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ABSTRACT

Among the alternative fuels, hydrogen shows great potential as fuel and energy carrier.
The advantages of using hydrogen as fuel for internal combustion engine is amongst
other a long-term renewable and less polluting fuel, non-toxic, odourless, and has wide
range flammability. This thesis deals with the utilization of hydrogen as fuel for diesel
engine under dual fuel operation. Hydrogen is mixed with air or injected in the intake
manifold before entering combustion chamber. Small amount of diesel fuel is injected
to promote ignition. A modified experimental setup based on a single cylinder direct
injection diesel engine together with 3D computational model was employed. The
model incorporates detailed chemical kinetics for the oxidation of hydrogen and diesel
fuel represented by the primary reference fuel consists of n-heptane and isooctane.
During the combustion processes, the turbulence-chemistry interaction was accounted
for. In the experimental part of this study, the effects of introducing hydrogen in varying
flow rates on engine performance, combustion, and emission in the DI diesel engine
were investigated. The corresponding results were further used to validate the
simulation model. The simulation provides the mean calculation results and also the
spatial and temporal distributions of temperature, cylinder pressure, velocity, and
species mass fractions which are key data for the interpretation of the combustion
processes. Experimental results showed that hydrogen addition at certain flow rate gave
a different influence on the combustion, depending on the amount of the pilot diesel fuel
or the engine load. Hydrogen addition at the low load reduced the cylinder pressure. On
the other hand, it increased the cylinder pressure at higher loads. Simulation revealed
that for the same hydrogen flow rate, higher load resulted in a faster combustion and
earlier start of ignition. Hydrogen percentage of about 70 % based on energy sharing
would be the maximum amount for a good combustion efficiency and stability. In depth
investigation by simulation showed that the burning of hydrogen-air mixtures
essentially occurs around the regions in the vicinity of the spray with high temperature.
When diesel fuel vapour reached its flammability limit at high temperature, the ignition
started. Hydrogen-air mixture oxidized at some degree crank angle after the
commencement of the ignition. Fast combustion was observed during the diesel
oxidation. When most of pilot diesel fuel has been oxidized, the combustion became
slower. Hydrogen-air mixture oxidation was mainly due to flame propagation until the
end of expansion stroke. The amount of the hydrogen that can be converted into the
combustion products seems to be defined by the amount of the diesel pilot fuel. Some
valuable insight and new ideas were identified through the extensive experimental and
numerical investigation into the diesel-hydrogen dual fuel engine. Incorporating a
detailed pilot fuel injection model which can provide more accurate results for pilot
injection, developing an improved kinetic model for dual fuel combustion processes
with gaseous fuel as the main fuel, and developing an improved heat transfer model
which suit for dual fuel combustion are amongst area of future research.



ABSTRAK

Antara bahan api alternatif, hidrogen merupakan potensi besar sebagai bahan api dan
pengangkut tenaga. Kelebihan menggunakan hidrogen sebagai bahan api bagi enjin
pembakaran dalam adalah antara lain dalam jangka panjang boleh diperbaharui dan
lanya kurang pencemaran, tidak toksik, tidak berbau, dan mempunyai pelbagai
kemudahbakaran. Tesis ini berkaitan dengan penggunaan hidrogen sebagai bahan api
untuk enjin diesel di bawah penggunaan dua bahan api. Hidrogen bercampur dengan
udara atau disuntik dalam pancarongga pengambilan sebelum memasuki kebuk
pembakaran. Jumlah kecil bahan api diesel disuntik untuk memulakan pencucuhan.
Persediaan pembakaran diubahsuai berdasarkan enjin diesel silinder tunggal dengan
menggunakan model pengiraan 3D. Model ini menggabungkan Kinetik kimia yang
terperinci bagi pengoksidaan hidrogen dan bahan api diesel yang mewakili bahan api
rujukan utama yang terdiri daripada n-heptane dan isooctane. Semasa proses
pembakaran, interaksi pergolakan-kimia telah diambilkira. Dalam kajian ujikaji, kesan-
kesan dari pengenalan hidrogen dalam berbeza kadar aliran terhadap prestasi enjin,
pembakaran, dan pencemaran dalam enjin diesel DI telah diuji. Keputusan yang sama
terus digunakan untuk mengesahkan model simulasi. Simulasi yang menyediakan
keputusan pengiraan purata serta pengagihan ruang dan masa daripada suhu, tekanan
silinder, halaju dan pecahan besar-besaran spesies yang merupakan data penting bagi
kajian proses pembakaran. Keputusan menunjukkan bahawa penambahan hidrogen pada
kadar aliran tertentu memberi pengaruh yang berbeza ke atas pembakaran, bergantung
kepada jumlah bahan api atau beban enjin. Penambahan hidrogen pada beban rendah
mengurangkan tekanan silinder. Di samping itu, ia meningkatkan tekanan silinder pada
beban yang lebih tinggi. Simulasi menunjukkan bahawa bagi hidrogen dengan kadar
aliran yang sama, beban yang lebih tinggi menyebabkan pembakaran lebih cepat dan
pencucuhan lebih awal. Hidrogen dalam 70 % berdasarkan perkongsian tenaga
merupakan jumlah maksimum untuk kecekapan pembakaran yang baik dan kestabilan.
Analisis mendalam menggunakan simulasi menunjukkan bahawa pembakaran
campuran udara hidrogen pada dasarnya berlaku sekitar kawasan sekitar sembur dengan
suhu yang tinggi. Apabila wap bahan api diesel sampai takat kemudahbakaran pada
suhu yang tinggi, pencucuhan bermula. Campuran hidrogen-udara teroksida beberapa
sudut engkol selepas bermulanya pencucuhan dengan memberi kesan kepada
pembakaran cepat semasa pengoksidaan diesel. Apabila kebanyakan bahan api diesel
telah teroksida, pembakaran menjadi lebih perlahan. Pengoksidaan campuran hidrogen-
udara ini adalah disebabkan oleh penyebaran api sehingga ke penghujung lejang
pengembangan. Jumlah hidrogen yang boleh ditukar menjadi hasil-hasil pembakaran
seolah-olah ditakrifkan oleh jumlah bahan api diesel. Beberapa pendapat yang bernilai
serta idea-idea baru telah dikenal pasti melalui siasatan ujikaji dan simulasi yang banyak
ke dalam enjin dua bahan api diesel-hidrogen. Antara kajian penyelidikan akan datang
laitu: memasukkan model suntikan bahan api perintis yang terperinci guna memberikan
hasil yang lebih tepat untuk suntikan perintis, membangunkan model kinetik yang lebih
baik untuk proses pembakaran dua bahan api dengan bahan api gas sebagai bahan api
utama, dan membangunkan model pemindahan haba yang lebih baik yang sesuai untuk
pembakaran dua bahan api.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The concept of saving energy, reducing pollution, protecting the environment,
and developing long-term energy supply has been increasingly become people attention.
Research funding relating to alternative fuel and energy carrier is increasing on both
national and international level. Such a big concern on future energy supply is triggered
by the alarming rate of fossil fuels. The energy stored in hydrocarbon fuels (solid,
liquid, gas) was, is, and will be widely consumed by internal combustion engine as it is
abundant, cheap, and convenient. However, such a widespread use of fossil fuels results

in two problems of oil supply and environment degradation (Leon, 2008).

Efforts have been made to utilize alternative energy resources strategically,
including intensification, diversification, and conservation. Alternative fuels such as
alcohol, gas (CNG, LPG, biogas, producer gas, and hydrogen) have been studied
intensively (Abdelaal & Hegab, 2012; Dhole, Yarasu, Lata, & Priyam, 2014; Lata,
Misra, & Medhekar, 2012; Mohamed Ibrahim, Varuna Narasimhan, & Ramesh, 2015).
Among those alternative fuels, hydrogen shows great potential (Sharma & Ghoshal,
2015). The advantages of using hydrogen as a fuel for internal combustion engine is
amongst other a long-term renewable and less polluting fuel, non-toxic, odourless, and
has wide range flammability (Fulton, Lynch, & Marmora, 1993). This research project
deals with the utilization of hydrogen as fuel for diesel engine under dual fuel operation.
Hydrogen cannot be used directly in a diesel engine because its auto-ignition



temperature is higher than that of diesel fuel. One alternative method is to use hydrogen
in enrichment or induction. Hydrogen is mixed with air or injected in the intake
manifold before entering combustion chamber. Small amount of diesel fuel, called pilot
fuel, is injected to promote ignition. This “dual fuel” engine has the advantage to switch
back to conventional diesel operation in case of shortfall in gas supply. There is no
major modification needed for this kind of combustion mode (Karim, 2015). These
benefits lead researchers worldwide to investigate the utilization of gas including

hydrogen as fuel for diesel engine.

1.2 HYDROGEN AS A FUEL

Hydrogen can be regarded as a perfect fuel because it probably satisfied most of
the desirable characteristics of such a fuel. Abundantly available and clean-burning,
hydrogen has very high energy content and offers little or no harmful emissions.
Hydrogen can be used as fuel for a wide range of applications, including power
generation, industrial, residential, and transportation (Das, 1996; Hollinger & Bose,
2008)

1.2.1 Hydrogen Production

Hydrogen is supposed to be the most potent fuel among the chemical fuels, and
it is natural that mankind moves towards using it soon. Fortunately, it is the most
abundant element on earth and in the universe, and it is also the cleanest. Pure hydrogen
as the strongest chemical fuel allows to suppress CO:2 and particulate emissions almost
completely (depending upon the process of hydrogen production) and to lower the NOx
emissions (depending upon the energy conversion system used) (Leon, 2008). However,
hydrogen is not only the strongest chemical fuel; it also serves as an “energy carrier”. At
present, the only energy carrier that can be synthesized efficiently without materials
limitations and in real-time is hydrogen. Furthermore, the combustion of hydrogen leads
to the release of water to the atmosphere and the cycle is closed naturally (Hocevar &
Summers, 2008; Zuettel, Borgschulte, & Schlapbach, 2008)

Hydrogen in liquid and gas form can be produced in several different ways, as

can be seen in Figure 1.1. Obviously, interest focuses on those ways of hydrogen



production that are sustainable (like biomass) or, even better, renewable (like solar,
wind, geothermal, hydro, etc.). Two basic options exist for producing hydrogen. One
way is to separate the hydrogen from hydrocarbons through processes referred to as
reforming or fuel processing. The second way to produce hydrogen is from water using
the process of electrolysis to dissociate water into its separate hydrogen and oxygen
constituents. Based on energy input, the production processes can be grouped into

electrochemical, thermochemical, photochemical, and their combinations (Steinfeld,

2014).
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Figure 1.1. Pathways of hydrogen production from non-renewable, sustainable, and
renewable primary energy source.

Source: Ho¢evar and Summers (2008)

1.2.2 Hydrogen Storage

For a successful application of hydrogen as an energy carrier, hydrogen should
be stored safely and efficiently for variable periods of time. For that purpose, a safe and
efficient means of storing hydrogen is required in mobile, portable, and stationary
applications. At the same time, simple handling and low costs should be taken into

consideration. It is clear that for efficient storage, hydrogen density was increased by



reducing the volume taken by the gas under normal temperature and pressure conditions
(Stetson, Bowman, & Olson, 2014). As a consequence, the “usual state” of hydrogen
has to be changed in order to store it efficiently. This can be accomplished by increasing
the pressure, decreasing the temperature below the critical temperature or by reducing
the repulsion interaction between hydrogen molecules by binding them with another
material. A number of hydrogen storage options have been proposed, along with some
of their identified strengths and weaknesses. The following three main options emerged:
compressed hydrogen storage (CGH,), cryogenic hydrogen storage (LH), and solid
storage of hydrogen (SSH>) (Leon, 2008; Stetson et al., 2014).

1.3 HYDROGEN ECONOMY

The so-called hydrogen economy is a long-term project that can be defined as an
effort to change the current energy system to one which attempts to combine the
cleanliness of hydrogen as an energy carrier with the efficiency of fuel cells (FCs) as
devices to transform energy into electricity and heat (Marban & Valdés-Solis, 2007). In
other words, a hydrogen economy is when both hydrogen and electricity become the
main energy carrier (Sherif, Barbir, & Veziroglu, 2014). For the future of the worldwide
energy supply three goals must be fulfilled: security in the energy supply,
environmental protection and the utilization of energy sources that promote the
economic growth of societies. For a transition to a hydrogen economy through the
operation of market forces, hydrogen technologies must compete effectively with fossil
fuels and other alternatives to them. In particular, devices that use hydrogen e.g. fuel
cell or H2ICE must compete successfully with devices that use competing fuels (e.g.

hybrid propulsion systems)(Ekins, 2010).

1.4 PROBLEM STATEMENT

Environmental concern and depletion of fossil fuel has become issues in the last
decade. Efforts have been made to find renewable and environmentally friendly fuels.
Hydrogen fuel was considered as a renewable and sustainable solution for both issues
(Midilli & Dincer, 2008). It is often stated that fuel cells are a key technology of the
twenty first century (de Palacio & Busquin, 2003). Although this statement is debatable,

it is certain that fuel cells are an enabling technology for a future hydrogen economy.



Using pure hydrogen and air, fuel cells convert the chemical energy of the fuel directly
into electricity with high efficiency, and they produce only water, thus eliminating all
local emissions (Friedrich et al., 2008). However, the availability of economical and
efficient fuel cell will not be realized with the coming years. The conventional diesel
and gasoline engines remain the prime movers in the transportation, commerce, and
power generation sectors (Reitz, 2013). Among them, the diesel engine is the most
efficient compared with that gasoline engine. However, effort is still needed to deal with
diesel emission of nitrogen oxide and particulates (Lloyd & Cackette, 2001), while at
the same time improving the fuel economy. Various approaches are considered
including exhaust gas after-treatment such as SCR and engine combustion process
improvement (Brookshear, Nam, Nguyen, Toops, & Binder, 2015; Gu, Chun, & Song,
2015; Kang & Choi, 2016; Saravanan & Nagarajan, 2009; Valencia et al., 2014). Dual
fuel engine is a typical effort to improve the combustion process.

Engine experiments, which are usually costly, are commonly used to analyse the
dual fuel engine combustion process. Compared with the extensive research on the
modelling of diesel engines, they are only a few references on the cycle simulation and
CFD simulation of dual fuel (diesel-hydrogen) engines. This is mainly due to the
complexity of the combustion process (Masood, Ishrat, & Reddy, 2007). Most of
simulation studies of dual fuel combustion were focused on the small amount of
hydrogen energy sharing (An et al., 2013; An et al., 2014; Deb, Sastry, Bose, &
Banerjee, 2015). Thus, to fill these gaps, a complementary experimental and simulation
works are conducted to achieve a better understanding on the mixture formation and
combustion process in the diesel-hydrogen dual fuel engines operating at wide range
energy sharing. Main parameters influencing the combustion process are also

investigated.

1.5 OBJECTIVES OF THE STUDY

The objectives of this study are as follows:

(1)  To investigate experimentally the performance, combustion, and emission

of diesel-hydrogen dual fuel engine

(i)  To analyse the cyclic variability of diesel-hydrogen dual fuel engine



(iii)

(iv)

To study mixture formation of dual fuel engine by multidimensional
simulation

To validate the chemical kinetics incorporated in the CFD code and to
investigate numerically the combustion process of dual fuel engine

16 SCOPE OF THE STUDY

This thesis attempts to investigate the mixture formation and combustion

processes in the dual fuel engine. The scopes of the study include:

(i)

(i)

(iii)

(iv)

(v)

(vi)

(vii)

Modify a stationary, single cylinder diesel engine to run under dual fuel
mode. Hydrogen admission is realized by installing the mixer in the intake
manifold.

Hydrogen flow rate was 21.4 - 49.6 litre/min, equivalent to 22 — 99 %
energy sharing, depending on engine speed and load.

Combustion analysis for experimental works is based on cylinder pressure
trace and its derivative parameters.

Engine modelling is conducted in the compression and expansion stroke
where both valves are closed. Computational grid dependency test is
conducted to achieve reasonable results with a relatively short computing
time.

The detailed chemical kinetic is constructed from previous studies. It
combines the diesel surrogate (n-heptane and iso-octane) and hydrogen
mechanism. Tuning on some parameter constants are made to meet the
experimental results.

The developed engine simulation model is only suited for normal engine
operation; no abnormal combustion phenomena are considered such as
knock and backfire.

The validation of the dual fuel simulation is accomplished with certain

cases in experimental observations completed within this work.

(viii) The obtained results may only valid for the engine used in this study



1.7 ORGANIZATION OF THE THESIS

In Chapter 2, a review of the most important findings of the work related to the
objectives of the present study is given. This review summarized the property of
hydrogen compared with other gaseous fuel, the experimental works and simulation
studies. Based on this review, some issues can be drawn as a stepping-stone for the
present study. Chapter 3 describes the experimental setup and computational
modelling. Engine modification, coupling the engine to the dynamometer,
instrumentation, and experimental procedure are discussed briefly. Development of
engine model, the governing equation, setup the calculation, spray model, combustion
model, and implementation of detailed kinetics mechanism into CFD code is described.
Chapter 4 discusses and analyses the experimental and simulation results. Effects of
hydrogen addition on the engine performance, combustion, and emissions are discussed.
Cyclic variability due to hydrogen addition at different load is analysed accordingly.
Simulation of the combustion processes of diesel spray in the homogeneously premixed
hydrogen-air mixture is presented. The effect of different parameters on the mixture
formation and combustion processes are investigated. Chapter 5 concludes with a brief

summary, discussion, and suggestion for further research.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

The purpose of this chapter is to provide a review of past research efforts related
to diesel dual fuel engine, utilization of hydrogen for internal combustion engine fuel,
and modelling of dual fuel combustion. A review of other relevant research studies is
also provided. The review is organized chronologically to offer insight to how past
research efforts have laid the groundwork for subsequent studies, including the present
research effort. The review is detailed so that the present research effort can be properly
tailored to add to the present body of literature as well as to justly the scope and
direction of the present research effort.

2.2 DUAL FUEL ENGINE

A dual fuel engine is a converted diesel engine in which the gaseous fuel is
mixed with the air, and ignited by injected a small amount of liquid fuel (pilot fuel).
Dual fuel engines which have common features with both spark-ignition engines and
diesel engines provide an opportunity for liquid petroleum fuel by gaseous fuels (natural
gas, syngas, hydrogen, and other gaseous fuels). Gaseous fuel was introduced into the
intake manifolds by mixers or gas injectors while maintaining the original diesel

injection system.



The most common type of dual fuel engines is the one with diesel pilot fuel
injected into the mixture of gaseous fuel and the inducted air. Such engines have a
relative simple control system, less cyclic variation under normal operational
conditions, higher thermal efficiency than spark ignited gaseous fuel engines, and with
the capacity to revert to normal diesel operation at the driver’s demand (Shioji,
Ishiyama, & Ikegami, 2000). Diesel engines with high compression ratio are generally
suitable when high thermal efficiency is desired. Gaseous fuels have high octane
numbers, and therefore, suitable for engines with relatively high compression ratio due
to its knock resistance. Furthermore, gaseous fuels also promise to produce less
polluting exhaust (Sahoo, Sahoo, & Saha, 2009)

There are many advantages of diesel dual fuel over their dedicated diesel and
spark ignition gaseous engines. Dual fuel engines can operate on a gaseous fuel with
diesel pilot or on diesel alone in case of shortfall in gas supply. The ability to switch
back to diesel alone operation make dual fuel engine attractive both in vehicular and
stationary application. Another advantage is that an existing diesel engine can be
converted to dual fuel engine with relative ease. No major modification is needed
(Karim, 2015). The original cylinder can be used without modification and the
compression ratio can be retained because of CNG’s or hydrogen’s good antiknock

characteristics.

2.3 HYDROGEN COMBUSTION PROPERTIES

Hydrogen is the simplest and most abundant element in the universe. However,
hydrogen is not available in pure form as primary energy source, but always chemically
bound, e.g. in water, hydrocarbons (oil, natural gas, coal, biomass) (Leon, 2008). As a
fuel hydrogen is no more dangerous than methane of gasoline, but it need a different
treatment to handle it due to its different properties (Das, 1996). The property of
hydrogen compared with methane is given in Table 2.1.

A number of researches have been focused on dual fuel engine operation with
gaseous fuel including hydrogen, both as supplement or primary fuel (de Morais,
Mendes Justino, Valente, Hanriot, & Sodré, 2013; Deb et al., 2015; Kdse & Ciniviz,
2013). According to Lanz (2001), the advantages of using hydrogen as fuel for internal



combustion engine are: a long-term renewable and less polluting fuel, non-toxic,
odourless and results in complete combustion, wide range flammability, and high auto-
ignition temperature. Other hydrogen properties that would be a challenge to solve
when using it for internal combustion engine fuel: low ignition energy, small quenching

distance, and low density.

Table 2.1

Fuel Properties at 25°C and 1 atm
Property Hydrogen CNG
Density (kg/m®) 0.0824 0.72
Flammability limit (% vol in air) 4-75 4.3-15
Flammability limit (¢b) 01-71 0.4-1.6
Autoignition temperature in air (K) 858 723
Minimum ignition energy (mJ) 0.02 0.28
Flame velocity( m/s) 1.85 0.38
Adiabatic flame temperature (K) 2480 2214
Quenching distance (mm) 0.64 2.1
Stoichiometric fuel/air mass ratio 0.029 0.069
Stoichiometric volume fraction (%) 29.53 9.48
Lower heating value (MJ/kg) 119.7 45.8
Heat of combustion (MJ/Kg.i,) 3.37 2.9

Source: (White, Steeper, & Lutz, 2006)

2.3.1 Wide Flammability Range

Flammability ranges refer to the range of compositions, for fixed temperature
and pressure, within which an explosive reaction is possible when an external ignition
source is introduced. The information on flammability limits is quite useful in fire
safety. For instance, flammability limits help in determining if storing a fuel in a tank is
safe or not (McAllister, Chen, & Fernandez-Pello, 2011). Hydrogen has a wide
flammability range in comparison with all other fuels as shown in Figure 2.1. As a
result, hydrogen can be combusted in an internal combustion engine over a wide range
of fuel-air mixtures. These flammability limits widen with increasing temperature as
illustrated in Figure 2.2. A significant advantage of this is that hydrogen can run on a
lean mixture (Verhelst & Wallner, 2009). A lean mixture is one in which the amount of
fuel is less than the theoretical, stoichiometric or chemically ideal amount needed for

combustion with a given amount of air. Combustion temperature is lower that produce
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lower NOy emission. However, this result in significant reduction of power and may

necessitate the use of a turbo charger to increase the power (Hollinger & Bose, 2008).
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Figure 2.1. Flammability ranges of comparative fuels at atmospheric temperature.

Source: (Lanz, 2001)
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Figure 2.2. Variation of hydrogen flammability limit with temperature.
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2.3.2 High Auto-ignition Temperature

Ignition is the mechanism leading to the onset of an aggressive combustion
reaction and characterized by a rapid increase of the species temperature. It is often
classified in two ways: spontaneous ignition, also known as auto-ignition, and piloted
ignition which occurs with the assistance of external source (McAllister et al., 2011).
The auto-ignition temperature is the minimum temperature required to initiate self-
sustained combustion in a combustible fuel mixture in the absence of a source of
ignition (Lanz, 2001). Hydrogen has a relatively high auto-ignition temperature of 858
K (Perry & Green, 1984; Saravanan, Nagarajan, Dhanasekaran, & Kalaiselvan, 2007b).
This temperature has important implications when a hydrogen—air mixture is
compressed. This property of hydrogen allows higher compression ratios to be used in a
hydrogen engine than in a hydrocarbon engine. This higher compression ratio is
important because it is related to the thermal efficiency of the system. On the other
hand, hydrogen is difficult to ignite in a compression ignition (CI) or diesel
configuration, because the temperatures needed for those types of ignition are relatively
high (Gupta, 2009). Hence, it requires the use of external ignition source such as a pilot

diesel fuel in dual fuel engines.

2.3.3 Low Ignition Energy

Hydrogen has a very low ignition energy requirement. This low ignition energy
makes a hydrogen-fueled engine susceptible to pre-ignition (Hollinger & Bose, 2008).
Hydrogen ignition energy compared to other gaseous fuels as shown in Figure 2.3
(White et al., 2006). The amount of energy needed to ignite hydrogen is about one order
of magnitude less than that required for gasoline. This enables hydrogen engines to
ignite lean mixtures and ensures prompt ignition. The minimum ignition energy of
hydrogen stoichiometric mixture at atmospheric condition is about 0.02 mJ, which is
about 10-fold less than that required for gasoline (0.24 mJ) (Gupta, 2009; McAllister et
al., 2011; White et al., 2006). Unfortunately, the low ignition energy means that hot
gases and hot spots on the cylinder can serve as sources of ignition, creating problems
of premature ignition and flashback. In piloted ignition with spark plug, there is an
optimal spacing of electrodes that results in a minimum energy required for ignition.

The minimum ignition energy addresses the ignition of the combustible mixture only,

12



but does not guarantee that the combustion reaction will continue to propagate through
the mixture (McAllister et al., 2011).
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Figure 2.3. Minimum ignition energy in relation to equivalence rate at atmospheric
pressure.

Source: (White et al., 2006)

2.3.4 Small Quenching Distance

The quenching gap (or quenching distance) describes the flame extinguishing
properties of a fuel when used in an internal combustion engine. Specifically, the
quenching gap relates to the distance from the cylinder wall that the flame extinguishes
due to heat lost (Shudo, Nabetani, & Nakajima, 2001). The main physical effect lies in
the balance between the heat generated by the combustion reaction and the heat lost to
the adjacent material (McAllister et al., 2011). The quenching gap of hydrogen is
approximately 3 times less than that of other gaseous fuels, such as natural gas as seen
in Table 2.1. Consequently, hydrogen flames travel closer to the cylinder wall than
other fuels before they extinguish. Thus, it is more difficult to quench a hydrogen flame
than a gasoline flame. The smaller quenching distance can also increase the tendency
for backfire since the flame from a hydrogen-air mixture more readily passes a nearly

closed intake valve, than a hydrocarbon-air flame (Gupta, 2009).
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2.3.5 Low Density

Hydrogen has very low density. This results in two problems when used in an
internal combustion engine. Firstly, a very large volume is necessary to store enough
hydrogen to give a vehicle an adequate driving range. Its storage is associated with
either high pressures (thus requiring heavy vessels) or extremely low temperatures,
and/or combination with other materials (Sebastian, Thomas, & Roger, 2014).
Secondly, the energy density of a hydrogen-air mixture, and hence the power output, is

reduced.

2.4 EXPERIMENTS ON DUAL FUEL ENGINE WITH DIESEL-
HYDROGEN

2.4.1 Gaseous Fumigation

Hydrogen cannot be used directly in a diesel engine because its auto-ignition
temperature is higher than that of diesel fuel. One alternative method is to use hydrogen
in enrichment or induction. Hydrogen is mixed with air or injected in the intake
manifold before entering combustion chamber. Small amount of diesel fuel, called pilot
fuel, is injected to promote ignition. This dual fuel engine has the advantage to switch
back to conventional diesel operation in case of shortfall in gas supply. These benefits
lead researchers worldwide to investigate the utilization of gas including hydrogen as

fuel for diesel engine.

Rao, Shrivastava, and Bhakta (1983) made an attempt to burn hydrogen in
compression ignition engines that were operated on a dual fuel mode. Small proportions
of hydrogen were introduced into the intake manifold, and ignition was initiated by
injecting diesel fuel in the conventional manner. Such an operation resulted in an
increase of thermal efficiency at full load, a reduction in exhaust temperature and an
increase in maximum pressure. Nitrogen oxides in the exhaust were observed to
increase, and the hydrocarbon emissions reduced as expected. Closed vessel explosions
were conducted to study the effect of adding a hydrocarbon to a hydrogen-air mixture
on the flame propagation velocities.

14



An experimental study was undertaken to investigate the combustion and
emission of dual fuel engine by varying the injection timing over extremely wide range
(Tomita, Kawahara, Piao, & Fujita, 2001). The injection timing can be changed over a
wide range from 62.7 °CA BTDC to 3.2 °CA ATDC. It was shown that both smoke and
NOXx are almost zero when the injection timing is extremely advanced about 40-50 °CA
BTDC. In this situation, the diesel fuel is well mixed with air or hydrogen-air mixture
and the initial combustion becomes mild. The reduction of NOx emission was due to
lean premixed combustion with the absence of the region of high temperature of burned
gas. It was found that the ignition delay increased when hydrogen is inducted. The

fumigation of a large amount of hydrogen reduced the intake air.

Kumar, Ramesh, and Nagalingam (2003) used a small quantities of hydrogen on
unmodified diesel engine to improve the performance and emissions level. Results
indicated an increase in the brake thermal efficiency at a certain percentage of hydrogen
mass shared at maximum power output. Smoke, HC, and CO emissions were all
reduced. However, NO level was increased due to high combustion rate at full load
operation. Ignition delay, peak pressure and maximum rate of pressure rise were also
increased in the dual fuel mode of operation. Combustion duration was reduced due to
higher flame speed of hydrogen. Higher premixed combustion rate was observed with
hydrogen induction. On the whole, it is concluded that induction of small quantities of
hydrogen can significantly enhance the performance of a vegetable oil/diesel fuelled

diesel engine.

The application of exhaust gas-assisted fuel reforming in CI engines has been
studied by Tsolakis, Megaritis, and Wyszynski (2003). Experiments were conducted in
a single-cylinder DI diesel engine fuelled by conventional diesel and also by a biodiesel
mixture. The study consisted two parts. First, the effects of exhaust gas recirculation
(EGR) and addition of small amounts of hydrogen on the combustion and exhaust
emissions were investigated. The engine was run at constant load by reducing the
amount of diesel fuel when hydrogen was introduced to maintain constant indicated
mean effective pressure (IMEP). Thus, it involved fuel replacement by hydrogen rather
than hydrogen addition. Second, the feasibility of producing hydrogen “on-board” by
incorporating a laboratory reforming mini reactor in the engine exhaust system.

Prototype catalysts and different reaction conditions were examined. The results from
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the first part of the study showed that partial replacement of diesel fuel by hydrogen
combined with EGR resulted in simultaneous reductions of smoke and nitrogen oxides
emissions (NOx) without significant changes to engine efficiency. In the second part of
the study, it was shown that the amount of hydrogen required to achieve these beneficial
effects potentially can be produced by exhaust gas-assisted reforming of the

hydrocarbon fuel.

In the other study, it has been shown that the exhaust gas fuel reforming
technique has the potential to provide a way of controlling diesel engine exhaust
emissions (Tsolakis, Hernandez, Megaritis, & Crampton, 2005). The technology
involves the incorporation of a reformer in the engine EGR loop. Fresh fuel was
injected in the reactor, where it was reformed by catalytic reaction with exhaust gas.
The produced hydrogen-rich gas was then fed back into the engine as reformed EGR
(REGR). Thus, in this way, the engine in effect operates in dual fuel operation mode. In
this study, the particulate emissions of the diesel-hydrogen fuelled engine were studied
using an electrical low pressure impactor (ELPI). The work was performed by
simulating the operation of an optimized engine-reformer system by feeding the engine
with simulated reformate containing 24 % hydrogen. The particle size and mass
distribution were not affected significantly, but the particle total number and mass were

reduced considerably, compared to the standard diesel fuelling.

In another contribution of Tsolakis and Megaritis (2005), the exhaust gas fuel
reformer was applied to assist the premixed charge compression ignition operation by
substituting part of the main fuel with hydrogen-rich gas. The technique involves the
injection of hydrocarbon fuel into a catalytic reformer fitted into the EGR system, so
that the produced gas mixture is fed back to the engine as REGR. The application of
REGR resulted in a higher premixed combustion rate and reduction of the diffusion
combustion phase. It could be a potential technique in terms of achieving reduction of

smoke and NO x emissions.

Study on carburetted hydrogen in a single cylinder, naturally aspirated DI diesel
engine was carried out by Pundir and Kumar (2007). Combustion events and smoke
emissions were investigated. Inducting hydrogen with its energy share above 15 %

resulted in a sharp decrease in ignition delay (ID), very high peak pressure rates,
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increases in smoke and loss in fuel efficiency were observed. Hydrogen addition with
energy share of about 30 % reduced the ignition delay and increased the peak rates of
pressure rise. Smoke emissions at low hydrogen induction rates reduced slightly but
increased sharply above 15 to 20 % hydrogen energy share. Hydrogen mixed with air
appears to actively participate in pre-combustion reactions leading to decrease in
ignition delay and its consequent effects on combustion pressure-time history, smoke

emissions and efficiency.

Saravanan and Nagarajan (2008a) investigated the hydrogen as an air-
enrichment medium with diesel as an ignition source in a stationary diesel engine
system to improve engine performance and reduce emissions. The stationary diesel-
hydrogen dual fuel engine can be operated with less fuel than neat diesel operations,
resulting in lower smoke level and particulate emission. This H,-enriched system
enables the realization of higher brake thermal efficiency hence specific energy

consumption (SEC). NOy emissions were also reduced except at full load operation.

In their investigation, Saravanan, Nagarajan, Kalaiselvan, and Dhanasekaran
(2008) adopted exhaust gas recirculation (EGR) technigue in a hydrogen-enriched diesel
engine. It was found that the brake thermal efficiency of dual fuel without EGR is
higher than that of neat diesel operation. Using EGR slightly decreased the efficiency,
but it was still better than that of the single diesel operation. Usage of hydrogen in dual
fuel mode with EGR technique results in lowered smoke level, particulate and NOx
emissions. Dual fuel operation without EGR resulted in the lowest smoke and unburned

HC. EGR reduced NOy emission effectively due to lower combustion temperature.

The effects of load, speed, EGR level and hydrogen addition level on the
emissions from a modern diesel engine equipped with common rail injection has been
investigated by McWilliam, Megaritis, and Zhao (2008) . It was found that CO, FSN,
and THC increase with EGR but NOx emission decrease drastically. Inversely, CO,
FSN, and THC emission decrease with hydrogen, but NOy increases. This inverse
relationship will allow the combination of EGR and hydrogen induction to be optimized
to minimize both FSN and NOy. When hydrogen was introduced the peak cylinder
pressure was increased, as was the rate of cylinder pressure rise. The position of the

peak cylinder pressure was delayed as hydrogen addition increased. This together with
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the obtained heat release patterns shows an increase in ignition delay, and a higher

proportion of premixed combustion.

The role and benefit of hydrogen in a modern common rail turbocharged
automotive diesel engine has been reported by Lilik, Zhang, Herreros, Haworth, and
Boehman (2010). Hydrogen substation yields modest emission reductions with limited
penalty on engine performance. Hydrogen assisted diesel combustion resulted in a
modest increase of NOy emissions and a shift in NO/NOzratio in which NO emissions
decreased and NO; emissions increased, with NO, becoming the dominant NOy
component in some combustion modes. The results showed that substitution of diesel
fuel with hydrogen can be realized with little or no detrimental effect. Compared with
stationary application, the practicality of vehicle utilizing hydrogen substitution is
limited by the equipment cost versus the cost benefit from the modest emission

reduction.

Investigation on the effects of hydrogen addition on NOy emissions and thermal
efficiency under low-temperature and heavy-EGR condition has been reported by Shin,
Cho, Han, Song, and Chun (2011). The brake thermal efficiency slightly improved due
to hydrogen addition. It showed the relation of the thermal efficiency with changes in
the CO, concentration. The increase in CO; indicated that diesel combustion was
improved by the oxidation of the unburned hydrocarbon and CO due to hydrogen

addition. Lower NOy was achieved by introducing hydrogen at constant EGR ratio.

The examination of detailed effect of hydrogen addition on NO, has been
conducted by S. Liu et al. (2011). The addition of small amounts of hydrogen increased
the emissions of NO, and the NO,/NOx ratio. It was shown that the engine load and
mixture temperature were not the main factor for the formation of NO,. A more detailed
analysis showed the significant effect of unburned-H; on NO; emissions. When mixed
with the hot combustion product, unburned-H, might further oxidized to increase the
HO, concentration and enhanced the conversion of NO to NO, according to extended

Zeldovich mechanism.
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2.4.2 Gaseous Fuel Injection

Another way to introduce hydrogen into the combustion chamber is by injecting
the hydrogen into the intake port, while diesel fuel was injected directly inside the
cylinder. It was shown that using port-injected hydrogen there was an increase in brake
thermal efficiency of the engine with a greater reduction in emissions (Saravanan,
Nagarajan, et al., 2007b). Any decrease of emission, especially NOy is likely due to
enhancement of turbulent mixing in cylinder caused by the injection of pressurized
hydrogen through the intake valve (Lilik et al., 2010).

Study on the exhaust emission characteristics of a diesel engine with small
amounts of hydrogen added to the intake air has been conducted (Miyamoto,
Kobayashi, Mikami, & Kojima, 2008). The results showed that hydrogen has
contribution to heat release even if its concentration was lower than the lower
flammability limit (4 % volume). At medium or high loads operation, NO increased
with hydrogen addition when the diesel-fuel injection timing was earlier than TDC. NO
decreased with hydrogen addition when the diesel-fuel injection timing was later than
TDC. CO, emission decreased with the increase in the hydrogen percentage, while

smoke emission decreased for high loads.

The use of electronically controlled timed port hydrogen injection in
combination with EGR system has been reported (Bose & Maji, 2009). Hydrogen
induction results in lowered emission level except NOy and improved performance level
compared to the case of neat diesel operation. The increase of NOy was due to higher
temperature when hydrogen was induced. EGR technique was useful in reducing NOx
concentration. Other emission such as CO, CO,, and HC increased with EGR addition.

The use of low EGR percentage was preferred.

Comparison study on hydrogen induction method has been reported (Saravanan,
Nagarajan, & Narayanasamy, 2007, 2008). Hydrogen was inducted by means of
carburetion and timed port injection (TPI). Different results between the two methods
were revealed. The specific energy consumption, NOy emission and the exhaust gas
temperature increased by certain per cent, and brake thermal efficiency and smoke level

slightly reduced using carburetion technique compared to baseline diesel. But in the
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TPI, the specific energy consumption, exhaust gas temperature and smoke level reduced
by certain amount. The brake thermal efficiency and NOy increased compared to diesel
operation. The emissions such as HC, CO and CO; are low in both the techniques as
compared to diesel. The reason for better performance given by TPI technique was not
clearly described, but it may be due to the absence of gas “short circuiting” during the

valve overlap.

In their other contribution, optimization of injection timing and injection
duration to achieve dual fuel performance and emissions was conducted (Saravanan,
Nagarajan, Dhanasekaran, & Kalaiselvan, 2007a). The diesel injection timing was kept
constant at 23 °CA Before Ignition Top Dead Centre (BITDC). The optimized timing
and duration for hydrogen injection was 5 °CA After Gas Exchange Top Dead Centre
and 90 °CA respectively. Simultaneous reduction of smoke and NOy was achieved in
this optimized operating condition. The emissions of CO, CO,, and HC were reduced
due to efficient combustion resulting from the hydrogen combustion. More variation in
hydrogen injection timings investigated in their similar study (Saravanan & Nagarajan,
2008b, 2010). The results were similar except for NOx emission, in which no NOy

reduction compared with that of diesel operation.

Although research on hydrogen combustion in internal combustion engine has
intensified, the number of published papers in the field of hydrogen-diesel co-
combustion is not as rich as for hydrogen used in spark ignited engines (Szwaja &
Grab-Rogalinski, 2009). In this contribution, various hydrogen portions in the range
from 0 % to 17 % with respect to energy sharing were investigated. Combustion knock
occurrence was studied at the stoichiometric condition with hydrogen of 17 % sharing.
It was shown that small amounts of hydrogen shortened the diesel ignition delay and

decreased the rate of pressure rise.

Hydrogen addition to the intake air at late diesel fuel injection has been
investigated (Miyamoto et al., 2011). Diesel injection timing and the hydrogen
percentage were varied while maintaining the heat produced by diesel fuel and
hydrogen. The NO emission was at minimum value at certain hydrogen fraction. EGR
was applied to reduce further NO and smoke emissions. Low NO, low cyclic variation,
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and smokeless operation were realized at the optimized values of diesel injection

timing, fraction of hydrogen, and EGR rate.

Effect of hydrogen addition on engine performance and emissions has been
reported (Deb et al., 2015). Hydrogen energy sharing was controlled via the injection
timing and duration. The experiment was conducted at constant speed and load. The test
results showed the improvement in brake thermal efficiency of the engine, reduction in
brake specific energy consumption with an increasing hydrogen energy sharing.
Furthermore, indicated specific CO, CO, and smoke emissions decrease with an
increasing percentage of hydrogen energy content. Conversely, indicated specific NOx
emissions increases with increase in hydrogen content. In addition to that, it was also
observed that there was a sharp increase in peak in-cylinder pressure and the peak heat
release rate values with the increasing hydrogen rate

2.4.3 Cyclic Variation

It is obvious that cycle-by-cycle variation occurred in spark ignition internal
combustion engine. Cyclic variations in the combustion process are caused by
variations of mixture motion within the cylinder, variations in the amounts of air and
fuel fed to the cylinder each cycle, and variations in the mixing of fresh mixture and
residual gases within the cylinder each cycle (Heywood, 1988). In contrast to spark
ignition engines, the combustion process of compression ignition engine is regarded as
being stable. However, more detailed investigations on combustion process reveal
cyclic variability in diesel engine fuelled with pure diesel or diesel/biodiesel blending
(Barboza, Yagnesh Sharma, & Sudhir, 2010; Bizon, Continillo, Leistner, Mancaruso, &
Vaglieco, 2009; Sen, Longwic, Litak, & Gorski, 2008; Tang, Ge, Duan, & Zhang,
2011).

There have been many studies concerning cycle-by-cycle variation and
combustion stability of spark ignition engines fuelled with gaseous fuels, either single
gas or blended gas (Huang et al., 2009; Ma et al., 2008; Wang, Chen, Liu, & Huang,
2008). The characteristics of mixture formation, ignition, and combustion process of the
fuel-air mixture that greatly influences the cycle variation are well understood.

However, in the dual fuel engine in which the diesel fuel ignites the hydrogen-air
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mixture, the ignition characteristics of the gaseous fuel are not well understood. In
addition to the cause of cyclic variations exist in diesel engine, dual fuel engines appear
to be more prone to cyclic variability in combustion noise due to existence of gaseous
fuel with compressed air (Selim, 2004). Therefore, it was considered necessary to study
the cycle variation of the diesel-hydrogen dual fuel engine that was not covered before.
The purpose is to investigate the effect of hydrogen addition and engine operating

condition on cycle variation of the dual fuel engine.

2.5 DUAL FUEL MODELLING

To meet more stringent legislation, continuous improvements of internal
combustion engines are needed. This complex task can be achieved by a combination of
advanced experiments and computational studies. The modelling of combustion engine
processes has some significant advantages as a complement to the experimental works.
It is obvious that numerical simulations are suited to carry out extensive parametric
studies that are more effective than construction of numerous prototypes (Stiesch,
2010).

Different types of engine combustion model have been developed. Three
different model categories are typically distinguished. In an order of increasing
complexity and increasing computer power, these are zero-dimensional thermodynamic
models, quasi-dimensional phenomenological models, and multi-dimensional

computational fluid dynamic (CFD) models (Lakshminarayanan & Aghav, 2010).

2.5.1 Thermodynamics Modelling

An attempt to model dual fuel combustion and NOy using single-zone
thermodynamic model coupled with detailed chemical kinetics has been conducted
(Mansour, Bounif, Aris, & Gaillard, 2001). The estimation of ignition delay of diesel
fuel was calculated by CHEMKIN code. The reaction of diesel fuel was taken from the
quasi-global model with four step reactions. Detailed chemical Kkinetic reaction
mechanism of NOy consist of 79 reactions were applied. A reasonably good agreement

with experimental results was achieved.
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Computer simulation of hydrogen-diesel dual fuel has been developed to
investigate the effect of hydrogen addition on exhaust gas emission (Masood & Ishrat,
2008). For the calculation of equilibrium constant, the data for constants was considered
from JANAF tables. The molar-air fuel ratio was calculated from the number of carbon,
hydrogen, nitrogen, and oxygen atoms presented in the fuel. The proportion of hydrogen
in the hydrogen-diesel blend affecting the mole fraction of the exhaust gas species was
also simulated. The simulation results were in good agreement with the experimental

values.

2.5.2 Phenomenological Modelling

A quasi-two-zone analytical model was developed to investigate the effects of
admission of hydrogen and its blend with methane on dual fuel engine (Liu & Karim,
1995). One of the problems associated with dual fuel conversion was the limitation of
the maximum power output due to knock. Hydrogen or its blend with other gaseous fuel
showed a notable different characteristic compared with other gaseous fuels. The
reactivity of hydrogen in the engine tends to be low, but it is enhanced with the increase

of hydrogen concentration in the cylinder.

Another contribution by Liu and Karim (1997) described a multizone model
with detailed chemical kinetics to simulate the combustion process of dual fuel engines
The model consists of five zones as shown in Figure 2.4. The developed model can
provide a description of the main features of the combustion process in dual-fuel
engines. The performance of dual-fuel engines, such as the formation of exhaust
emissions at light load and the onset of knock at high load, can be predicted by this
model. The predicted values show good agreement with corresponding experimental

values.

Another multi-zone model with detailed chemical kinetics was proposed by
Pirouzpanah and Saray (2006). In this model, a quasi-dimensional multi-zone model
was applied for combustion of diesel fuel. The combustion of natural gas was model
with single zone couple with detailed chemical kinetics. It was assumed that the

interaction between the two types of fuels to be primary thermal with no direct chemical
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interaction between them. The predicted results showed good agreement with

corresponding experimental values over the whole range of engine operating conditions
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Figure 2.4. A schematic zone division during combustion process.

Source: (Liu & Karim, 1997)

Investigation by Papagiannakis, Hountalas, and Rakopoulos (2007) showed that
the pilot diesel fuel quantity and injection advance influence significantly the
combustion mechanism. In order to examine the effect of these two parameters on the
performance and emissions, a comprehensive two-zone phenomenological model is
employed and applied on a high-speed, pilot ignited, natural gas diesel engine. The
model is shown in Figure 2.5. In this model, the cylinder charge during the compression
phase is treated as a single zone (unburned zone), with assumed uniformity in space of
pressure, temperature and composition. According to the results, the simultaneously
increase of the pilot fuel quantity accompanied with an increase of its injection timing
results to an improvement of the engine efficiency (increase) and of the emitted CO

emissions (decrease) while it has a negative effect (increase) of NO emissions.

The mathematical models to predict combustion and performance for dual fuel
diesel engine operated on hydrogen and its blend with LPG have been developed (Lata
& Misra, 2010). In these models, spray mixing characteristics, flame propagation,
equilibrium combustion products and in-cylinder processes were computed using

empirical equations. To validate the models, experiments were conducted on a multi
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cylinder turbocharged, intercooled gen-set diesel engine. The developed model predicts
results which are in close agreement with the results of the experiments. The predictions
are also in close agreement with the results on single cylinder diesel engine obtained by
other researchers. A reasonable agreement between the predicted and experimental
results reveals that the presented model gives quantitatively and qualitatively realistic

prediction of in-cylinder processes and engine performances during combustion
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Figure 2.5. Definition of the burning zone before (a) and after (b) the initiation of
combustion

Source: (Papagiannakis et al., 2007)

2.5.3 Multi-dimensional Modelling

A three-dimensional (3D) finite volume code has been developed to describe a
constant volume, dual fuel diesel/methane combustion (Miao & Milton, 2002).
Compared with their previous model (Choi & Milton, 1997), the distillate spray model,
the spray parcel collision mechanism, and the characteristics for distillate combustion
have been improved. An improved scheme for the multi-fuel (DF) combustion has also
been implemented. The focus of the author’s work was simulation factors of importance
in engines such as the effect of swirl, the duration of the ignition delay, and the gaseous

fuel characteristics on the DF combustion process.
In their other study, a three-dimensional, dual-fuel, in-cylinder model has been

developed (Miao & Milton, 2005). This model was used to provide an improved

understanding about the interaction between the gaseous fuel and the pilot fuel, the pre-
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ignition processes, and subsequent combustion of the pilot fuel and gas during the
piston movement. The complex engine in-cylinder process was simplified by the
assumption that during each very short period (for example 0.05 ms), the control-
volume working substance first undergoes an instantaneous isentropic compression or
expansion process, where no heat and mass transfer can occur. The next process was a
constant-volume, dual-fuel combustion process over a finite time period, with heat and
mass transfer between the cells. The effects of liquid fuel injection and air movement
(such as swirl) were considered during the combustion process. Based on this
assumption, it was then possible to extend the existing constant-volume simulation to an
engine combustion process. This assumption may produce small error, but its simplicity

provided a rapidly calculated approach.

The effect of blending hydrogen with diesel in different proportions on
combustion and emissions has been studied using a CFD code (Masood et al., 2007).
Two injection methods for hydrogen introduction were compared: (1) directly injected
the hydrogen into the combustion chamber, and (2) the induction of hydrogen through
the inlet manifold. Percentage of hydrogen substitution was varied during the
simulation. A modification of the turbulent mixing model constant was introduced to
take into the account the hydrogen presence. The standard combustion and emission
models were used for the analysis. The simulation results have a good agreement with
the experimental ones. However, there exist many areas, which are unaddressed by the
model. At low and high percentages of hydrogen and during transition between diesel
and hydrogen, the model predictions are not very clear; this eventually shows the

limitation of the model and opens the doors for further investigation.

A 3D computational fluid dynamics model with a reduced detailed chemical
kinetic of the combustion of diesel and methane fuels was developed by  Liu and
Karim (2009). The model was applied to an indirect injection diesel engine. The
turbulence during combustion was considered to simulate the mixture flow, formation,
and combustion processes within diesel and diesel/methane dual fuel engines. The
spatial and temporal distributions of the mixture temperature, pressure, and velocity
under conditions with and without liquid fuel injection and combustion were validated
with a set of experimental results. Investigation on the flow field under motoring

condition found that the swirl centre is initially formed at the bottom-left of the swirl

26



chamber, and then moved up with continued compression in the top-right direction
toward the highest point. The swirling motion within the swirl and main combustion
chambers promotes the evaporation of the liquid pilot and the combustion processes of
diesel and dual fuel engines. It was observed that the onset of auto-ignition can be
adjusted by the injection strategy.

Effect of hydrogen addition on NOy emissions in hydrogen diesel dual fuel has
been explored using computational fluid dynamics analysis (Lilik et al., 2010; Zhang,
Lilik, Boehman, & Haworth, 2009). It was shown by the experiment that engine-out NO
tends to decrease while NO, increases with increasing level of H, addition. The CFD
calculation using probability density function (PDF) for turbulence-chemistry
interaction can capture these trends and reproduce the experimental results. The CFD
results confirmed that temperature changes alone are not sufficient to explain the
observed reduction in NO and increase in NO, with increasing H,. The CFD results are
consistent with the hypothesis that in-cylinder HO, levels increase with increasing

hydrogen, and that the increase in HO, enhances the conversion of NO to NO..

Numerical study of the combustion and emissions of hydrogen diesel dual fuel
using KIVA CFD code coupled with CHEMKIN has been reported (An et al., 2013).
The model incorporated a detailed chemical kinetic of Diesel Surrogate Oil (DSO) and
hydrogen. Simulation results showed that at low engine speeds, the indicated thermal
efficiency, in-cylinder pressure and apparent heat release rate increased significantly
with the increase of hydrogen percentage. On the other hand, at high engine speed and
high load conditions, no significant changes in the engine performance, combustion
characteristics were observed. In terms of emissions, CO and soot emissions were
shown to be reduced under most of the engine operating conditions. In case of NOy

emissions, a slight increase was observed at low engine speed.

A comprehensive model for identifying knocking combustion has been
developed (Maghbouli et al., 2014). Some critical local regions within the CFD
computational domain were defined to identify the knock occurrence. Regional
parameters such as local pressure rise rate, local heat release rate and local
concentration change of specific chemical species were used for knock identification.

Noticeable knocking combustion was detected by applying of hydrogen higher than 5 %
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(by volume) in the intake charge of a compression ignition diesel engine. Regional
parameters and chemical species concentration data showed that in such an operating
condition, knock is occurring at start of combustion rather than end-gas auto-ignition of
Sl (spark ignition) engines

26 SUMMARY

This literature review has revealed the properties of hydrogen and the progress
in the utilization of hydrogen as fuel for diesel engine in dual fuel mode. The apparent
significant progress in the dual fuel research, both experimental works and simulation
studies, has been achieved. There are still many areas that need further study due to the
complexity of dual fuel combustion. The information on the combustion characteristics
of dual fuel engine when hydrogen acts as the main fuel is still limited. An extensive
review showed that most research was dealt with hydrogen as a fuel

supplement/additive.

In general, there is an apparent lack of the study on the cyclic variability of dual
fuel combustion. The characteristics of mixture formation, ignition, and combustion
process of the fuel-air mixture that greatly influences the cycle variation in spark ignited
engine are well understood. However, in the dual fuel engine in which the diesel fuel
ignites the hydrogen-air mixture, the ignition characteristics of the gaseous fuel are not

well understood.

Mixture formation plays an important role in the combustion process. The
simulation study on the diesel spray interaction with hydrogen-air mixture inside the
cylinder would be a good contribution to reveal the mixture formation of dual fuel
engine. Some simulation results on combustion process have a good agreement with the
experimental ones. However, there exist many areas, which are unaddressed by the
model. At certain percentages of hydrogen, the model predictions are not very clear.
This eventually shows the limitation of the model and opens the doors for further
investigation. Combustion analysis using CFD tools combined with detailed chemical

kinetics would give a better understanding of dual fuel combustion.
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To fill these gaps, some experimental and simulation works will be conducted to
identify the important parameters related to mixture formation and combustion
characteristics of diesel hydrogen dual fuel engine. The experimental equipment and
methods as well as the development of simulation models will be described and

discussed in Chapter 3.
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CHAPTER 3

EXPERIMENTAL DETAIL AND COMPUTATIONAL MODELLING

3.1 INTRODUCTION

In the previous chapter, a literature review on the background and history of
diesel and dual fuel engine, the previous experiment, and the dual-fuel modelling has
been discussed. The research gaps and their specific problems that will be solved have
been outlined. This chapter provides the information on the engine experimental details
and computational modelling that will be used to investigate the important parameters
of dual fuel combustion. Detail of engine and test bed instrumentation, combustion
analysis, and emission measurement are explained. Computational setup and governing

equation are outlined.

3.2 EXPERIMENTAL DETAILS

3.2.1 Experimental Setup

A single cylinder, air-cooled, direct injection (DI), 4-stroke HATZ D-series
diesel engine was used in this study. This engine was equipped with a cylinder pressure
transducer and crank angle sensor to investigate the combustion process. The main
specifications of the engine are summarized in Table 3.1. The engine has 100 mm bore
and 85 mm stroke yielding a displacement volume of 667 cc. The layout of engine and

experimental arrangement are shown in Figure 3.1.



There are minor modifications applied to the engine in order to run in dual fuel
mode. Hydrogen addition was realized by introducing the gas into the mixer in the
intake manifold. The original diesel fuel injection system was used to control the flow

rate of the diesel fuel.

Table 3.1
Engine Specification
Parameters Description

Engine Type Single cylinder air-cooled DI diesel engine
Rated power 10.3 kW @ 3000 rpm
Maximum torque 36 Nm @ 2000 rpm
Bore 100 mm
Stroke 85 mm
Conrod length 136.5 mm
Swept volume 0.667 liter
Compression ratio 20.5:1

1. Hydrogen surge tank 5. Flame trap 9. Signal conditioning

2. Barometer 6. Hot film air flow meter  10. Engine indicating system
3. Digital gas flow meter 7. Gravimetric fuel meter  11. PC

4. Flash back arrestor 8. Crank angle encoder

Figure 3.1. Schematic of experimental setup.
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3.2.2 Dynamometer

In order to control the speed and load put on the engine, the engine was mounted
on a SCHENCK W?70 eddy-current dynamometer. The maximum capacity of the
dynamometer is 150 Nm torque, 70 kW power, and 13 000 rpm speed. The engine was
connected to the dynamometer by a flexible rubber coupling to isolate the dynamometer

from any high frequency vibrations from the engine.

The dynamometer consists of a thin electrically conductive toothed disc
mounted on a shaft. The disc rotates inside a magnetic field generated by a coil located
on the casing of the dynamometer. The rotation normal to the magnetic field creates a
resistive torque. To control the load applied to the engine, which is equivalent to the
torque applied to the coupling shaft, the magnetic field can either be increased or
decreased by adjusting the current from the dynamometer control panel. Water cooling
was used to control the temperature generated within the dynamometer. The

arrangement of engine and the dynamometer is shown in Figure 3.2

Figure 3.2. Arrangement of engine and dynamometer.
The engine load was measured by a load cell connected to the casing of the

dynamometer. This load cell together with a speed sensor was used to accurately

measure the speed and torque generated by the dynamometer. In order to remove any
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interference generated by the engine vibration, the signal was low pass filtered. The

load cell was calibrated by attaching calibration levers and calibrated weighing scales.

There are two main modes of engine control with this model of dynamometer:
constant speed and constant torque. In the constant speed mode, the dynamometer
maintains a constant rotational speed of the connecting shaft by increasing or decreasing
the resistive torque as necessary depending on the force produced by the engine. The
torque of the engine in this mode is therefore controlled by the level of fuelling.
Similarly, in the constant torque mode, the dynamometer maintains a constant resistive
torque, allowing the shaft, and therefore engine speed rise and fall depending on the

fuelling level.

3.2.3 Pressure Transducer

A piezoelectric, water cooled pressure transducer as shown in Figure 3.3 was
used to measure the in-cylinder pressure. It was mounted in the cylinder head and
flushed into the combustion chamber. A Kistler type 6061B was used in this

experiment. This transducer shows excellent thermal drift stability due to water cooling.

Figure 3.3. Kistler 6061B water cooled pressure transducer.

A piezoelectric pressure transducer contains a quartz crystal. The crystal is
exposed to cylinder pressure through a diaphragm at one end. It produces an electrical
charge proportional to the pressure exerted on the crystal when it is compressed. The
signal was passed through a charge amplifier to boost it, and together with the crank
angle signal provided from the shaft encoder, was used to log the change in cylinder

pressure versus crank angle using a PC-based engine indicating system. The sensor was
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regularly calibrated by an accredited laboratory. A stepwise calibration was conducted

using a deadweight calibrator.

3.2.4 Crank Angle Encoder

In order to measure in-cylinder pressures at known crank angle positions, it is
necessary to know the position of Top Dead Centre (TDC) and measure the rotation of
the crank shaft. For that purpose, an optical crank angle encoder was mounted on the
centre of the flywheel. The encoder consists of a slot mark disk and utilizes the
reflection light principle. It is the most commonly used system in engine indicating

technology due to the high precision in extreme operating conditions.

The angle mark resolution is 1 degree crank angle (up to 0.1 deg. CA by
multiplication). The electronic components are mounted separately from the sensor
(crank shaft) to minimize the influence of electric interference, temperature and
vibration. There is one track on the marker disk with 360 pulses for the angle
information which includes trigger pulse information per revolution for TDC
synchronization purposes. The trigger pulse and the corresponding crank degree pulses
were used together with the data-acquisition system to log the pressure traces from the
cylinder. To correctly calibrate the position of TDC, the engine was run in motoring
condition. TDC was found by counting the different between the peak cylinder pressure
during motoring, and the trigger pulse generated by the disk marker. The complete shaft

encoder fitted to the engine is shown in Figure 3.4.
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Figure 3.4. Arrangement of crank angle encoder.

34



3.2.5 Dynamometer Control and Engine Indicating System

The operation of the dynamometer, including testing mode setting, applied load
and speed were conducted in the control room as shown in Figure 3.5. Other
parameters, including engine speed and torque, fuel and air consumption, room and
engine temperatures, exhaust gas emissions were monitored in this room. An engine
indicating system, which recorded the cylinder pressure every degree crank angle was
also located in this control room.

Figure 3.5. Instruments in the control room.
3.2.6 Air Intake and Fuel Supply System

Air flow rate is measured with a hot-film anemometer. To ensure the
continuous air flow, a surge tank was installed at the upstream side of the engine. The

actual temperature and relative humidity of intake air are measured to calculate its
standard flow rate.
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Hydrogen was introduced to the intake manifold by a mixer before entering the
combustion chamber. It was supplied from a high-pressure cylinder (150 bar) and
reduced to a pressure of 1.5 bar using a pressure regulator. Hydrogen was passed
through a fine control valve to adjust the flow rate, and then a gas flow meter (Aalborg
Gas Flow Meter) metered the flow of hydrogen. The hydrogen was passed through a
flash back arrestor (WITT flame arrestor RF-53N) preventing a reverse flow of
hydrogen into the system. Next, the hydrogen was allowed to pass through a flame trap,
used to suppress flash-back into the intake manifold.

Diesel fuel was supplied with the original engine fuel system. There is no
modification on diesel fuel supply. The mass flow rate of the diesel fuel was measured
with an AVL 733S fuel balance. This fuel balance is based on the principle of
gravimetric measurement. The amount of fuel consumption is determined directly by
measuring the time-related weight decrease of the measuring vessel by a capacitive

Sensor.

The flow measuring units were calibrated by accredited laboratory. The
indicated flow rates were compared to the traceable standard flow meters. The
calibration processes were conducted under standard pressure and temperature

condition.

3.2.7 Exhaust Emission Analysis System

The exhaust system was composed of two subsystems: exhaust ventilating and
exhaust emission analysis. The tail pipe was simply inserted into a bell-mouth through
which cell air is drawn (Martyr & Plint, 2007). The schematic of the system is shown in
Figure 3.6. The emission measurement of exhaust was achieved through three main

emission instruments.

Smoke intensity was measured with a Bosch-type smoke meter. Nitrogen oxides
were measured with HORIBA 720 Diesel-NOx meter. It has been engineered with a
zirconia-ceramic sensor. This single unit provides fast-response measurements of NOy

concentrations from diesel or lean-burn engines and can simultaneously measure the
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air/fuel ratio (A/F), excess air ratio (lambda), and O,. The sensor can be directly
inserted into the exhaust flow, eliminating the need for a sample-handling unit. This

feature minimizes measurement time delays due to dead-volume sampling.

NOx

—»
Ventilator

Engine l

CO, CO,

Y

Opacity

Figure 3.6. Schematic of the exhaust system.

An automotive gas analyser was used to measure carbon dioxide, carbon
monoxide, and oxygen content in the exhaust gas. This analyser employs non-dispersive
infra-red (NDIR) measurement technique. Exhaust gas analyser was calibrated with a

certified gas standard.

3.2.8 Experimental Uncertainty

The uncertainty of measurement can be defined as "a parameter associated with
the result of a measurement that characterizes the dispersion of the values that could
reasonably be attributed to the measurand” (1SO, 1993). This parameter is usually a
standard deviation or the width of a confidence interval. The evaluation of measurement
uncertainty was conducted according to Guide to the expression of uncertainty in
measurement (JCGM, 2008). .In general, components of uncertainty may be categorized
according to the method used to evaluate them. Experimental uncertainties that can be
revealed by repeating measurements are called random uncertainty or Type A
component of uncertainty. Systematic or Type B components of uncertainty are

associated with errors that remain constant while a sample of measurements is taken.
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Statistical methods can give reliable estimates of Type A uncertainties through
analysis of a series of observations. In this case, the arithmetic mean or average of the
results was calculated. For n repeated independent values xi, X2, ..., X, for quantity x, the

mean value X is given by:

X =

U

z % 3.1)

n
j=1

Standard deviation of a single sample of n measurements, termed the

experimental standard deviation, s(x) is given by:

1 n
s(x) = mZ(xj —x) (3.2)
=1

If more samples are obtained, each will have a different value for the arithmetic
mean and standard deviation. It follows from the central limit theorem that for large n,
the sample mean approaches the normal distribution with the population mean. If
samples of n measurements are taken after the estimation of the standard deviation of

the population s, the standard deviation of the sample mean X is given by:

s(X) = s(x)/Vn (3.3)
which is also called standard uncertainty, u.

Type B components of uncertainty are usually determined on scientific
judgment using all the available information. The pool of information may include
manufacturer’s specification, data provided in calibration reports, uncertainties assigned
to reference data taken from handbooks, and knowledge of measurement process. While
the normal distribution is used to describe random uncertainties, rectangular and
triangular distributions are usually assumed for systematic uncertainties. If the upper

and lower limits of an error are +a without a confidence level and there is reason to
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expect that all values within these bounds are equally probable, the rectangular
distribution is considered to be the most appropriate. In case that extreme values are

expected to be unlikely, the triangular distribution is usually assumed (Bean, 2001). The

. a a .
standard uncertainty values are equal to 7 for rectangular and NG for the triangular

distribution respectively.

All random or systematic sources of uncertainty associated with a measurement
have to be quantified and then combined all together for the calculation of total
uncertainty. Before combination all uncertainty contributions have to be expressed as
standard uncertainties, which may involve conversion to the standard deviation from
some other measure of dispersion (JCGM, 2008). Once the uncertainty components
have been identified, estimated and expressed as standard deviations, the next stage
involves calculation of the combined standard uncertainty u.(y). The relationship
between u.(y) of a value y and the uncertainty of the independent parameters xi, Xz, ...,

Xn IS given by:

Uc (y) = (3-4)

where c; is a sensitivity coefficient calculated as ¢; = dy/dx;, the partial derivative of y

with respect to each of standard uncertainty component x;.

Usually a statement of confidence associated with a calculated total uncertainty
Is required. The combined standard uncertainty is in the form of one standard deviation
and therefore may not provide sufficient confidence. For this reason the expanded
uncertainty U is calculated by multiplying the standard uncertainty by a coverage factor

k as follows:

U=ku,(y) (3.5)

Expanded uncertainties provide intervals that encompass a larger fraction of the

measurand value distribution, compared to that of the combined uncertainty. The result
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of a measurement is then reported in the formy + U along with the confidence level,
which depends on the coverage factor. According to the requirements of dominant
accreditation bodies, the expanded uncertainty should provide an interval with a level of
confidence close to 95 % (ISO, 2005)

There are cases that combined standard uncertainty is dominated by single
contribution with fewer than six degrees of freedom. It is probable that the probability
distribution will not be normal and the value of coverage factor k will result in a
confidence level that is smaller than the expected one. In this case, the value of
coverage factor has to be derived by considering the effective degrees of freedom vt of

the combined standard uncertainty. These can be evaluated using Eq. (3.6).

u*(y)
)

W

Verr =
n
j=1

(3.6)

The effective degrees of freedom are based on the degrees of freedom vj, which
are equal to the number of measurement taken n, less 1. The coverage factor is then
determined based on a t-distribution rather than a normal distribution. The results of
uncertainty calculation are listed in Table 3.2.

Table 3.2

List of Measured Parameters and Their Related Uncertainties
Parameter Measuring range | Accuracy Uncertainty
CO 0...10 % vol + 0.03 % vol +0.12 % vol
CO; 0...20 % vol + 0.5 % vol +0.12 % vol
0, 0...25vol% % 0.5 % vol +0.12 % vol
NOy 0 ... 3000ppm + 30 ppm + 17 ppm
Air flow 0 ... 400 kg/h + 0.3 kg/h +0.18 kg/h
Fuel flow 0...125kg/h +0.12 % of reading | £ 0.18 % of reading
H, flow 0...80 I/min + 0.8 I/min + 0.5 I/min
Dyno speed 0...13,000rpm | £1rpm +1rpm
Dyno load 0...150 Nm + 0.2 % of reading 0.1 Nm
Crank angle 1...20,000 rpm | +0.02 rpm +0.3rpm
Cylinder pressure | 0 ... 250 bar +1%of FS + 1.61 bar
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3.2.9 Experimental Procedure

The experiment was conducted at speed of 1500, 2000, and 2500 rpm; variable
loads of 5, 10, 15, 20, and 25 Nm were applied for each speed. At each load, the
hydrogen was introduced at the flow rate of 21.4, 28.5, 36.2, 42.8, and 49.6 litre/minute.
The experimental matrix is depicted in Table 3.3. The engine was started with diesel
fuel at 1500 rpm and 5 Nm load. After allowing the engine to reach the steady-state
conditions, the following parameters were measured and recorded: fuel and air
consumption, exhaust gas temperature, exhaust emissions, needle lift, and cylinder
pressure. Hydrogen was introduced at the flow rate of 21.4 litre/minute; engine speed
was kept constant by adjusting the position of the injection pump lever. The above
parameters were measured and recorded again. This procedure was repeated for
different loads and hydrogen flow rates. After completing the measurement at this
speed, the engine was shut down for a cooling purpose. Other sets of experiment were

then conducted for the speed of 2000 and 2500 rpm with the same procedure.

Table 3.3
Experimental Matrix
Parameters Value
Engine speed 1500, 2000, 2500 rpm
Engine load 5, 10,15, 20, 25 Nm
Hydrogen flow rate 21.4, 28.5, 36.2, 42.8, 49.6 litre/minute

3.2.10 Parameters of Engine Performance

The engine performance tests were carried out in accordance with the SAE
standard for measuring diesel engines’ performance and emissions. The following are
some of main parameters to be calculated for analysing engine performance. The
stoichiometric air/fuel mass ratios for the hydrogen and diesel fuel are 34.33 and 14.5
respectively. Therefore for diesel-hydrogen dual fuel engine operation the total
equivalence ratio is given as in Eq. (3.7):

34.33my, + 14.5Mgjese1

Meyir

(3.7)

tot —
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where ¢, is the total equivalence ratio, and my,, Mgieser, and g, are the mass flow

rates in kg/h of hydrogen, diesel, and air, respectively.

Eg. (3.8) and (3.9) show the equivalence ratio of hydrogen and diesel

respectively

b, =———= (3.8)

14'-Sﬁldiesel

Daiesel = —mair— (3.9)

where ¢, and ¢ 4.5 are the equivalence ratios of hydrogen and diesel respectively.

Other engine parameters that will be part of interest in this study are power,
specific fuel consumption, and specific energy consumption. These parameters are
calculated according to Eg. (3.10), Eq. (3.11), and Eq. (3.12) respectively. The diesel
energy sharing is shown in Eg. (3.13)

Mexn

= 3.10
9550 (3.10)

where, Pe is the brake power in KW, Me is the brake torque in N.m, and n is the engine

speed in rev/min.

tgsoses X 1000
BSFC = md‘ese; : (3.11)

mdiesel X LHVdiesel + Tthx LHVH2

= (3.12)

BSEC =

. mdiesel ve LHVdiesel
% Diesel = x 100 :
’ mdiesel X LHVdiesel + mHzx LHVHZ (3 13)
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where BSFC is Brake Specific Fuel Consumption (g/kW.h), BSEC is Brake Specific
Energy Consumption (MJ/KW.h). LHVgieser IS the heating value of diesel fuel, considered
constant with a value of 42.8 MJ/kg, and LHVy, is the heating value of hydrogen of 120
MJ/kg.

3.3 MODEL DEVELOPMENT

Currently CFD has been successfully an important tool for the calculation of
fluid flow, mixture formation and combustion in internal combustion engines. It
becomes a complementary tool to in-cylinder pressure analysis and optical diagnostics.
There are three major steps in the CFD calculation for internal combustion engine, i.e.
the generation of the computational meshes, the specification of the initial and boundary
conditions, the flow solver settings and the physical and chemical models adopted to
simulate the governing in-cylinder processes and finally, the post-processing and

interpretation of the simulation results (Merker, Schwarz, & Teichmann, 2012).

3.3.1 Generation of Computational Mesh

In the case of diesel engine, the calculation of the intake stroke is usually not
performed in order to reduce calculation time. It is quite common to start the calculation
of the in-cylinder process (mixture formation and combustion) at the closing of the
intake valves assuming an ideal cylinder-shaped swirl structure (Merker, Schwarz,
Stiesch, & Otto, 2006). A simplified geometry is used to reduce the effort for mesh

generation. Details like intake ports and valves (valve reliefs) are not considered.

In a symmetric arrangement of IC-engine injector/piston bowl configurations
and if the fuel mass flow is the same for all holes of the injector, the analysis and
optimization of the spray injection and combustion processes is usually done by
simulating an engine segment model only. The angle of the segment is given by the

number of holes in the injection nozzle (angle = 360°/number of nozzle holes).
Commercial CFD software namely AVL FIRE owned by LIPI was used

throughout this study. The feature of automatic mesh generation was used to generate

the mesh used in this simulation work. The meshing process also takes into account the
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generation of a piston position, independent mesh topology for the spray domain, a
defined number and thickness of boundary layers, and matching of the compression

ratio.

During a mesh generation, a 2D model of a piston bowl along with the engine
data (bore, compression ratio, crank radius, connecting rod length, and piston pin offset)
were used to generate a mesh. The model was then imported into the CFD mesh
generator to start the meshing process. The model of piston bowl and the injector spay
angle is shown in Figure 3.7(a). Injector modelling including nozzle position, number of
injection holes, spray axis, and injection spray angle were defined during this phase.
The number and the thickness of boundary layers were specified. Based on the
geometry description made above, a set of computational meshes covering 360 °CA is
created. The 2D computational meshes consist of unstructured, quadrilateral mesh with

wall adaptation.

A three-dimensional set of computational meshes is created based on the two-
dimensional grids. The number of computational cells in circumferential (angular)
direction was defined. Due to an unsymmetrical arrangement of injector/piston bowl
configuration of the engine used in this work, an X and Y offset relative to the cylinder

axis has to be specified. Mesh processing is shown in Figure 3.7.

Mesh generation is critical to multi-dimensional CFD engine modelling due to
the fact that the mesh quality has a large impact on the numerical stability of CFD
solvers and the mesh density can influence the simulation results, depending on the
mesh-dependence of the numerical models (Lakshminarayanan & Aghav, 2010). Mesh
quality is one of the important aspects for successful CFD calculation. It is usually
required to check the following: negative volume, negative normal distance, partially
negative volume, duplicate cell, identical vortex, and irregular connection. Checking the
aspect ratio, skewness, edge angle, and twisted face are recommended. Additional check

could be performed on the face area and face are ratio.
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(©) (d)

Figure 3.7. Generation of computational model: (a) 2D piston bowl and spray target,
(b) definition of block structure, (c) 2D mesh, (d) final 3D mesh.

3.3.2 Setting the Boundary and Initial Conditions

Defining accurate boundary conditions are essential for IC engine simulation.
For instance, heat loss on the solid wall, is very sensitive to the corresponding boundary
conditions used in the simulation. Generally, there are four types of boundary
conditions in CFD simulation: inflow boundary; outflow boundary; rigid/fixed wall

boundary; periodic/cyclic boundary (Shi, Ge, & Reitz, 2011).

The boundary conditions for the model are shown in Figure 3.8. Three
boundaries were defined in the model, i.e. cylinder head, liner, and piston. Cylinder
head and liner are fixed wall, and hence they have velocity components of zero, while
the piston is moving mesh. The walls are assumed smooth and impermeable. For real
flows, the velocity of fluid, which is in contact with the wall, is equal to the wall

velocity. This is known as a no-slip condition. Temperatures for all boundaries were
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assumed constant. The movement of the piston is according to the crank-piston

mechanism.

Fixed wall

Fixed wall

Moving mesh

Figure 3.8. Boundary conditions.

The initial conditions state the introductory value of pressure, temperature,
turbulence kinetic energy, turbulence length scale, and turbulence dissipation rate. The
gas pressure and temperature at inlet valve closure results from thermodynamic
computation or experimental work. The boundary and initial conditions is shown di
Table 3.4

Table 3.4
Boundary and Initial Conditions
Boundary Condition
Name and type of boundary Temperature (K)
Cylinder head (fixed wall) 520
Cyinder liner (fixed wall) 450
Piston (moving mesh) 550
Intial Value
Parameter Initial value

Pressure 222235 Pa
Temperature 488.41 K
Turbulence kinetic energy 23.6 m°/s”
Turbulence length scale 0.0475 m

A recommendation for the global values for turbulence kinetic energy (TKE)
and turbulence length scale (TLS) are given in the Eq. (3.14) and (3.15)(AVL, 2011).

3
TKE = Su’ (3.14)
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n
cm=2xhx@ (3.15)

where u’' and c,, are the turbulence fluctuation velocity and mean piston velocity
respectively. For high speed diesel engine, these two velocities are correlated according
to Eq. (3.16) and (3.17)

u' =07xc, (3.16)
The turbulence length scale was calculated from the valve lift according to Eq. (3.17):

TLS = h,/2 (3.17)
where h,, is the maximum valve lift.

Another parameter that was defined in the initial condition is the amount of each
species involved in the simulation. Intake air was assumed to consist of oxygen (O,) and
nitrogen (N2). The surrogate diesel fuel was a blended of primary reference fuels n-
heptane (nC;His) and iso-octane (iCgHig). The mass fraction of hydrogen (H,) was

defined as initial value during dual fuel simulation.
3.3.3 Governing Equations

In the following, the basic equations used for gas phase is presented (AVL,
2011; Merker et al., 2006). The basic equations of continuity, momentum, and energy
calculated for a closed cycle are shown in Eq. (3.18) — (3.20). The momentum and
continuity equations are related to the calculation of velocity and pressure fields and the

energy equation calculates the enthalpy.

0 0

Fride o (pUy) (3.18)
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where p is fluid density, U is velocity, g is gravity acceleration, o Is the stress tensor, P
is pressure, W is viscosity, ¢ is the unit tensor, H is stagnation enthalpy, g is any thermal

source, 7 is the shear tensor and 4 is the coefficient of heat conductivity
3.3.4 Turbulence Model

Simulating the fluid flow in the internal combustion engine is mostly related to
turbulent flows. Hence, the accurate model of turbulence is a basis for precisely
simulating the real flows. Turbulence not only determines the details of the fluid flow
itself, but also strongly influences the physical and chemical processes taking place
during mixture formation and combustion. For example, in internal combustion engines
the turbulent kinetic energy is a major influencing factor on the propagation and
evaporation of liquid fuel spray droplets and the subsequent combustion of the air/fuel
mixture (Merker et al., 2012). In addition to the well-known, standard turbulence
models, such as k-¢, Spalart-Allmaras, and Reynolds Stress, the CFD code used in this
study offers the k-C-f turbulence model, recently developed and validated for engine

related flow, heat transfer and combustion processes (Basara, 2006).

For internal combustion engine flows, the k-C-f model (Hanjali¢, Popovac, &
Hadziabdi¢, 2004) gives more accurate results than the much simpler two-equation eddy
viscosity models of the k-¢ type by simultaneously exhibiting a high degree of
numerical robustness. In combination with a hybrid wall treatment, combining the

integration up to the wall with standard wall functions, the k-C-f turbulence model is
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universally applicable to computational meshes and flow situations of any reasonable

y+ value near the wall (Popovac & Hanjalic, 2007).

This turbulence model is aimed to improve numerical stability of the original
v2 — f model by solving a transport equation for the velocity scale ratio instead of -

velocity scale v2 as shown in Eq. (3.21).

2
- 3.21
¢ X (3.21)

The eddy-viscosity v; is defined according to Eq. (3.22)
vy = C,lkt (3.22)

The transport equation for ¢ is shown in Eq. (3.23), while the equation for the

relaxation factor f is shown in Eq. (3.24)

DA ¢ d v\ 0
T (5 r o)
1 P 2
AR = T ;(Cl —1+C, —8"> (( r §) (3.24)

The value of turbulent time scale z and length scale L are given by Eq. (3.25)
and Eq. (3.26). The constant coefficients are given in Table 3.5.

max [m'n (k 06 ) C (V)l/zl (3.25)
T = in|l—-,———|,C. (- :
€ V6C,|SI¢ €
) K3 k' v3 "a
L = C;max |min . ’\/ECHISIC , Gy <?> (3.26)
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Table 3.5
Coefficient Value for Turbulence Model

Constant Cu o¢ Cy C C. CL C,

(op]

Value 0.22 1.2 0.4 0.65 0.36 85

3.3.5 Spray and Atomization Model

The Kelvin-Helmholtz (KH) model (Reitz & Diwakar, 1987) was used in the
simulation study. The model is based on a first order linier analysis of a Kelvin-
Helmholtz instability growing on the surface of a cylindrical liquid jet with initial
diameter r, that is penetrating into a stationary incompressible gas with a relative
velocity u,..;. Both the liquid and the gas are assumed to be incompressible, and the gas

Is assumed to be inviscid.
This theory is applied to break-up modelling of liquid droplets with radius, r.
Waves grow on the drop surface with growth rate Q and wavelength 4. In the KH

model, a parent parcel with radius r breaks up to form new droplets with radius

Tnew SUCh that
Thew = C1.4 (3.27)
where C; = 0.61 is a constant. A new parcel containing product drops of size 7, IS

created and added to the computation. The growth rate ©Q of the fastest growing and thus

most unstable surface wave is:

q o 034+038. Wez> | o 228
S (1+2)A+1.4-TO6) |pd (3.28)

and the corresponding wavelength A,

902 1o(1 4045 2°9)(1 + 0.4 T7)
(1+0.865 - Wel67)™

(3.29)
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Z and T are the Ohnesorge number and the Taylor number, and ry is the radius of the

undisturbed jet. W, is the Webber number and Re is the Reynold number.

The droplet radius rates of reduction at a certain time t depends on the difference
between the actual value of the droplet radius r and an equilibrium droplet size (which
is equal to the child droplet radius r,,,, as well as on the value of a characteristic time
span T,

dr T —Thew

r
E = —? yTpu = 3.788 - Cz m (330)

C, is a constant that can have values ranging between 10 and 60, and it is usually
calibrated with experiments (Lakshminarayanan & Aghav, 2010).

The multi-component droplet evaporation is based on the approach of Abramzon
and Sirignano (1989), which has been extended by Brenn, Deviprasath, Durst, and Fink
(2007). The main difference to the single-component case is that mass transfer of every
component is taken into account separately, whereas heat transfer remains a global
mechanism. The droplet collision was modelled according to the algorithm proposed by
Schmidt and Rutland (2000). The method of looping in this model uses a pre-sorting
algorithm which is much more efficient for most cases. The higher the average numbers

of parcels per cell the greater the advantage.
3.3.6 Integration of Chemical Kinetics

In diesel engine simulations, combustion modelling mainly deals with two
processes: first, low-temperature chemistry, which leads to auto ignition and produces
intermediate species, and second, these intermediate species trigger high-temperature
reactions that contribute the main heat release, as well as further complete and
incomplete combustion products (Lakshminarayanan & Aghav, 2010). Another
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important task for combustion models is to properly account for the significance of the

effect of turbulence on the combustion processes

Direct integration of the chemical kinetics resolves the species conversion rates
by considering detailed chemistry for modelling engine combustion processes. The
solutions provide the combustion source terms in the energy and species transport
equations. Turbulence may or may not play a role at the sub-grid scale in the model,
depending on if the computational cells are treated as well stirred reactors (WSR) or
partially stirred reactors (PaSR) (Shi & Reitz, 2010)

In a combustion system a chemical kinetics mechanism is used to define the
reaction pathways and the associated reaction rates leading to the change of species
concentrations and heat release. An elementary chemical reaction of arbitrary

complexity can be represented by

N

N
Z X@ZvﬂX]forl 1,2, ..., M (3.31)

Where v/ and v; are the stoichiometric coefficient of the reactant and products,
respectively, and X is the arbitrary specification of all chemical species for the M
reaction. A species usually involved in multiple reactions in a chemical Kinetic
mechanism. Its production rate is the sum of its consumption and generation rate. It is
defined that:

v = vy — v (3.32)

i=1

Where g; is the reaction rate of reaction i, defined by the difference of forward and

reverse reaction rate
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ks and k, are the forward and reverse rate coefficient for the ith elementary reaction,

which are a function of temperature T and take the Arrhenius form as follows:
k = AT be(E/RT) (3.35)

The constant A, b, and E are the pre-exponential factor, temperature-dependence factor,
and activation energy respectively. R is the universal gas constant.

A reduced chemical kinetic model of primary reference fuel developed by Ra
and Reitz (2008) was used in this study. The mechanism consists of 41 species and 130
reactions. Some of reaction rate constants were modified to meet the experimental
results. The mechanism was constructed in CHEMKIN format and integrated into the

CFD using the internal chemistry interpreter.

To take into account the effect of both chemical kinetics and mixing, the
approach of Kong, Marriot, Reitz, and Christensen (2001) is used. It is assumed that the
computational cell to be just partially stirred. The role of turbulence in the combustion
is introduced through the turbulence timescale 7. The turbulence timescale is expressed

as:

k
=i (3.36)

where Cpix i1s @ model constant of an order of 0.1, which is tuneable in order to match
measured engine pressure traces and heat release data (Shi & Reitz, 2010). The
influence of both chemical kinetic and turbulence on source terms for species transport

equations reaction rate of the species are calculated as:
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The delay coefficient f was adopted from Kong, Han, and Reitz (1995)
1—e™
= 3.38
f 0.632 ( )
Wco, — Wh,0 — Wco — Wh,
T= (3.39)

1—wy,

3.3.7 Numerical Solution

The CFD Solver employs the finite volume discretization method which rests on
the integral conservation statements applied to a general control volume (CV).
Therefore, the finite volume method has the ability to preserve conservation properties
which are inherent in the integral equations. Obviously, the physical domain (space) has
to be divided into a number of non-overlapping control volumes which constitute a
numerical grid. A general convex polyhedron, i.e. a control volume bounded by an

arbitrary number of planar or even non-planar surfaces (faces) can be used:

The rate of change is discretized by using implicit schemes, namely an Euler
implicit scheme and a three time level implicit scheme of second order accuracy. The
overall solution procedure is iterative and is based on the Semi-Implicit Method for
Pressure-Linked Equations algorithm (SIMPLE) applicable to turbulent flows at all

speeds.

34 SUMMARY

This chapter has explained the detail step of the research work. The first step in
conducting this research was the experimental works on a diesel engine that has been
converted to accommodate hydrogen as fuel in dual fuel mode. Experimental setups,
detail of instrumentation, and measurement method have been outlined. The uncertainty
of the instruments and measurement was thoroughly described. The second step was the

development of the model for computational works. Model developments consist of
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mesh generation, setting of initial and boundary conditions, and setting of constants for
turbulence and spray models. The governing equations and the numerical solution of

CFD tools were briefly outlined.

Based on the experimental and simulation works explained in this chapter, the
results will be presented and discussed in Chapter 4. The first part will show and discuss
the performance and emissions of this dual fuel engine. Second part will mainly focus
on the analysis cyclic variability. In the part of combustion process, in-cylinder pressure
and heat release will be discussed thoroughly. Multidimensional simulation will
investigate and analyse the mixture formation and combustion process in more detail. A
CFD tool is used to get more information and to achieve a deeper understanding on the

physical and chemical interaction in the combustion chamber
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 INTRODUCTION

This chapter explains and discusses the effect of hydrogen addition on engine
performance, combustion, and exhaust emission. Engine performance is focused on
brake specific energy consumption and thermal efficiency. Exhaust emissions of NOy,
smoke, CO and CO; are outlined. The cycle-by-cycle of the combustion process is
discussed in the next part. Comparison on cylinder pressure and heat release is

discussed to explore the combustion process of both diesel and dual fuel engine.

The mesh independent test, model validation, mixture formation, and
combustion characteristics of the engines are numerical investigation of mixture
formation and combustion processes. The last part of this chapter is aimed at providing
the results of the CFD simulation of the in-cylinder physical and chemical processes
governing performance and emission characteristics of diesel and dual fuel engine with

wide ranges of hydrogen percentages.

42 ENGINE PERFORMANCE

4.2.1 Diesel-Hydrogen Energy Sharing

The engine speed and load were kept constant during the hydrogen addition to
the intake manifold. This mode can be realized by setting the dynamometer at fixed



load. The engine speed was kept constant by controlling the diesel fuel governor. When
hydrogen was introduced, the total energy input increased. Due to constant load setting
at the dynamometer side, the engine speed tended to increase. The injection pump lever
was then moved to reduce the engine speed until the defined speed achieved.

The percentage of diesel energy at each load condition when hydrogen was
introduced is depicted in Figure 4.1. This energy percentage was calculated according to
Eq. (3.14). When hydrogen was introduced into the intake port, part of diesel fuel was
replaced by hydrogen for all speed and load condition. It is shown that the percentage of
diesel fuel is higher when the engine was operated at higher load. This happens since
when the load was increased, more diesel fuel was introduced. It means that at the same

hydrogen flow rate, the percentage of diesel fuel is higher.

Overall, the trend of energy sharing is almost the same for all speed. At the
speed of 1500 rpm and load of 5 and 10 Nm, hydrogen can be added until 49.6 I/min,
the maximum hydrogen flow rate in this study. Hydrogen addition at higher loads was
limited by knock occurrence as shown in Figure 4.1(a). The maximum hydrogen flow
rate for engine operation with the load of 15 Nm was 42.8 I/min. Further increase in
engine load reduced the maximum hydrogen flow rate. Engine speed of 2000 rpm
shows a better knock resistance as it can be operated at higher loads with higher
hydrogen flow rates. Knock occurrence was not detected until the engine load of 20
Nm. The maximum hydrogen enrichment can be achieved until the load of 20 Nm as
depicted in Figure 4.1(b). At the engine speed of 2500 rpm, maximum hydrogen flow
rate at highest load was 48.2 I/min. The knock occurred at higher load limited the
maximum portion of gaseous fuel added to the dual fuel engine. This is due to high
compression ratio of CI engine and the quick burning of gaseous fuel benefiting from
the multi-point fuel process of the pilot diesel fuel (Ganesan, 2012). As the mass of
hydrogen introduced with air increases and leads to higher combustion temperature,
hydrogen mixture in the combustion chamber would be more susceptible to self-ignition
(Liu & Karim, 1995; Selim, 2004).
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Figure 4.1. Diesel energy sharing at various speeds.
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Figure 4.2 illustrates the response of diesel injector when the engine was operated
at 2000 rpm and 5 Nm. The reduction of diesel fuel was represented by the injector
needle lift over the crank angle. It can be noted that the start of diesel injection is almost
the same for all condition because there is no SOI controller in the engine used for this
study. The injector governor reduced the amount of diesel fuel to maintain the engine
speed when hydrogen was introduced. Diesel fuel reduction is shown by a smaller

distance of needle lift and the earlier end of injection.
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Figure 4.2. Effect on hydrogen addition on needle lift, engine operation at 2000 rpm
and 5 Nm.

4.2.2 Brake Specific Energy Consumption

Figure 4.3 depicts the variation of BSEC over the level of hydrogen enrichment.
BSEC indicates the amount of total fuel energy (diesel and hydrogen) needed to
produce power for an hour engine operation. Specific energy consumption is calculated
from the fuel consumption of individual fuels (diesel and hydrogen) multiplied by their

respective calorific value divided by the power output as stated in Eq. (3.6).
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Figure 4.3. Variation of BSEC with hydrogen enrichment.
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BSEC tends to increase slightly with hydrogen addition for all speed. As seen in
Figure 4.3, internal combustion engines are most efficient at high loads. Hydrogen
addition increases the overall equivalence ratio as calculated by Eqg. (3.1). Brake
specific energy consumption follows the trend in overall equivalence ratio, such that
both increase with hydrogen substitution. The highest specific energy consumption of
the entire experimental mode is observed at 2500 rpm and 5 Nm loads. This is due to
the large amount of incomplete combustion which occurs in this engine operation (Lilik
et al., 2010). Addition of hydrogen into the air intake displaces air with hydrogen and
reduces the mass of the intake charge. Air is the working fluid of an internal combustion

engine, and thus a reduction in air induction will reduce the output of an engine.

4.2.3 Brake Thermal Efficiency

Figure 4.4 shows the variation of brake thermal efficiency at all operating
conditions when hydrogen was introduced. The brake thermal efficiency relates the
effective brake power to the supplied fuel energy. It is seen that the most efficient
operation for all the engine speed is achieved at high loads. Hydrogen enrichment at the
flow rate of 21.4 I/min, 25 Nm load, and 1500 rpm gave the best efficiency of 34.9 %.
The break thermal efficiency for the same load and hydrogen flow rate at 2000 and

2500 rpm are 30.8 and 21.5 % respectively.

Hydrogen substitution decreased the brake thermal efficiency due to the
reduction of volumetric efficiency. The existence of gaseous fuel in the intake mixture
reduced the volumetric efficiency significantly. At higher engine speeds, the flow into
the engine during the least part of the intake process becomes choked. Further increases
in speed do not increase the flow rate significantly so volumetric efficiency decreases
(Heywood, 1988). The amount of air induced reduces and so does the engine output.

The brake thermal efficiency becomes lower with the increasing speed.
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4.2.4 Emissions Analysis

Effect of hydrogen enrichment on engine emissions when the engine was
operated at 2000 rpm is presented in the following section. Diesel main emissions are
NOx and smoke, but due to hydrogen enrichment, CO and CO, are taken into

consideration during the investigation.

Figure 4.5 shows the NOy variation at different loads applied when hydrogen
was introduced. It is shown that NOy was increased at higher loads. NOx formed in the
near stoichiometric mixture with a high temperature (Heywood, 1988). Higher load
resulted in higher temperature. This leads to higher NOy emission. At low temperature,
nitrogen exists as a stable diatomic molecule (N2). However, at very high temperature
such as in the combustion chamber, some diatomic molecule of nitrogen breaks down to
reactive monoatomic nitrogen (N). The chemical equilibrium constant of the reaction is
highly dependent on temperature (Ganesan, 2012). The monoatomic nitrogen can react
with oxygen or oxide of hydrogen to form nitrogen oxides. It is noted for the lower
loads (5 and 10 Nm), hydrogen enrichment tends to decrease the NOx emission. In these
loads condition, hydrogen enrichment decreases the cylinder peak pressure and
temperature. The diesel fuel percentage on energy basis reduced significantly with an
increase in hydrogen. The amount of diesel fuel to ignite the premixing of hydrogen
with air was reduced and resulted in a late start of combustion. The production of NOx
is also associated primarily with the pilot diffusion combustion zone, where very high
local temperatures are produced and longer reaction times are possible (Karim, 2015).
The small amount of pilot fuel in these low loads operation will reduce the high

temperature combustion zones.

NOx emission was relatively constant at the engine load of 15 Nm. Hydrogen
enrichment did not change significantly the cylinder pressure. The availability of diesel
portion is sufficient to achieve the efficient combustion. Higher loads (20 and 25 Nm)
resulted in the increase of NOy emission with hydrogen addition. In these loads, diesel
portion was sufficient to achieve more efficient combustion. Cylinder peak pressure was
increased. At the engine load of 25 Nm, the maximum hydrogen flow rate was 42.8
I/min. More hydrogen enrichment resulted in knocking, which limits the engine

operation. An increase in the amount of hydrogen beyond a limit can increase the
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number of active radicals and speed up the reaction. A sudden rise in the temperature of
hydrogen mixture in the neighbourhood of the sprays ignited the pilot fuel and the flame
fronts spread from these ignition points (Ganesan, 2012). A flame starting from ignition
point would have to propagate through the adjacent mixture before it meets flames from
similar neighbouring regions (Karim, 2015). This flame fronts consumes gas in its
surrounding and more thermal energy is released. This process speeds up reaction

everywhere and knocking occurred.
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Figure 4.5. Variation of NOx with load and hydrogen flow rate.

The variation of smoke level with load and hydrogen flow rates is shown in
Figure 4.6. Smoke is a visible product of combustion, formed due to poor combustion
(Saravanan & Nagarajan, 2008a). Soot emission is the major constituent of diesel
smoke and a main problem of diesel engine. It originates at high temperatures of more
than 1500 K with local lack of oxygen (Pischinger, 2002). Smokeless operations were
achieved except for the load of 25 Nm. When hydrogen was mixed with air, smoke was
not exhausted because hydrogen does not include carbon atoms in its molecular
structure (Tomita et al., 2001). The smoke meter was calibrated at 50.8 % of smoke

value. Negative value was achieved at no smoke condition. The small amount of smoke
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at high load is considered to be formed from the combustion of the diesel fuel. The

portion of diesel fuel at this load is more than 49.7 %.
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Figure 4.6. Variation of smoke number with load and hydrogen flow rate.

CO emission was not detected due to lean combustion. Carbon monoxide is
generated in an engine when it is operated in fuel-rich mixture. CO is not only
considered an emission, but it also represent lost chemical energy (Ganesan, 2012). The
overall equivalence ratio for all cases in this study was in the range of 0.20-0.65 which
was a lean mixture. The leanest mixture was diesel operation at low load of 5 Nm. A
traceable amount of 0.06 % CO was detected in this operation condition of diesel fuel
alone. Addition of hydrogen can condense CO emissions to a smaller value than the
exactitude of the measurement device (Deb et al., 2015). In addition, the higher
diffusivity of hydrogen in comparison to other fuels provides better homogeneity of the

combustible mixture which boost the combustion (Ghazal, 2013).

The variation of carbon dioxide with load for different value of hydrogen
enrichment is shown in Figure 4.7. This figure reveals that the formation of carbon
dioxide is reduced by the increase of hydrogen flow rate. The reduction in carbon
dioxide emission is due to the absence of carbon in hydrogen fuel (Bari & Mohammad
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Esmaeil, 2010). Small amount of 0.3 % CO; during pure diesel operation at 5 Nm load.
CO, was not traced on the dual fuel mode. Higher loads increase the production of CO,.
Hydrogen additions reduce the CO, emission. In all cases, hydrogen additions reduce
the amount of CO, emissions. Hydrogen addition to diesel fuel could decrease the
heterogeneity of diesel fuel spray since the high diffusivity of hydrogen results in a
superior premixed and more uniform combustible mixture (Szwaja & Grab-Rogalinski,
2009). Enhancement in the premixing of the combustible mixture will facilitate higher

efficiency for complete combustion (Ghazal, 2013).
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Figure 4.7. Variation of CO, emissions with load and hydrogen flow rate.

43  CYCLIC VARIABILITY OF DUAL FUEL COMBUSTION

There have been many studies concerning cycle-by-cycle variation and
combustion stability of spark ignition engines fuelled with gaseous fuels, either single
gas or blended gas (Huang et al., 2009; Ma et al., 2008; Wang et al., 2008). The
characteristics of mixture formation, ignition, and combustion process of the fuel-air

mixture that greatly influences the cycle variation are well understood. However, in the
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dual fuel engine that used the diesel fuel to ignite the hydrogen-air mixture, the ignition
characteristics of the gaseous fuel are not well understood. The combustion process in
the dual fuel engine is quite complex. It combines some of features and associated
problem of compression ignition engine , as well as those of premixed spark ignition
type (Karim, 2015). In addition to the cause of cyclic variations exist in diesel engine,
dual fuel engines appear to be more prone to cyclic variability in combustion noise due

to existence of gaseous fuel with compressed air (Selim, 2005).

Figure 4.8 shows the cylinder pressure variation for 36 consecutive cycles in
diesel and dual fuel operation at engine speed 2000 rpm and loads of 5 and 20 Nm.
Hydrogen was added at 49.6 I/min for dual fuel operation. Hydrogen enrichment
resulted in lower cylinder pressure when operate at 5 Nm. The average of maximum
cylinder pressure for 160 cycles in diesel operation was 71.10 bar, compared to that of
55.94 bar in dual fuel operation. The combustion process was promoted by the auto-
ignition of diesel fuel. In such a lower load, diesel percentage on energy basis reduced
significantly with an increase in hydrogen. The amount of diesel fuel to ignite the
premixing of hydrogen with air was reduced and resulted in a late start of combustion

and the combustion instability.

In contrast to low load operation, the cyclic variability at high load operation
was not so obvious, as depicted in Figure 4.8(c) and (d). It is noted that the cylinder
peak pressures resulted from dual fuel combustion are higher than that of diesel
combustion. In this operating condition, the percentage of diesel fuel is more than 30 %
and indicated efficiency is slightly increased at higher hydrogen flow rate. This portion
of diesel fuel is sufficient to produce efficient dual fuel combustion (Ganesan, 2012).
The cyclic variations are usually related to the occurrence of substantial combustion
instabilities, such as when operating at very lean gaseous mixture or employing
excessive EGR. In such conditions, the injection characteristics, the pilot fuel quantity,
and mixing processes significantly influence the variation. Larger pilot fuel and less

lean gaseous fuel-air mixtures produce stability engine operation (Karim, 2015).
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Figure 4.8. Cylinder pressure variation in diesel dual fuel engine operation.

Figure 4.9(a) depicts IMEP variation when hydrogen was introduced at the flow
rate of 21.4 I/min and 49.6 I/min. The engine operated at 5 Nm load and 2000 rpm.
There is a significant variability between these two cases but the mean values are almost
the same. The availability of diesel fuel needed to ignite the premixing of hydrogen with
air resulted in combustion instability. On energy basis, the percentage of diesel fuel at
21.4 I/min hydrogen enrichment was around 46 %. A further increase in hydrogen
enrichment at 49.6 I/min reduced the percentage of diesel fuel to 3 %. This portion of
diesel is not sufficient to produce an efficient and stable combustion. The minimum

amount of the pilot fuel to sustain the load is 5-7 % (Ganesan, 2012).
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Cyclic variability of IMEP when the engine is operated at 20 Nm load is shown
in Figure 4.9(b). Hydrogen addition slightly increased the average value of IMEP from
8.69 to 9.18 bar due to the increase of the cylinder peak pressure. The amount heat
released is slightly increased with hydrogen addition as shown in Figure 4.10. In this
higher load, the amount of diesel pilot fuel was 40.4 % of the total input energy.
Hydrogen addition reduced the percentage of diesel fuel, but it is sufficient to produce
the efficient and stable combustion (Ganesan, 2012). It is noted that cyclic variability
was slightly reduced with COV of 0.015 compared to that of 0.071 for lower hydrogen
flow rate. The hydrogen-air mixture was richer, but the amount of diesel pilot could

sustain the load and result in a stable combustion.

Figure 4.11 depicts the coefficient of variation of indicated mean effective
pressure for all loads applied and hydrogen enrichment. As stated above, the cyclic
variability tends to increase with an increase in hydrogen addition for the engine
operation at low load. Hydrogen addition until 36.2 I/min reduced the diesel pilot fuel
up to 13.9 % on energy basis. The percentage of diesel fuel when hydrogen was
introduced at 42.8 and 49.6 I/min was 4.5 and 2.9 % respectively. These small amounts
of pilot fuel are below the minimum percentage of pilot fuel to sustain the load
(Ganesan, 2012). The combustion become unstable and significantly increased the
coefficient of variance. Combination of small amount of diesel pilot fuel and lean
gaseous-air mixture may produce long delays that lead to slow post-ignition energy
releases. Flame propagation becomes more prone to variations (Karim, 2015). For the
same hydrogen flow rates and engine operation at higher loads of 10 and 15 Nm, it is
noticed that the coefficient of variances are slightly increase. The percentage of diesel
energy for the load of 10 Nm was 14.3 and 9.4 %, while for the load of 15 Nm it was 28
and 18.6 % respectively. More stable combustion was achieved compared with that of

engine load of 5 Nm.
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Figure 4.9. IMEP variation due to hydrogen addition at 5 and 20 Nm load.
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Figure 4.11. Coefficient of variation of IMEP at variable load and hydrogen flow rate.

It is noted that combustion stability was achieved at higher loads. The
combustion process was promoted by the auto-ignition of diesel fuel. At higher load and
the same hydrogen flow rate, diesel percentage on energy basis increased compared
with that of lower load operation. The minimum diesel energy sharing for the load of 20
and 25 Nm was 36.6 and 49.7 % respectively. The amount of diesel fuel to ignite the

premixing of hydrogen with air was high and resulted in more stable combustion.
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44  COMBUSTION CHARACTERISTICS

Analysis of combustion characteristics of the dual fuel engine in the
experimental works is based on cylinder pressure trace and its derivative parameters, i.e.
rate of pressure rise and rate of heat release. The variation of cylinder pressure traces at
engine speed of 2000 rpm and varied loads of 5-25 Nm load for different hydrogen flow
rates is shown in Figure 4.12. It is noted that hydrogen additions has a different impact
on the cylinder peak pressure. Hydrogen addition on the low load engine operation (5
and 10 Nm) reduced the peak cylinder pressure. On the other hand, the addition of

hydrogen at higher load operation increased the peak cylinder pressures.

Figure 4.12(a) shows the effect of hydrogen addition on the cylinder pressure at
5 Nm load. The addition of hydrogen substantially reduced the cylinder pressure after
the combustion was initiated. The combustion process was promoted by the auto-
ignition of diesel fuel. In such a lower load, diesel percentage on energy basis reduced
significantly with an increase in hydrogen as has been previously shown by diesel
energy sharing in Figure 4.1(b). The amount of diesel fuel to ignite the premixing of
hydrogen with air was reduced and resulted in a late start of combustion. Part of diesel-
type premixed combustion was also reduced as shown in rate of heat release diagram in
Figure 4.13. The deteriorated premixed combustion and elongated diffusion combustion
made the combustion process lasted for a longer time and correspondingly deteriorated

the engine performance (Liew et al., 2010)
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Figure 4.12. Cylinder pressure at various load and hydrogen flow rate at 2000 rpm.
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Figure 4.12(b) depicts the pressure traces at engine operating condition of 2000 rpm
and 10 Nm. The cylinder peak pressures when hydrogen was introduced are lower than
that of diesel operation. The peak pressure for diesel operation is found to be 74.07 bar.
There is insignificant peak pressure reduction when hydrogen was introduced at
21.4and 28.5 I/min. The peak pressure is found to be 71.81 and 71.92 bar respectively.
Further increase in hydrogen flow rate of 36.2 and 49.6 I/min reduces the cylinder peak
pressure to 69.94 and 51.67 bar respectively. The rate of pressure rise is shown in
Figure 4.14. The peak value of the rise shifted a few degree crank angle when the
hydrogen flow rate increased. This indicates a slower combustion reaction rate. The
pressure rise is almost the same with that of diesel combustion for hydrogen flow rate of
21.4 and 28.5 I/min. Further increasing hydrogen flow rate reduced both peak cylinder
pressure and pressure rise significantly. This may be due to the availability of diesel fuel
needed to ignite the premixing of hydrogen with air (Saravanan & Nagarajan, 2010).
The percentage of diesel fuel at 21.4 I/min and 28.5 I/min hydrogen enrichments were
45.9 % and 31.8 % respectively. A further increase in hydrogen enrichment reduced the
percentage of diesel fuel to 13.9 %, 4.5 %, and 2.9 %. These portions of diesel may not
be adequate to produce an efficient combustion and sustain the load (Ganesan, 2012).
Furthermore, the combustion starts a little bit later as shown in Figure 4.15. When
hydrogen was added at 49.6 I/min, slow heat release was noticed. The peak heat release

was at 15 °CA after TDC, resulted in a lower cylinder pressure.
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Figure 4.15. Rate of heat release at 2000 rpm, 10 Nm.

Figure 4.12(c) shows the variation of cylinder pressure for different level of
hydrogen enrichment at engine speed 2000 rpm and 15 Nm load. It is noted that the
cylinder peak pressures resulted from dual fuel combustion are slightly higher than that
of diesel combustion with its peak value observed at retarded phasing. As shown in
Figure 4.16, the peak heat release rate was observed at the premixed combustion stage.
Hydrogen addition was shown to retard the start of combustion and enhanced the
premixed combustion. Combustion was observed to be faster compared to that of diesel

engine operation.
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Figure 4.16. Rate of heat release at 2000 rpm, 15 Nm.

The cylinder pressures when operating at higher loads (20 and 25 Nm) are
shown in Figure 4.12(d) and (e). The hydrogen enrichment at these higher load engine
operations increased the cylinder pressures. The peak cylinder pressures were observed
at retarded phasing. It is observed from rate of heat release diagram as depicted in
Figure 4.17, hydrogen addition increased the peak value of heat release with retarded
phasing. The combustion duration was shorter with the increase of hydrogen. The
minimum diesel fuel portions at 20 and 25 Nm load were 36.6 % and 49.7 %
respectively. This diesel sharing seems to be sufficient to achieve the efficient and
sustain combustion with this hydrogen flow rate (Ganesan, 2012). As the amount of
hydrogen is increased, the gas air mixture in the vicinity of the spray plume also gets
oxidized and the ignition started at a number of points. The featured multiple turbulent
flames enhanced the heat release process of the hydrogen diesel dual fuel engine and

might have accelerated the combustion process of the diesel fuel (Liew et al., 2010).
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45 NUMERICAL INVESTIGATION OF DUAL FUEL COMBUSTION

45.1 Mesh Independence Test

Three meshes with different cell size namely fine, medium, and coarse mesh
were created. The total numbers of cells at TDC position are 75 500, 50 200, and 43 500
respectively. To validate the mesh independence, the calculation was run with the three
meshes with the same operating conditions. The cylinder pressure curves were
compared at the condition of 2000 rpm and 10 Nm load (see Figure 4.19). It can be seen
that there is no significant difference on the predicted cylinder pressure. By considering

the computational time, the coarse mesh was used for all the simulation.
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Figure 4.19. Mesh independence test; engine operating at 2000 rpm, 10 Nm.
4.5.2 Validation of Diesel Simulation

The developed computational model was validated by comparing the in-cylinder
pressure between the experimental results and simulation results for engine operating

conditions with diesel fuel only. The validation of cylinder pressures for all cases in this

investigation are shown in Figure 4.20.
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In general, the simulation’s results seem to have a good agreement with the
experimental data during the compression stroke and at the end of expansion stroke.
The pressure during the compression stroke can be simulated very well for all loads
applied. It was observed that the start of combustion of the simulation results occurred
earlier compared to that of experimental results. The pressure rise was faster, and the
peak pressures were slightly higher at advanced phasing. The reason behind the
advanced ignition timing is uncertain as it depends on various parameters both physical
and chemical (Xiao & Karim, 2011). as can be seen in Figure 4.21. The simulated
ignition timing is about 4 degree earlier than the measured one for engine operation at 5
Nm. For higher engine loads, the difference of ignition timing is about 2 degree, and the

difference of peak of pressure rises is wider.
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Figure 4.21. Rate of pressure rise for diesel combustion at 2000 rpm.
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Figure 4.21. Continued.

45.3 Validation of Dual Fuel Simulation

The CFD simulation of dual fuel combustion was focused at two loads operating
condition, 10 and 20 Nm which represents the low and high load. For the same
hydrogen flow rates, these two loads resulted in different combustion characteristics.
Hydrogen addition tends to decrease the peak cylinder pressures at the engine operation
of 10 Nm. On the other hand, higher cylinder peak pressures were achieved when
hydrogen was introduced at the higher load.

Figure 4.22 illustrated the comparison of simulation and experimental data of
the dual fuel engine combustion characteristic. The compression and expansion strokes
were good predicted by the simulation when the smallest amount of hydrogen was
introduced in this case (see Figure 4.22(a) and (c)). The start of combustion and cylinder
peak pressure at 10 Nm load and hydrogen flow rate 21.4 I/min were quite accurately
met the experimental results. The simulation cannot predict the combustion when
hydrogen was added at the highest amount at low load as depicted in Figure 4.22(b).
Experiment result shows that the combustion started later in the expansion stroke and

resulted a small increase in cylinder pressure.
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Figure 4.22. Comparison of cylinder pressure for dual fuel operation.

The comparison of simulation and experimental results of dual fuel operation at

higher load is shown in Figure 4.22(c) and (d). The compression and expansion stroke
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can be predicted quite accurately. The simulated ignition timing is about 2 degree earlier
then the measured one in case of hydrogen addition at low flow rate. The pressure rise
was faster, and the peak pressure was about 4 bar higher at advanced phasing. At higher
hydrogen flow rate, faster combustion was predicted but the start of combustion and the
peak pressure was almost the same but with the advanced phasing as can be seen in
Figure 4.22(d).

45.4 Characteristics of Mixture Formation

In the dual fuel operation, the pilot diesel fuel was injected into the compressed
hydrogen-air mixture during the compression stroke. The liquid fuel exits the injection
nozzle at high speed and interacts with a highly compressed hydrogen-air mixture. As a
result, the fuel jet disintegrates into small droplets. The drops are heated up as a result
of convective heat transfer and temperature radiation of the hot chamber walls and the
fuel finally begins to evaporate. Figure 4.23 depicts the injection rate profile and the
corresponding fuel evaporation progress. The period between the start of injection and
the start of combustion is the ignition delay. There are two process during the ignition
delay: physical delay and chemical delay (Ganesan, 2012). During the physical delay
period, the fuel is atomized, vaporized, mixed with air and raised to its self-ignition
temperature. As can be observed from Figure 4.23, the evaporation started about 4 °CA
after the injection started. It means that it takes about 0.33 ms for the injected fuel to
disintegrate and be heated up before evaporated. It is seen that the injected fuel was

completely evaporated at about 2 °CA after the end of injection.
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Figure 4.24 shows the spray evolution and the mass fraction distribution of
diesel fuel (n-heptane) from 2 °CA after the start of injection until the TDC (360 °CA).
From the top view of the cut plane at Z = -3 mm can be seen the influence of the swirl
motion on the spray. The effect of swirl on the droplet path is highlighted, particularly
for the droplets near the wall of the cylinder, where the tangential velocity is higher and
the droplets have a small size with respect to the injected size (injection droplet radius =

105 pm, equal to the nozzle radius).
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Figure 4.24. Spray evolution and the mass fraction distribution of diesel fuel: 2000
rpm, 20 Nm, H, flow = 42.8 I/min.
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Figure 4.24. Continued.

Most of diesel fuel vaporizes near the spray tips; zones of main evaporation are
located far from the nozzle direction. The smaller droplets that located on the outer part
of the spray are first vaporized. It is noted from the both cut planes, the area of fuel
vapour expanded until the start of ignition was commenced at 6 °CA before TDC. The
diesel fuel vapour was then consumed rapidly until the piston reached TDC position.
There are no more diesel vapour at these cut plane, however small amount of diesel

vapour still existed in the cylinder.
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455 Effects of Hydrogen Addition on Engine Combustion

Simulation results on the effect of hydrogen addition on cylinder pressures for
engine operation at 10 and 20 Nm are illustrated in Figure 4.25. Hydrogen addition on
the engine operation at 10 Nm resulted in the lower pressure. On the other hand, higher

peak cylinder pressures were achieved when hydrogen was added at higher load.

%70 ~ Ho flow rate
260 |- 0 Umin

250 L — 21.4 Imin

a 42.8 l/min

$40 49.6 I/min
a 30

C

@ 20

[,
=10

0 1 1 1 1 1

315 330 345 360 375 390 405
Crank angle (deg)
(@) 10 Nm

100
= T W flowrat
5 go | H2flowrate
2
o °r 0 I/min
5 60 - —— 21.4/min
% 50 42.8 Imin
= 40 49.6 I/min
c 30
@
L 20
Z 10

0 1 1 1 1 1

315 330 345 360 375 390 405
Crank angle (deg)

(b) 20 Nm

Figure 4.25. Simulation result of the effect of H, addition on cylinder pressures.

On the engine operation at 10 Nm load, higher hydrogen flow rates retards the
start of combustion as can be observed in the rate of heat release graph as depicted in
Figure 4.26(a). Hydrogen addition at 21.4 I/min retarded the start of ignition by 2 °CA

and reduced of rate of heat release by 10 J/deg. The cylinder peak pressure was slightly

86



reduced at retarded phasing. Further hydrogen addition at 42.8 I/min retarded the start of
by about 7 °CA. The peak value was almost the same with that of pure diesel operation.
Thus, the peak cylinder pressure was lower due to late combustion. A very low heat
release was noticed at hydrogen flow rate of 49.6 I/min, and no combustion was
detected.
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Figure 4.26. Simulation result of the effect of H, addition on rate of heat releases.

Figure 4.25(b) shows the simulation result of the effect of hydrogen addition on
the cylinder pressures at 20 Nm load. In contrast to the case of lower engine load,
hydrogen introduction at higher load resulted in higher cylinder pressures. Hydrogen
addition slightly retarded the start of combustion but increased the peak value as shown

in rate of heat release graph in Figure 4.26(b). Most of combustion occurred before
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reaching the TDC. More heat was released with the increase of hydrogen flow rate

resulted in higher cylinder peak pressures.

The start of ignition has an important role on the combustion process of dual
fuel engine. The auto-ignition of diesel pilot fuel is a chain-branching process including
the four reaction classes of chain initiation, chain propagation, chain branching, and
chain termination. After the start of injection, ignition occurs after a certain period, the
ignition delay. During this time delay, fuel droplet breakup and evaporates until a first
region of ignitable mixture with an air-fuel ratio of 0.5 <A< 0.7 is formed (Baumgarten,
2006). The chemical reactions in this region have to produce enough fuel radicals in
order to start the combustion process. The auto-ignition occurs when hydrogen peroxide
(H,O,) that has been accumulating in the reactive mixture, begins to decompose
producing two hydroxyl (OH) radicals (Warnatz, Maas, & Dibble, 2006). The
importance of this reaction is clearly depicted in Figure 4.27. During the compression
stroke, H,O, was formed in the reactive mixture. The concentration of H,O, decreases

rapidly as OH radicals is being formed, increasing the temperature of the reacting

mixture.
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Figure 4.27. Radicals (H20, and OH) mass fraction decomposition and formation.

Figure 4.28 shows the effect of hydrogen addition on the formation of OH
radical. In the engine operation of 10 Nm, hydrogen addition retarded the start of OH

radicals’ formation. The maximum OH mass fractions were also reduced with hydrogen
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addition. OH formation will increase the in-cylinder temperature. When the start of OH
formation was retarded, temperature increase was retarded as well. The start of
formation and the amount of OH radical will influent the in-cylinder temperature as
shown in Figure 4.29(a). In case of hydrogen addition at higher load, the start of OH
formations were slightly retarded but the maximum value of OH radicals’ mass fraction
were higher. The start of temperature rise was slightly retarded. Faster combustion was
noted at higher hydrogen flow rate, resulted in higher temperature as illustrated in
Figure 4.29(b).
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Figure 4.28. Time-histories of average OH mass fraction.
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Figure 4.29. Effect of hydrogen addition on cylinder temperature.

During the combustion process, hydrogen was consumed when the combustion
initiated by the diesel pilot was commenced. The progress of hydrogen consumptions
are illustrated in Figure 4.30. For hydrogen flow rate of 21.4 I/min, the initial mass
fractions at low and high load operations were 0.0028 and 0.0033 respectively. At the
end of calculation at 130 °CA after TDC the mass fraction became 0.000529 and
0.000376 respectively. It means that around 81 % and 89 % of hydrogen were converted
into the combustion products. In case of the highest hydrogen flow rate of 49.6 I/min
applied, the initial and final hydrogen mass fractions for low load operation were 0.0091
and 0.0080 respectively. Less than 12 % of hydrogen was converted into the
combustion products. For higher load operation, around 89 % of hydrogen can be
converted. The hydrogen conversion rate for both cases is shown in Figure 4.31.
Hydrogen conversion rate for engine operation at 20 Nm are around 90 % for all
hydrogen flow rate. For a lower load, a high conversion rate around 80 % was achieved
for hydrogen flow rate of 21.4 and 42.8 I/min, but it dropped to 12 % for higher
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hydrogen flow rate. It means that only small amount of hydrogen was combusted. The
amount of diesel pilot fuel in this likely cannot sustain the combustion (Ganesan, 2012).
A very small amount of OH radical was produced and it was occurred in the expansion
stroke (about 20 °CA ATDC) as illustrated in Figure 4.28(a). The combustion almost
undetected as shown by the in-cylinder temperature. Only small amount of hydrogen

was converted into the combustion product.
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Figure 4.30. Time-histories of average hydrogen mass fraction.
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Figure 4.31. Effect of hydrogen addition on hydrogen conversion rate.

4.5.6 Characteristics of Diesel Dual Fuel during Compression and Combustion

The spatial distributions of the instantaneous values of the various variables such
as velocity, temperature and the species mass fraction change continuously with time as
the piston move from BDC to TDC and as combustion takes place. Investigation of the
changes of these distributions can provide further understanding of how the mixture
formation and the combustion take place. The different key physical and chemical
factors that affect the combustion of hydrogen-air mixture and the pilot diesel fuel are of

interest in this investigation.

A specific representative operating condition at the speed of 2000 rpm and the
load of 20 Nm was chosen for this purpose. Dual fuel operation with hydrogen addition
at the flow rates of 42.8 I/min was the focus of investigation. The distribution of the
variables under investigation was visualized at the cut plane located along the spray axis
and at the position of 1 mm under the bottom plane of the cylinder head.

Figure 4.32 shows the typical distributions of velocity and the surrogate diesel
fuel (n-heptane) mass fraction 2 °CA after the start of pilot injection, at 14 °CA before
TDC. It can be observed that there are strong swirls at the top of piston bowl caused by

the intake generated swirl as shown in Figure 4.32(a). High velocity was noted near the
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edge of piston bowl. In this location, the intensive squish turbulent was also detected as
illustrated in Figure 4.32(b). These swirl and squish flow affect the liquid fuel
distribution due to the tangential velocity as shown in Figure 4.32(c) and (d), and
accordingly the distribution of other species within the combustion chamber.
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Figure 4.32. Velocity and diesel (nC;H16) mass fraction distribution at 12 °CA before
TDC.
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It was assumed that the diesel pilot fuel temperature during injection was 350 K.
The initial cylinder temperature at the start of calculation was 488 K. The mean cylinder
temperature increased during compression and reach about 1000 K at 12 °CA BTDC.
The temperature distribution was homogeneous because the combustion has not
initiated yet. The temperature was slightly lower at the spray position due to the lower
fuel temperature as depicted in Figure 4.33(a). The corresponding mass fraction
distribution of oxygen and hydrogen are shown in Figure 4.33(b) and (c) respectively.
Mass fraction distribution was homogeneous due to assumption that hydrogen-air
mixture was homogeneous at the start of calculation. The oxygen and hydrogen mass
fraction at this position were 20.79 and 0.82 % respectively. The mass fractions of these

species were slightly lower due to spray occupation at the nozzle position.

Figures 4.34-4.37 illustrated the commencement of the combustion process. The
combustion started around 5 °CA before TDC when the formation of OH radical began
as shown in Figure 4.28 and Figure 4.36. Some figures below give an illustration of the
commencement of the combustion in more detail. Figure 4.34 shows the temperature
distribution across the cut planes at 4 °CA before TDC. There are four regions with the
highest temperature in the vicinity of the fuel spray, which are also the regions where
the ignition first started. The corresponding mass fraction distributions of carbon
monoxide in Figure 4.35 also indicate these regions of ignition. It can be noticed that
more carbon dioxide was formed at that moment as shown in Figure 4.37. Small amount
of carbon dioxide was defined as the initial value at the start of calculation. The
formation of CO, due to combustion appears to lag by nearly 5 °CA behind that of CO
as shown in Figure 4.38.
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Figure 4.33. Temperature and species mass fraction distribution at 12 °CA before TDC.

95



2700
2500
2300
2100
1900
1700
1500
1300
1100
900

7an

(a) Plane along the spray axis

(b) Z =-5mm plane, under the cylinder head

Figure 4.34. Temperature distribution at 4 °CA before TDC.
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Figure 4.35. Carbon monoxide mass fraction distribution at 4 °CA before TDC.
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Figure 4.36. OH mass fraction distribution at 4 °CA before TDC.

0.11523
010371
0.09218.
0.08066
0.06912 (a) Along the spray axis
0.05761:
0.04608:
0.03456!
0.023041
0.01152:
0

[-]

(b) Z =-5 mm plane, under the cylinder head

Figure 4.37. Carbon dioxide mass fraction distribution at 4 °CA before TDC.
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Figure 4.38. Time-histories of average carbon monoxide and carbon dioxide
concentration.

The combustion process after the start of combustion is depicted in Figures 4.39-
4.44. The ignition was Initiated by the diesel pilot fuel and the flame then propagated to
combust the hydrogen-air mixture. Hydrogen was rapidly consumed during the time of
start of combustion until top dead centre as discussed earlier and has been shown
globally in Figure 4.30. The hydrogen mass fraction distribution during this fast
combustion is shown in Figures 4.39-4.40. Hydrogen occupied almost all the cylinder
volume at 5-4 °CA BTDC. The areas where the hydrogen mass fractions were reduced
seem to be occupied by the diesel vapour as described in the mixture formation
discussion. On the next step, 3 °CA BTDC, the majority of hydrogen was located near
the wall of piston bowl and the squish area. Small amount of hydrogen was also noticed
under the cylinder head which was not affected by the combustion as can be seen in
Figure 4.40. The hydrogen was then consumed by the flame propagation that started in
the vicinity of the spray towards the piston bowl as shown by the temperature
distribution in Figure 4.41-Figure 4.42. As can been at the spray cut plane, the area in
the vicinity of the spray shows the temperature increase. The area then spread towards
the piston bowl as the flame propagated. The flame propagation in the radial direction
can be illustrated by the temperature distribution in the cut plane under the cylinder
head as illustrated in Figure 4.42. The mean cylinder temperature increased from 1060

K until 1880 K during this compression stroke.
The combustion process can also be characterised by the consumption of

oxygen. The fuel alongside the oxygen was taken part in the combustion process.

Diminishing of oxygen during combustion process in the compression stroke is depicted
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in Figure 4.43. The similar shape of oxygen distribution with that of hydrogen and
temperature represented the combustion process of this dual fuel engine. During this
compression stroke, the hydrogen near the cylinder liner wall has not been combusted
yet as noticed in Figure 4.39. It is confirmed by Figure 4.43 that oxygen near the
cylinder wall has not combusted until the TDC, and the flame propagation has not

reached the wall as shown by temperature distribution in Figure 4.41.
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Figure 4.39. Hydrogen mass fraction distribution from 5°CA BTDC until TDC, cut
plane along the spray axis.
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Figure 4.40. Hydrogen mass fraction distribution from 5°CA BTDC until TDC, cut
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Figure 4.41. Temperature distribution across the spray axis from 5°CA BTDC until
TDC.
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Figure 4.42. Temperature distribution from 5°CA BTDC until TDC, cut plane Z = -5
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Figure 4.43. Oxygen mass fraction distribution across the spray axis from 5°CA BTDC
until TDC.
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Figure 4.44. Oxygen mass fraction distribution from 5°CA BTDC until TDC, cut plane
Z=-5mm.

Combustion process from the start of ignition until the TDC was characterized
by the fast heat release rate. The mean mass fraction of the pilot fuel (n-heptane) and the
main fuel (hydrogen) is shown in Figure 4.45. It is noticed that hydrogen was oxidized
rapidly some degrees crank angle after the ignition of diesel fuel started. It can be seen

by the rapid degradation of hydrogen mass fraction when reaching the TDC. The similar
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fast consumption of pilot fuel was also noticed. The slower combustion was observed

during the expansion stroke when most of the fuels have been oxidized.
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Figure 4.45. Time-histories of mean n-heptane and hydrogen concentration.

Figures 4.46-4.48 depict the progress of temperature distribution, hydrogen mass
fraction, and oxygen mass fraction respectively at different crank angles according to
time sequence starting from 4 °CA until 20 °CA after TDC. During this expansion
stroke, the flame propagated toward the cylinder liner wall as shown by temperature
progress in Figure 4.46. The hottest temperature area moved via the squish area to reach
the liner wall. The mean temperature increased until 9°CA ATDC and then gradually
decreased. This can be seen on the temperature distribution at frontal cut plane (Z = -5
mm). Distribution of hydrogen and oxygen shown in Figures 4.47-4.48 confirmed the
flame propagation and the combustion process. The hydrogen mass fraction distribution
in Figure 4.47 gives the illustration of the progress of hydrogen oxidation in the radial

direction to the cylinder wall.
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Figure 4.46. Progress of temperature distribution from 4°CA-20°CA ATDC.
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Figure 4.47. Progress of hydrogen mass fraction distribution from 4°CA-20°CA
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Figure 4.48. Oxygen mass fraction distribution from 5 °CA-20 °CA ATDC.

The end phase of the combustion during the expansion stroke is illustrated in
Figures 4.49-451. In this phase, the combustion becomes slower with the lower
temperature. Figure 4.49 shows the hydrogen mass fraction distributions at 55-65 °CA
after TDC, a position where most of the hydrogen has been oxidized. Most of the
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unburned hydrogen can be found in the low temperature regions near the wall. As can
be seen in Figure 4.50, the movement of in-cylinder gases was insufficient to help the
unburned hydrogen to mix effectively with the high temperature gases. The flow
movement tends to push the gas to the cylinder wall and to the bottom of piston bowl,
while the high temperature region was located in the region near the piston top. As can
be seen in Figure 4.51, the temperature is lowered in the burned zone next to the area

containing unburned hydrogen near the cylinder wall (liner).
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Figure 4.49. Hydrogen mass fraction distribution during the end of combustion phase
(50-65 °CA after TDC).
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Figure 4.51. Temperature distribution during the end of combustion phase (50-65 °CA
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46 SUMMARY

Engine performance, combustion, and emission have been revealed and
discussed in this chapter. Hydrogen can be utilized as fuel for diesel engine, either as
supplement or main fuel when the portion of hydrogen sharing was more than 50 % on
energy basis. In general, hydrogen additions slightly reduce the engine efficiency. The
combustion instability was noticed at low load operations and high hydrogen flow rates.
Knock occurrence was detected at high load operation. This abnormal combustion

limited the use hydrogen enrichment.

Superior exhaust gas emissions were achieved over the conventional diesel
combustion. The use of no carbon fuel reduced the emission except the NOy at high
load operation. CO was reduced due to lean combustion. The absence of carbon in
hydrogen reduced CO, emission. Smokeless operation was achieved at almost all

operating condition.

Predicted results of the 3-D CFD model with a reduced kinetics of 130
elementary reaction steps with 41 chemical species for the diesel combustion process in
homogeneously premixed hydrogen-air mixture validated well with some corresponding
experimental results. Mixture formation and combustion processes of diesel dual fuel
has been investigated and analysed using a CFD tool. The injection process, fuel
evaporation, fuel oxidation, species formation and consumption are amongst the
physical and chemical interaction in the combustion chamber that can be deeply

understood through the simulation.

The engine load represented by the amount of diesel pilot fuel has an important
role on the combustion process in case the hydrogen was introduced at the same flow
rate. The amount of diesel pilot fuel resulted in the different combustion characteristics
for the low and higher loads. Hydrogen introduction at low load engine operation will
deteriorate the engine performance. On contrary, better engine performance was
achieved at higher loads operation with the same hydrogen introduction. The role of OH

radical that triggered the ignition can be revealed by the simulation.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK

5.1 SUMMARY OF FINDINGS

Experimental and simulation works have been carried out to investigate,
observe, and analyse the mixture formation and combustion process of diesel-hydrogen

dual fuel engine. The main findings are summarized in the following sections:

5.1.1 Dual Fuel Experiment

A single cylinder DI diesel engine was converted to utilize hydrogen as fuel
under dual fuel operation. The engine was connected to a dynamometer to control the
speed or the load. During the hydrogen addition, the load and speed were kept constant.
Experimental results showed that in all engine speed, hydrogen admission tends to
achieve similar results. In the loads of 5 and 10 Nm, hydrogen additions reduced the
peak cylinder pressures. The rate of pressure rises were also reduced, the peak value of
the rise shifted a few degree crank angle. This indicates slower combustion rates. The
combustion efficiency was also lower and indicated by the lower indicated efficiency
and higher specific energy consumption (SEC). At the higher loads of 15, 20, and 25
Nm, hydrogen introduction increased the peak cylinder pressures. The diesel energy
sharing based on energy was more than 35 % that seems to be sufficient to achieve the
efficient combustion. However, knock occurrence was detected when hydrogen was

introduced at the highest flow rate.



NOxy tends to decrease with hydrogen addition at low loads (5 and 10Nm). This
is due to lower cylinder pressures and temperatures. At higher loads, NOy slightly
increased when hydrogen was introduced. NOy formation related to cylinder
temperature. Hydrogen resulted in a clean combustion. No smoke (particulate) was
detected except for the highest load where the percentage of diesel based on fuel energy
was the highest among the experimental cases in this research. Since the overall air-fuel
mixture was lean, no CO emissions were detected for all cases. The formation of carbon
dioxide was reduced with the increase of hydrogen flow rates. The reduction of CO,

emission was due to reduced intake air, means that the mixture become richer.

5.1.2 Cyeclic Variability

Cyclic variability tends to increase with the increase of hydrogen enrichment. It
is obvious especially at low load and hydrogen enrichment more than 30 1/min. It is
found that cyclic variability is reduced at higher engine load operation. At higher load
and the same hydrogen flow rate, diesel percentage on energy basis increased. The
amount of diesel fuel to ignite the premixing of hydrogen with air was increased and

resulted in better combustion stability.

5.1.3 CFD Simulation

The CFD simulation in this study incorporated a direct integration of the
chemical kinetic model into the CFD code. The integration of the chemical kinetics
resolves the species conversion rates by considering detailed chemistry for modelling
engine combustion processes. The PRF kinetic model with modified species reaction
rate was used throughout the simulation, both for pure diesel and dual fuel simulation.
Fairly good agreement was achieved, especially for engine load operation and lower
hydrogen flow rates. Simulation results of the engine modelling showed that:the
burning of hydrogen-air mixtures essentially occurs around the regions in the vicinity of

the spray with high temperature.
The simulation showed a good prediction of the effect of hydrogen addition on

the cylinder pressure both for the low and high loads. The results showed the similar

trend compared to those of the experimental results. At the low load, hydrogen addition
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retarded the start of combustion. Some cases showed the same peak value of the heat
release rate, however, the start of ignition was retarded some degree crank angle. A very
low heat release was noticed at hydrogen flow rate of 49.6 I/min, and no combustion
was detected. In contrast to the case of lower engine load, hydrogen introduction at
higher load resulted in higher cylinder pressures. Hydrogen addition slightly retarded
the start of combustion but more heat was released resulted in higher cylinder peak
pressures. Hydrogen-air mixture was rapidly oxidized, initiated by pilot diesel fuel
ignition. The combustion rate was slower when most of the pilot fuel was consumed.
About 90 % of hydrogen was converted into the combustion product for engine
operating at high load (20 Nm). At lower load (10 Nm), 80 % of hydrogen was
converted, and dropped until 13% for the highest hydrogen flow rate.

5.2  CONTRIBUTIONS OF THE PRESENT WORK

The present work involves the following contribution:

e Investigating the performance, combustion process, and emission of dual fuel
engine utilising hydrogen at wide range of hydrogen enrichment.

e Investigating the cyclic variability of hydrogen-diesel dual fuel engine.

e Developing a multidimensional model for dual fuel simulation. The model is
developed for investigating the interaction of liquid fuel spray with hydrogen air
mixture.

e Modifying and integrating a kinetic model into a CFD simulation tool. Both

chemical and turbulence effects on combustion were considered.

5.3 RECOMMENDATION FOR FUTURE WORK

Through the extensive experimental and numerical investigation into the diesel-
hydrogen dual fuel engine, some valuable insight and new ideas were identified. These
inevitably could not have been pursued more fully further within the present research.

The following may be considered as some possible future research:
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Incorporate a detailed pilot fuel injection model which can provide more
accurate results for pilot injection. Measured rate of injection would be a
valuable parameter for simulation input

Modify or develop an improved kinetic model for dual fuel combustion
processes with gaseous fuel as the main fuel.

Develop a full engine model including intake and exhaust port to take into
consideration the air flow into the cylinder. Different combustion chamber
geometries including the effects of changes in compression ratio can be studied
further.

Develop an improved heat transfer model which suit for dual fuel combustion
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C2H3+0=C2H2+0H
C2H2+0H=CH3+CO
C2H3=C2H2+H
C3H6+H=C3H5+H2
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CH2CHO+H=CH3+HCO
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CH20+0=HCO+0OH
CH20+H=HCO+H2
CH20+M=CO+H2+M
CH20+M=HCO+H+M
HCO+0OH=H20+CO
HCO+0=0H+CO
HCO+0O=H+CO2
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C2H6+CH3=C2H5+CH4

REV Parameters 9.6500E-10
C2H6+H=C2H5+H2

REV Parameters 9.7200E+02
C2H6+0H=C2H5+H20

REV Parameters 1.0100E+0Q07
C2H6+0=C2H5+0H

REV Parameters 2.0800E+13
CH3+CH3 (+M) =C2H6 (+M)

Fall-Off LOW Parameters 9.0880E+35
TROE Parameters 4.0500E-01
C2H6+02=C2H5+H02

REV Parameters 3.0000E+11
C2H6+HO2=C2H5+H202

REV Parameters 1.0700E+11
C2H6+C2H4=C2H5+C2H5

REV Parameters 5.0000E+11

C2H6+M=C2H5+H+M
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.0000E+00
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.3030E+04
.0262E+02
.0262E+02
.8083E+04
.4092E+04
.5622E+02
.2129E+03
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0000E+00
1.0065E+03
.3251E+04
.5491E+02
.0081E+04
.0000E+00
.9628E+04
.3890E+03
.5098E+03
.4997E+04
.0765E+04
.0000E+00
.0000E+00
.0000E+00
.0000E+00
.0433E+03

.6170E+03

.3030E+02

.9507E+03

.1998E+02

.0000E+15
.5617E+04

.0297E+04

.0196E+04

.1434E+04



REV Parameters 1.1500E+13 3.0000E-01 -
105 C2H6+CH2=C2H5+CH3 2.2000E+13 0.000 4.3634E+03
REV Parameters 2.6600E+10 6.0000E-01 8.5858E+03
106 C2H6+CH302=C2H5+CH302H 1.7000E+13 0.000 1.0297E+04
REV Parameters 7.5000E+11 0.0000E+00 6.4419E+02
107 C3H6+C2H5=C3H5+C2H6 1.0000E+11 0.000 4.9321E+03
REV Parameters 5.3700E+05 1.3000E+00 8.2738E+03
108 C3H5+C2H5=C2H6+C3H4 4.0000E+11 0.000 0.0000E+00
REV Parameters 1.8000E+12 1.0000E-01 2.0297E+04
109 C2H4+0=CH2CHO+H 3.3900E+06 1.900 9.0086E+01
110 C2H3+02=CH2CHO+0O 3.5000E+14 -0.600 2.6472E+03
111 CH2CHO+02=CH20+CO+0H 2.0000E+13 0.000 2.1137E+04
112 C2H2+0H=CH2CO+H 2.1900E-04 4.500 -5.0327E+02
113 CH2CO+H=CH3+CO 1.1000E+13 0.000 1.7111E+03
114 CH2CO+0=CH2+CO02 1.7500E+12 0.000 6.7942E+02
115 CH2CO (+M)=CH2+CO (+M) 3.0000E+14 0.000 3.5722E+04
Fall-Off LOW Parameters 3.6000E+15 0.0000E+00 2.9829E+04
116 C3H6+0=CH2CO+CH3+H 2.5000E+07 1.800 3.8249E+01
117 CH2CHO=CH2CO+H 3.0900E+15 -0.300 2.5576E+04
118 CH3+02+M=CH302+M 5.4400E+25 -3.300 0.0000E+00
119 CH302+CH3=CH30+CH30 2.4100E+12 0.000 0.0000E+00
120 CH302+0=CH30+02 3.6100E+13 0.000 0.0000E+00
121 CH302+H=CH30+0OH 9.6400E+13 0.000 0.0000E+00
122 CH30+H=CH3+OH 1.0000E+14 0.000 0.0000E+00
123 CH3+0=CH20+H 8.0000E+13 0.000 0.0000E+00
124 CH3+02=CH30+0 2.0000E+18 -1.600 1.4701E+04
REV Parameters 3.5800E+18 -1.6000E+00 -
125 CH3+H (+M)=CH4 (+M) 2.1400E+15  -0.400  0.0000E+00
Fall-Off LOW Parameters 3.3100E+30 -4.0000E+00 1.0609E+03
TROE Parameters 0.0000E+00 1.0000E-15 1.0000E-15 4.0000E+01
H2 3rd body: 2.0000E+00
H20  3rd body: 5.0000E+00
Cco 3rd body: 2.0000E+00
Ccoz2 3rd body: 3.0000E+00
126 CH302H=CH30+0H 6.3100E+14 0.000 2.1288E+04
127 CH302+CH20=CH302H+HCO 1.9900E+12 0.000 5.8732E+03
128 C2H4+CH302=C2H3+CH302H 1.1300E+13 0.000 1.5315E+04
129 CH4+CH302=CH3+CH302H 1.8100E+11 0.000 9.3005E+03
130 CH302+H02=CH302H+02 1.7500E+10 0.000 -1.6482E+03
>>> No. of reac. with 3rd body : 13
>>> No. of reac. with fall off : 6
>>> No. of "REV" reactions 13
>>> No. of real RO reactions 0
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