend was seen for combustion timing (CA50). These
prove stimulating effect of hydrogen enrichment which was more pronounced at mid load

in comparison to low loadn addition, as presenteldter in Sections.4.4, the flameradius

and mass fraction burnedf all selected cases at A25 except HéEe fairly reluctant to

H2 enrichment.

Nevertheless, combustion duration (CACA90) was descending for both loads with
shorter combustion for A25 cf. A50. A similar trend is reportedCihole et al. (86)
Ultimately, despite fgher cyclic variation at30,the COV_MEPN was slightly affected by
HF change, resulted in reasonable COV (< 5%) for both loads
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4.2.1 H2-Dieselcombustion: low load operation (A25)
With aim of focusing on the effect$ bydrogen enrichment on the H@esel combustion,

4 specific test cases were selected in the A25 operating point: HO, H20, H40 and H65. In low
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load, less diesel fuel is required for the injection pulses (pre and main). This can be
problematic, since moraliesel fuel is needed to be premixed with aim of promoting
mixture flammability at low equivalence ratio and temperature. However, there must be
still enough ignition energy to be provided by second (main) injection. Thusnjietion
pulses must beretarded to allow more stratification. This stratification causes the
differentiation in local chemical reaction rates and hence have influenndke ignition

delay and combustion duration as seen in Figtife In addition, this late injection in A25,
makesthe probability of spray impingement on piston and hence increasing the CO and HC

emissions cf. A50 operaty points as seen in Figu4e.
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Key attributes of the selected casdsbtained by TPpare presentedin Figure 4. The LFL

of hydrogen (4% Vol concentration in air) is considered as the threshold whidnebi
combustion would be evolved. After this threshold which results in hydrogengmigon

in the premixed charge, the ignition delsyalmost vanished. In addition, combustion has
been accelerated dramatically resulting in enhancing the indicated efficiency. Hence, the
H65 has the shortest combustion duration with highest indicated efficiency approx. 4.7%

higher than diesebnly caseHKl0).

Despite the variations in key attributes of selected test cases, the cylinder pressure and
burn rate trends are pretty similar for various HFs. The reason can be related to low load

characteristics which impede the hydrogen enrichment influence.
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Figure4.5: H2-dieselat A25: Cylinder pressure (left) and burn rate (right)

4.2.2 H2-Diesel combustion: medium load operation (A50)

Three test cases at A50 were selected for presenting the effects of hydrogen enrichment:
HO, H15 and H30. In contrast to thelected cases of A2%1@ H2 enrichment influence has
evolved the combustion process for A50 cases. This claim is affirmed in Hgure
particularly for H30 where all key attributes wezleangedor both correspondingressure

and burn rate Indeed, themode 1 of the propsed conceptual modéMorgan et al. 19)]

is well presented in H30 whereas hydrogen-meition prior to diesel fuel jjection has

been a game changer.
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This phenomenon resulted in higher maximum pressure and PRR. In addition, combustion
timing is advanced and burn duration is shortened significantly. More importantly,
indicated efficiency has increased up to 46.44% i.e. 2.3% increase cf. HO case. This is

because less heat was transferred to cylinder wall due to faster combustion.
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As seen in Figuré.7, for H3Q the preignition of hydrogen has dominated in premixed
combustion section of Haiesel duaffuel combustion and this trend increased
substantially at 30% substitution. Hendchis test point stands out from other ones due to

the arising abnormal heat release.
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4.3 Exhaust emissions and performance of B2sel combustion

Hydrogen enrichment had aogitive effect on all carborelated pollutants specially COZ2.

According to Figurd.8, ISSoqtISCO and ISCO2 all decreased abruptly by increasing HF for
both loads due to reduction of the C / H ratio. This trend of dropping CO2 emissions within
duakfuel HD diesel engine is very rewarding as the conventional HD diesel engines suffer

from high CO2 emission seriously.

On the other hand, nitrogen oxides emission rate increased with higher mass flow of
hydrogen, as H2 stimulates the combustion leading to déigtemperatures. NOyphi
correlation presented i 70] can justify the ISNOx trends presentedRigure4.8. As
average equivalence ratio at A25 was near NOXx rising threshatd)(5), this resulted in
relatively low increase of NOx emission (~26% c.f. dimdg) in 6 bar IMEPn. However,

the NOXx increase was significant at 12 bar IMEPn which exceeded 56% as the equivalence
ratio was higher ( = 0.66) at A50. A same NOx trewds observed by relevant work in

[Verhelsta et al(87)].

One interestingcharacteristic with hydrogen fumigation was remaining the ISHC fairly

reluctant, particularly at A25, where it was unchanged. This can be due to constant

combustion timing.
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Adding snall amounts of hydrogen led to slight reduction in indicated efficiency, potentially
associated with reduced ratio of specific heats due to displacement of air. The reason for
AYAGALFE RNRBLI Ay STFAOASyOe O2dzZ R onSof RdzS
hydrogen) as claimed ifvorgan et al. 19)]. This issue was more pronounced at low load

as the diesel fuel injected was relatively small, hence the gaseous fuel could not fully burn
by entraining into the liquid fuel. However, at higher substituticatio the faste
combustion of hydrogen outweighed this effect and led to improved efficiency especially

F FGSNI KERNRISYQa € 26SNI Tl YVYiioas & detiidentdl A Y A {
effect in the small hydrogen fractions until HF = 30%, where after efficeacts to rise
AAAYATAOKYGNE dgif DA C2 N btgrts tb re@veSaP HRI=S1R% and
reaches a peak of 46.4% at the highest attainable HF.
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The emissin alteration for highest hydrogen fractions in two test points regarding the

diesetonly baseline is presented Kigure4.9.
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Figure 49: Emissions alteration of highest HIF65 at A25 and H35 at A30)the diesel baseline

4.4 Oxygen enrichment of HDiesel combustion

As explained in Section 3.3, the initiative for current work was developing éoana
electro hydrogen generation machine. Since, the output of this machine was hydrogen and
oxygen, it was aimed to study a process which these puresgaseed with diesel in a HD
engine. Thereforan second testingtage, hydrogen substitution ratio was fixgdF = 20%

and pure oxygen was fumigated into the intake air pipeline in order to vary the actual O2
concentration of the intake chargd&his woud simulate the ideal output conditions of the
hydrogen generator when it joins the HD diesel engineaddition, EGR rate was varied to

allow two different cases.

It is worthwhile to mentiorthat O2enrichment levels werapproximately equivalent to
10%and 20% of the initial O2 concentratiomeach particular cases taking into account
that H2 and EGR gases would occupy part of intake charge and alter the exact air mass.

The Tablet.2 presents the details of testing point:
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Table 42: OperatingConditiors: O2 enrichment of intake air

Parameter Test Point 1| Test Point 2
Speed 1200 rpm | 1200 rpm
IMEPN 12 bar 12 bar

H2 Energy Fraction 20% 20%

EGR Rate 0% 30%

EGR Temperature - 372K
Intake Air Temperature | 320 K 320K
Intake Pressure 1.90 bar 1.90 bar
Exhaust Pressure 2.00 bar 2.00 bar
Rail Pressure 1400 bar | 1400 bar

Figure4.10 shows effect of O2 enrichment on-aylinder pressure and HRR2 addition
caused slight increase to these parameters due to providing a leaner combustion as global
equivalene ratio shows in Figurd.11. As expected EGR had mitigated the maximum

pressure and rate of heat releagecomparison to nofEGR mode.
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Figure4.10: O2 enrichmentombustion effects: (a) 0% EGR (b) 30% [EGBRemian et al. (88)
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As seen irfrigure4.11, O2 enrichmenhas shortened slightly the combustion duration due
to leaner incylinder condition. In addition, combustion phasing and GEA30 duration
were decreasing. This trend is well presented with EGR rather than without it. It is obvious

that dilution effect of EGR caused overall deceleration in burn process.
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Figure4.11: O2 enrichmentIn-cylinder conditiongMonemian et al. (88)

On other hand, EGR mitigated th@essure rise and stabilised the combustion in
comparison to the EGR mode. In adutit it was well expected that EGR mode provides
lower Tmax, thereforeit would restrainthe NOx formatioras seenn Figure 4.2. However,
enriching O2 had made the charge leaner, so the ISNOXx trend is risingnEGR mode
(red lines in Figure 42}, CO, CO2 amsbot were unwilling to change with O2 enrichment.
This can be due to excess oxygen which had not limited the carbon oxiddtamver,in
EGR mode (black lines in Figure2$. CO and soqiollutants weredecreasingdramatically
while enrichirg the intake charge with oxygesjnce the shortage ofoxygen(due to
replacementwith exhaust gas residugleias compensatedJltimately, although indicated
efficiency was increasing with O2 enrichment in EGR mode, it was decreasingh&GRon

mode.
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Figure4.12: O2 enrichmentEmissions and indicated efficieriéyonemian et al. (89)

It is worthwhile to mention that making the enoard reformation viable requires deeper
investigation of the dualuel combustion. Theomputational fluid dynamicsQFD and
optical diagnostic techniques can be beneficial to have more insight into this type of
combustion. Although, the current study had looked into the ideal conditions of
introducing hydrogen and oxygen as the outputs of EHG machine (explained in Seqgtion 3.3
the feasibilityof this idea must be studied in a case which this machine can be practically

connected to an IC engine under real operating conditions.

4.5 Summary

Nevertheless, the outcomes of hydrogen enrichment on a HD diesel engine can be

rewardingfor the future studies and the keyndings are concludedas follow:

1 The highest obtained hydrogen fractions made indicated efficiency to increase up

to 4.6% at 6 bar IMEPn (HF = 65%) and 2.4% at 12 bar IMEPn (HF = 35%),

respectively.
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1 CO2 emissions wereduced by 58% and 32% at 6 and 12 bar IMEPnN respectively,
using highest HF. Soot and CO emissions were reduced as more hydrogen was

injected, particularly at the lower load of 6 bar IMEP.

1 The O2 enrichment strategy curbed smoke and minimised CO emidsidhe

detriment of considerable NOx increase.
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Chapter 5: Numerical Study of H2-Diesel Combustion

5.1 Introduction

This chapter starts with discussion of various optimisation methods for simulating the
baseline diesebnly modevia Sensitivity Analysisder, the empirical Wiebe functioms

used for duafuel modelling.¢ KS Ydzf GALX ASNAR 2F D¢ a5Lt dzZ
characterisedThe chapter concludes with full assessment of Ehé DualFuet modelling

of measured HDiesel results consideringatperformance of the model.

5.2 Optimisation solution

Ly aa20AFGA2Y AGK ¢t! X G4KS a. dz2NYyNIGS wa
burn rate predicted by predictivenodel and experimentdlurn ratemeasured by TPA. Our
optimisation aim was minimising this error. With this aim, the threshold of 0085
determinedfor the burnrate RMS which the values lower than that give acceptable burn

rate correlation.

In this section, two optimisation methods wee considered for evaluatinthe effect of

W5 Lt dzf 4 Sambudiidn Svéodel multiplierso correlate the baseline diesenly

combustion.

5.2.1 Design ofExperiments (DOE

Initially, the Design of Experants (DOE) optimisation method was used with DIPulse

multipliers rangesecommended by Gamma Technologi€able5.1.

Table5.1: Recommendedange for DIPulse multiplief&T (63)

DIPulse multiplier Min. value | Max. value
Entrainment Rate 0.95 2.8
Ignition Delay 0.3 1.7
Premixed combustion Rat| 0.05 25
Diffusion Combustion Rat{¢ 0.4 14

Since DOE is only evaluating mathematical models for each iteration, its runs are very fast.
Among 7 types of DOEIn®R2 6 SNE (G KS a[FGAy | & L#SNIdz S
method divides the range of each factor into a number of eegid ranges (bins) equal

to requested number of experiments. Each experiment will contain a random value from
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within one bin for each factor and each bin will be used only once wdhsign matrix.

This DOE type is used when there is no prior knowledge of approximate shape of resulting
NBalLl2yaS &adz2NFIFEOSod [FGAYy | @8LISNDdzo6S KlFa az2y
type which considers all possible combinations of factors: fexgeriments, better Burn

Rate RMS Error and better curve fittingT (89)

By running DOE, the results were processed in-D@E ¢ o6¢é& | LIJ eAy 3 |
Y240 O02YY2y FAUGGAY3 YSUK2RX dvdzZ RN} GAO [ S|
trial-and-error process where one fit is tried, the model is evaluated, and then another is
tried, and so on. Once an adequate fit has been found, the other-PQ&T features can

be explored.

After applying a model fit, the Residil plot should automatidglappear. A well fit
Y2RSt gAfft KIFI@S Fff LRAydGa teAay3a 2y 2N yS|
of determination" (R2), as the square of the correlation between two general variables is
calculated for this model fitting.
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Figure5.1: Residual plot for fitted model for DOE of baseline dies#y single injection at A50

The coefficients plot for each of the polynomial terms within the response surface is
presented in Figur®.2. Each factor is normalized between a rangeloand 1 viile each
response is normalized by tleaximum value. The relative height of each bar presents the
relative importance of each polynomial term to the overall response. It is seen that first
degree of diffusion, entrainment and ignition delay multiplieessé the most importance

in the response surface respectively.



90

0.004 0.0036
10.0p32 Coefficients
0.003 M entrainment
M ignition delay
0.002 I premixed
0.0p15 M diffusion

E entrainment®ignition delay

o.ﬁos O entrainment*premixed

o
o
o
s

. Oigp_ql O entrainment*diffusion
B [ ignition delay*premixed
\—35‘ 0.8001 _0%&']3
-0,6007

[ignition delay™diffusion
O premixed*dffusion
O entrainment"2

-0.001

Coefficient Value
[}
[}

-0.002 O ignition delay"2
[ premixed*"2
-0.003 e
5 G053 M diffusion"2
-0.004

Figure5.2: Coefficients plot of quadratic least squares fitting surface, diesel baseline-gijegéon at A50

The model fitted fothe singleinjection (Figuré.3), shows that entrainmenand diffusion

factors have significant effect and premixed factor has almost no effect.
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5.2.2 AdvancedDirect Optimiser (ADO)

The nongradient search algorithm methods can be divided into two main categories:
metaheuristic and deterministic. While metaheuristic algorithm runs the optimisation

using random numbers, deterministic optimisers are repeatable with no randomness. Thus
deterministic techniques are suitable for local optimisations while metaheuristic method

suits global optimisationg>T (90).

The Advanced Direct Optimizer (ADO) withinR&Wer, contains one metaheuristic search

Ff 32NAGKY S -LyLILYES R yaRS{NBIR S & & NIRA vy A & ( ADDNJA R &9 2INAR
. NByd aSiK2R6r algoRtidn is & @D ldple isection method that
repeatedly bisects the search space and then selects the subinterval in which to keep
searching. Brent Method is a roedinding tool that combines three methods of bisection,

secant and inverse quadratic interpolation. This gradiee¢é method runs much faster

than the DiscreteGrid with capability of finding optimums in fewer iterations. Applying

both these methods on dies@inly (no pilot}combustion in A50, it was found the Discrete

Grid very poor and divergent in same number of iterations, Fi§urdndeed, none of four

multipliers of DIPulse could be converged.
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Brent optimisation of DIPulse over the same operating condition shows relatively powerful

performance in converging thelPulse multipliersrigure5.5.
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The study of allocating the output uncertainty of a mathematical model to different sources

of uncertainty in its inputs is called Sensitivity Analysis. This analysis has some advantages

such as followsSensitivity Analysis (91)

T

T

The relationships between output and input variables of a model can be understood

better.

The model inputs which result in major output uncertainty are specified.

By identifying and removing the inputs with no effect on output, the model can be

simplified.

The optimum values of input factors can be found.

The most conventional methodology comprises altering -tactor-at-a-time (OFAT) to

evaluate its effect on the output by linear regression or partial derivatives. Hence, in case

of model failure, the rgsonsible factor can be identified at once however the interaction

among input factors cannot be detected.
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The Burnrate RM8&lteration for two optimisation methods of Brent and Discréeid is
presented in FigurB.6alongwith their sensitivity analysisf@IPulse multipliers. While the
Burnrate RMS for Discref8rid was being dodging, it was converged acceptably to value of
0.0028 for Brent method. Nevertheless, both methods present approximate similar

sensitivity analysis resusit
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Figure5.6: BurnrateRMS optimising and sensitivity analysis results:(a) Brent (b) Dig@ratesingle
injection dieselonly combustion in A50
According to the characteristics of third search algorithm method, NEGAt is
recommended fomproblems with medium to high copfexity such as the calibration of
predictive combustion constant$he NSGAIl which has been explained in detailineb
et al. (92), is more robust and intelligent than two other algorithms. Its two key inputs
required from the user are the populatiosize and the number of generations to run.

Multiplying these two inputs yields the total number of iterations that the optimizer will



94

run. The population size should generally increase as the number of independent variables

increases, where the counting the independent variables, n, should be as follows:
n = (number of "Independent" variables) x (number of active cases) + (number of "Sveerles) (5.1)

An "Independent” variable is one where a different optimal value may be found for each
case 0 operating point. A "Sweep" variable is one for which the optimizer will find a single
optimal value with respect to all cases.

The genetic algorithm has five parameter settings: population size, crossover rate,
mutation rate, crossover rate distributiomdex and mutation rate distribution index.
Although the best choice of population size will depend on the particular problem and
should be considered in conjunction with the number of generations, the following table

can serve as aimitial recommendation

Table5.2: Recommendeghopulation size for NGSIN optimiser[GT (90)

n Population size
10
16
20
26
30
40
9+ 50

@ N o O b~ W

Crossover rate range for the genetic algorithm is between 0 and 1 with recommended value
of 1. With aim of preservinghe diversity, mutation changes the gene value of algorithm
chromosomes in same way of biological mutation. Hence, the mutation rate should be
considered too low to avoid primitive random search. The recommended value for
mutation rate equals 1/n. Crossoveate distribution index and mutation rate distribution
index both determine the spread of offspring solutions with range of 10 to 100. Larger
values are more likely to create solutions nearer to the parents whereas smaller values lead
to a more diverse ssch. Recommended value for these parameters is 15. The typical
settings for theNSGAlll optimiser with recommended values of paraters can be seen in

Figure5.7.
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Attribute | Unit [ Object Value ‘ T o0 a 5 5 a
Parameter to be Varied entrain...| igndelayl...| premix...| diffusion|...|
Advanced Direct Optimizer Case Handing Sween v |5weea v |5ween v |sweep v
Case Weighting T O | parameter Range -
@ | Maxamum Number of Parallel Iterations 1 P Lo e 0.95]...] 03k 005/, 0.
"~ | Upper Value of the Range 2.8, 1.7[une 2.5 14
Timeout Duraton (minutes) ) £ g L] L] o] foad]
Resolution (% of Range) 1.0[.. 0[] 10[.. 1.0[...
Save Iteration Files? i)
Objective Minimize - b 4
Search Method Algarithm Genetic Algorithm - oK I Cancel | Apoply |
Dependent Variable RLT Darrnserrzbr:cvlll,..
Maximum Number of Tterations def|... B — TR varabies:
cylinder-1
Papulation Size = 1 - Long Name Unit Short Mame
MNumber of Generations 32 Bl Performance
- ] Eneray | Improved Bum Rate RMS Error (Meas ... parmserr 2br =
Show Advanced NSGA-ITT Options & -
[l Pressure-Temperature Burn Rate RMS Error (Meas vs Pred) parmserrbr
Crossover Rate def [ N -
= (&l Combuston IMEP Error During Combustion (Meas ... [bar  |paerrimep 5
Crossover Rate Distribution Index def (=15.0) [ N E i
-:I [lf) Flow, General IMEP % Error During Combustion (Me.... |% v]paemm!pr
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Mutation Rate Distribution Index sl | i G " i
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Figure5.7: Typicalsettings for NGSAI optimiser[|GT (63))
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The optimisation results oNSGAl optimiseris seenin Figure5.8. It is worthwhile to
mention that the number of iterations of this optimiser is much more than the other
previous optimisers with longer run time for each iteration which results in much higher

1 or 2 hours with Core i7 CPU speed).
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Figure5.8: NSGAIll optimisation result of single injection diesehly in A50
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The cylindempressure estimation of optimum values for DIPulse multipliers (TaB)eis
presented in Fige 5.9. Asseen, there is excellent agreement between measured pressure

trend and the trend predicted by the optimised DIPulse model.

Table5.3: Optimised DIPulse multipliers by NSBI(single injection dies&lnly in A50)

DIPulse multiplier Value
Entrainment Ra 1.16
Ignition Delay 1.36

Premixed combustion Rat| 2.49

Diffusion Combustion Rat{ 0.59

Predicted

Measured

150

125 /,x

!

Cylinder pressure [bar)

0
-40 -20 0 20 40 60 B0 100 120
Crank Angle [deq]

Figure5.9: Cylinder pressure estimation by DIPulse optimised by N8@ngle injection, dieseanly in
A50)

While NSGAIl solution converges slower thanddt method, it presented the similar
sensitivity analysis (Figufe10) as the Brent optimiser except for premixed combustion

rate and ignition delay multipliers
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Figure5.10: Sensitivity analysis: NSe&iRoptimisation, single injection diesehly inA50

Two multipliers of entrainment and diffusion combustion rate were found as the most
dominant factors of DIPulse model. Taking only these two multipliers as the independent

variables for NSGAl optimiser, results in an output contour for burnrate REkSseen in
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(a) single-injection (b) pre-injection
Figure5.11: Burnrate RMS contour in terms of entrainment and diffusion multipliers: (a) singletion

(b) preinjection dieselonly at A50

Fom the contour the areait can identifiedwherethe minimum burnrate RMS is achiele
(dark blue area). The minimum burnrate RMS for shigjlection was 0.00601 while it was

0.00884 for prenjection case. Since this ardmms been the most populated area for
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optimiser iterations, the bestit ranges forthese multipliers for each casan be declared
as follows:
Singleinjection:
MPn X 9YUNIAYYSYyd NIGS adzZ GAD D
ndpp X S5AFFdzaA2Y NI GS adzZ GA D XK
Pre-injection:
M®n X 9YUNIAYYSyd NIGS adzZ GAP )
ndcn X S5AFFdzaAAZ2Y NI OGS adz GA P X

Hence, the entrainment rate for prmjection is slightly increased due to advancing the
SOC. @erall, it can be concluded that singlgection can be optimised better than pre

injection resulting in better combustion correlation with less burnrate RMS.
5.3 DIPulse genetic optimisationesults

Initially, DIPulse combustion was chosen for correlating diesigi and duafuel H2diesel
combustion within GIPPower. Using the NGSA optimiser, DIPulse multipliers were
optimised with the aim of minimising the Burnrate RMS. The outputs of the optimised
model is seen irFigure5.12. While dieselonly (HO) case was perfectly correlated by
optimised DIPulse in bothof?(cylinder pressureand burnrate, DIPulse capability in dual
fuel modelling hadeenharmed by increasing hydrogen fraction ag &d burrrate are

not calibrated well.

In conclusion, DIPulse is not able to calibrate high HF% as the premixed part-afedual
combustion was highly dominant. This has been certified by results shown in Bigre
and the burnrate RMS indicator. Therefore, armmoobust model for duafuel combustion

modelling was required, which will be explained in detaihext sections
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Figureb.12: Calibrated DIPuésRLTSs: (a) HO (b) H15 (c) H38%Q, singlénjection

5.4 Duaifuel modelling results

5.4.1Calibrating he duat¥ dzSt O2 Yo dza & MnByY SGe& YRRSES5L

Using athredermMulti2 A $6 S Fdzy OlA 8§ S¢é 1 KBRE8ELSESOdzi Sa
direct-injection diesel engines; i.e. the superposition of three normal Wiebe suiMeese

Wiebe curves estimate the characteristic shape of a DI compression ignition, single main
injection burn rate. The objective of using three functions is to facilitate the modelling of
the premixed and diffusion sections of the combustion processcase the measured
cylinder pressure is not available, this model implements the burn rate based upon user

input.



100

For evaluation of the BIlViebe model, the estimated burn rate with manuadigjusted
constants was compared wittmeasured burn rate in threelFs over A50 operating point

(selected experimental points mentioned $ection 42.2).
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Figure5.13: DFWiebevs measured burn ratéjOat A50 (a) cumulative (b) normalised burn rate
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Figure5.14: DFWiebe vs measured burn ratel15at A50
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Table5.4: DIFWiebeconstants for three HFs: HO, H15 and H30 at A50
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Input HO H15 H30
Ignition delay 3deg 3deg 3deg
Start of injection -8.75 CAD| -8.75 CAD -8.75 CAD
Premixed Fraction 0.04 0.05 0.05
Main Fraction 0.76 0.75 0.75
Tail Fraction 0.20 0.20 0.20
Premixed Duration 5 deg 5 deg 2 deg
Main Duration 16 deg 14 deg 10 deg
Tail Duration 30 deg 25 deg 15 deg
Premixed Exponent 5 9 14
Main Exponent 0.91 0.9 15
Tail Exponent 15 1.5 3

As seen iTable5.4, the contributionsof each section of DI combustion are in accordance
with the conventional amounts suggested kfeywood (7). The premixed section is mostly
altered by various hydrogen substitution rates. Bearing in mind, the boost pressure was
kept fixed during hydrogen enrichment, the oxygen concentration would be reduced.
Despite this fact, the burn rate is faster in higher HFs. This reflects that higher H2
concentration has caused pignition which resulted in more rapid premixed sectiotsoh

the main section is shortened by adding H2 since less diesel fuel is burned in form of
diffusion combustion. The tail duration is constantly decreasing by increasing H2 fraction,
representing the shorter overall combustion duration.

In addition to thefact that Wiebe function works just in zedimensional computations,

the physical and chemical conditions are not properly represented as combustion duration
needs to be known beforehand. Hence, the qgudisnensional or phenomenological
models are propasd here with aim of more detailed investigation ohabustion reactions

within ICEs.

5.4.2DIPulsemultipliers characterisation

After obtaining optimised DIPulse multipliers using the optimisation solution, thefiiest
results could be achieved by manual tuning the constants. Hence, their influence on the

cylinder pressure and burn rate was observed beforehand. Each DIPulse factor (except
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The higher value results in higher burn rate in shorter duratibms is depicted in Figure
5.16 and Figure5.17 where CA50 (combustion timing) got advanced and G2A00

(combustion duration) got shortened dramatically. In addition, the peakylmder

pressure was risen by increasimgtrainment. Hence, the entrainment factor has a

significant effet on the combustion process.

—0.50—0.75—1.00—1.25 150

0.12

0.08 -

—0.50 —0.75—1.00 —1.25

1.50

0.06 [

Burn Rate [1/deg]

0.04 |-

100
90 -
) N
80 - a S
700 —\\
= I i N )
8 eor . < \
> . “,
H N
g 50
o
40+
.
30 h \
20 S
o,
10 -
-10 0 10 20 30 40 50

Crank Angle [deg]

20

Figure5.16 Entrainmentmultiplier value sweep
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Figure5.17: Entrainment multiplier effect on combustion: (a) duration (b) timing

Regarding the entrainment part of the DIPulse model, breakup time of spray into droplets

(tv) is a turning point in thepray penetration length (E§.20). Sincdy, depends on nozzle

geometry @n: diameter &Cqy: coefficient of discharge), these elements must be specified.

(
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According to the technical specs of test engidesr 0.176 mm (x8 nozzleles). In order
to evaluate effects of%, it was introduced as a case parameter (Cd_nozzle) within the
Y2RStQa Ay2SOi2NE 4Ly e2adz (ForindtdhdeAttie Predicygd/ £

burnrate was compared by reducing Cd_nozzle f@ihto 0.4(Figure5.18). burnrate is

g f

affected mainly in the entrainment part &s is lengthened. This effect assimilates the
increase of ignition delayThus, since spray tip length and its velocity aliesctly

proportional to Cd_nozzle, this attribute can be ufedentrainment calibration.
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Figure5.18 Cd_Nozzleffect on burnrate: H@&t A25, Cd_Nozzle = (a) 0.7 (b) 0.4

2. Ignition delay:

The time elapsed between fuel injection and SOC (ignition delay) has direct proportionality
with this factor. As higher vaé allows more fuel to be agglomerated and then burn in a
premixed mode, with the peak of premixed phase increased as shovigire5.19

However, this has a relatively small effect on cylinder pressure.
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Figure5.19 Ignitiondelay multiplier value seep
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3. Premixed multiplier

The rate of premixed combustion is altered by this multiplier. The range of variating this
factor wasexcluded from others due to very low sensitivity of cylinder pressure to this
factor. As seen in Figute20, the slopeof premixed curve was just slightly increased with
higher values of this factor.

Figure5.20 Premixedrate multiplier value sweep

4. Diffusion multiplier.

The rate of diffusion combustion (slope of the diffusion curve) and its curve peak will be
increased wih higher values of diffusion rataultiplier. Furthermore, the cylinder pressure
peak was enhanced by increasing this multiplier, FigLz2.

Figure5.21: Diffusionrate multiplier value sweep

Figure5.22 Max cylindempressure vs diffusion rate mytiier



