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ABSTRACT 

Hydrogen has been largely proposed as a possible 
alternative fuel for internal combustion engines. Its wide 
flammability range allows higher engine efficiency with 
leaner operation than conventional fuels, for both 
reduced toxic emissions and no CO2 gases. 
Independently, Homogenous Charge Compression 
Ignition (HCCI) also allows higher thermal efficiency and 
lower fuel consumption with reduced NOX emissions 
when compared to Spark-Ignition (SI) engine operation. 
For HCCI combustion, a mixture of air and fuel is 
supplied to the cylinder and autoignition occurs from 
compression; engine is operated throttle-less and load is 
controlled by the quality of the mixture, avoiding the 
large fluid-dynamic losses in the intake manifold of SI 
engines. HCCI can be induced and controlled by varying 
the mixture temperature, either by Exhaust Gas 
Recirculation (EGR) or intake air pre-heating. A 
combination of HCCI combustion with hydrogen fuelling 
has great potential for virtually zero CO2 and NOX 
emissions. Nevertheless, combustion on such a fast 
burning fuel with wide flammability limits and high octane 
number implies many disadvantages, such as control of 
backfiring and speed of autoignition and there is almost 
no literature on the subject, particularly in optical 
engines. Experiments were conducted in a single-
cylinder research engine equipped with both Port Fuel 
Injection (PFI) and Direct Injection (DI) systems running 
at 1000 RPM. Optical access to in-cylinder phenomena 
was enabled through an extended piston and optical 
crown. Combustion images were acquired by a high-
speed camera at 1° or 2° crank angle resolution for a 
series of engine cycles. Spark-ignition tests were initially 
carried out to benchmark the operation of the engine 
with hydrogen against gasoline. DI of hydrogen after 

intake valve closure was found to be preferable in order 
to overcome problems related to backfiring and air 
displacement from hydrogen’s low density. HCCI 
combustion of hydrogen was initially enabled by means 
of a pilot port injection of n-heptane preceding the main 
direct injection of hydrogen, along with intake air pre-
heating. Sole hydrogen fuelling HCCI was finally 
achieved and made sustainable, even at the low 
compression ratio of the optical engine by means of 
closed-valve DI, in synergy with air-pre-heating and 
negative valve overlap to promote internal EGR. Various 
operating conditions were analysed, such as fuelling in 
the range of air excess ratio 1.2–3.0 and intake air 
temperatures of 200–400 °C. Finally, both single and 
double injections per cycle were compared to identify 
their effects on combustion development. 

INTRODUCTION 

BACKGROUND 

Hydrogen has been suggested as a possible 
replacement for most fuels used today and can be 
produced from fossil fuels and sustainable methods in 
many different ways: from natural gas, biomass, or wind 
and solar energy through electrolysis of water. The main 
advantage of burning hydrogen in internal combustion 
engines is its lack of carbon content, leading to total 
absence of Particulate Matter (PM), Unburned Hydro-
Carbons (UHC), CO and CO2 exhaust emissions. In fact, 
the idea of an internal combustion engine running on 
pure hydrogen is as old as the engine itself. Cecil was 
probably the first to recommend the use of hydrogen as 
a fuel for powering engines [1]. Nicolaus Otto himself 
(1832–1891) worked with synthetic producer gas, which 
probably contained more than 50% hydrogen [2].  
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The lack of established technology necessary to handle 
specific difficulties associated with the properties of 
hydrogen, as well as the diversity of strong political 
opinions and projected infrastructure costs for the safe 
production and delivery of hydrogen on a large scale, 
have discouraged most automotive manufacturers for 
many years from promoting hydrogen as a fuel for their 
internal combustion engines. However, automotive 
manufacturers are seriously challenged today not only 
by legislative demands of low emissions but also by the 
need to decrease their dependency on non-renewable 
fuels, therefore, hydrogen has recently been the subject 
of much discussion, research and publications. In the 
past few years, research on hydrogen engines has been 
reported by several engine manufacturers [3–8], with 
BMW leading the way [9–12]. 

Hydrogen has several unique properties, most of which 
are quite different from conventional fuels. Some of 
these properties are summarized in Table 1 [12–16]. 
Hydrogen has very low density and, although its heating 
value on a mass basis is very high in comparison to 
other fuels (120 MJ/kg for hydrogen, 43.5 MJ/kg for 
gasoline), on a volume basis this is the lowest among 
common fuels (10.2 MJ/m3 for hydrogen, 216.4 MJ/m3 
for gasoline). However, hydrogen has a wide range of 
flammability and its minimum ignition energy is about 
one order of magnitude less than that required for 
gasoline. Additionally, the autoignition temperature of 
hydrogen is relatively high. This allows larger 
compression ratios to be used in hydrogen engines for 
higher efficiency. Hydrogen’s flame speed is nearly one 
order of magnitude higher than that of gasoline and 
other hydrocarbon fuels. For leaner mixtures, however, 
flame velocity decreases significantly. Its adiabatic flame 
temperature is generally higher than that of other fuels. 
Hydrogen also has some very high values of key 
transport properties, such as kinematic viscosity, thermal 
conductivity and diffusion coefficient. These differences 
lead to a Lewis number that is lower than that of most 
common fuels and contribute substantially to the unique 
combustion characteristics of hydrogen [17–18].  

These facts mostly dictate that hydrogen is an excellent 
fuel for satisfactory performance in engine applications. 
However, there are various challenging issues 
associated with putting hydrogen to practice in internal 
combustion engines, e.g. high pressure rise, occurrence 
of pre-ignition/knocking in the combustion chamber and 
sequential advancement of pre-ignition and backfire into 
the intake manifold mainly under heavy load. The need 
to avoid pre-ignition/knocking phenomena is a serious 
consideration in all types of engines. If the burning 
velocity is increased and the combustion period is 
shortened, the occurrence of knock may be suppressed. 
Hydrogen, when added to gasoline, has been found to 
increase the burning velocity and therefore control the 
onset of knock; this might also be due the obstruction of 
radical production by hydrogen [8]. However it is the 
occurrence of pre-ignition that leads to backfire that has 
raised some important obstacles to the growth of 
hydrogen engines. A backfire occurs when the air-fuel 

charge is ignited during the intake stroke by heat 
sources before being ignited by the spark, resulting in 
combustion in the intake manifold. Hydrogen’s minimum 
ignition energy is less than one tenth that of gasoline, 
which allows very small hot spots in the cylinder to ignite 
the hydrogen-air mixture during the intake stroke and 
flame to backfire into the intake system. Lubricant 
deposits, or the spark-plug electrodes, rather than the 
residual gas itself, are thought to initiate backfire [3, 19]. 
Hydrogen’s small quenching distance also means that a 
hydrogen flame can more readily get past a nearly 
closed intake valve. 

Table 1. Properties of Hydrogen and Other Fuels. 

Parameter Hydrogen Methane Gasoline 

Density [kg/m3] 0.09 (0 °C) 
71 (-253 °C) 

0.72 (0 °C) 
423 (-162 °C) 

730–780 
5.1 (vapour) 

Stoichiometry 
[kgAir/kgFuel] 

34.3 17.2 14.7 

Lower Heating Value 
[MJ/kg] 120 50 43.5 

Lower Heating Value 
at �=1 [MJ/kg] 3.40 2.72 2.83 

Boiling Temperature 
[°C] -253 -162 25–215 

Ignition Limits 
[Volume%, �] 

4–75, 
0.15–10 

5.3–15, 
0.7–2.1 

1.0–7.6, 
0.4–1.4 

Minimum Ignition 
Energy at �=1 [mJ] 0.02 0.29 0.24 

Autoignition 
Temperature [°C] 585 540 350 

Research Octane 
Number �130 �120 90–100 

Kinematic Viscosity 
[m2/s] 110�10-6 17.2�10-6 1.18�10-6 

Thermal Conductivity 
[W/m K] 182.0�10-3 34.0�10-3 11.2�10-3 

Diffusion Coefficient 
in Air [m2/s] 6.1�10-5 1.6�10-5 0.5�10-5 

Quenching Distance 
[mm] 0.64 2.03 2.0 

Laminar Flame 
Speed at �=1 [m/s] 2.0 0.4 0.4–0.6 

 
A general review of the research done on hydrogen as a 
fuel for automotive applications up to the mid 90’s has 
been given by Norbeck et al. [20]. More recent reviews 
have been published by White et al. [21] and Verhelst et 
al. [22–23]. However, none of these have looked into 
both Spark Ignition (SI) and Homogeneous Charge 
Compression Ignition (HCCI), or Controlled Auto-Ignition 
(CAI), concepts. The following sections aim to provide 
an overview of both these combustion systems when 
used with hydrogen because both form an integral part 
of the current publication. 
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Spark Ignition: Hydrogen engines require a variety of 
parameters to be adjusted for satisfactory operation. 
Spark advance must be reset to suit the high flame 
speed of hydrogen; typically ignition must be retarded by 
up to 40° Crank Angle (CA) in comparison with gasoline 
at similar operating points. Additionally, as mentioned 
above, the wide flammability limits of hydrogen make it 
very prone to pre-ignition which along with knocking is 
one of its most discussed and controversial 
characteristics. The reason of such ‘uncontrolled’ 
autoignition issues seems to de dependent on load. One 
could argue that a fuel with such a high Research 
Octane Number (RON � 130) should not show tendency 
to knock but hydrogen does not fit well into the normal 
definitions of octane number. It has a very high RON and 
a low MON (Motor Octane Number) [24]. MON is a 
better measure of how the fuel behaves under load 
because MON testing uses a similar test engine to that 
used in RON testing, but with a preheated fuel mixture, a 
higher engine speed and variable ignition timing to 
further stress the fuel’s knock resistance. Typically, the 
MON of a modern gasoline is about 8–10 points lower 
than the RON. It can be said that hydrogen, with a much 
lower MON than RON, has a relatively low knock 
resistance in practice due to its very low ignition energy 
(primarily due to its low dissociation energy) and very 
high flame speed [24]. For example, Li and Karim [25] 
found that the knock-free operational region tends to 
narrow significantly with increasing compression ratio 
and/or intake temperature. It has also been documented 
that knocking of hydrogen is dependent on equivalence 
ratio and it is not due to end gas reaction [13].  

Another issue of interest in hydrogen engines is that 
NOX emissions from stoichiometric combustion of pure 
hydrogen, or from mixtures of hydrogen with natural gas 
or gasoline, are comparable, if not higher, to those from 
gasoline or natural gas engines (typically 2000–4000 
ppm). However, it is possible to burn hydrogen in much 
leaner/cooler flames than gasoline or natural gas allows 
to, i.e. with Air-to-Fuel Ratio (AFR) greater than the 
stoichiometric one or, differently, for �=AFR/AFRstoic>1. 
This leads to relatively low NOX emissions, especially for 
�>2.5–4.0 [26–34]. Exhaust gas recirculation (EGR) can 
also be used to control the combustion duration, 
knocking and NOX emissions in SI hydrogen engines 
[13, 35–40]. 

Particularly due to pre-ignition/backfire and NOX-related 
problems, injection systems and mixture preparation 
strategies for hydrogen engines have attracted a lot of 
attention. However, no commercial injectors have been 
fully developed yet specifically for hydrogen engines 
because much larger volumes of fuel must be injected 
per stroke due to the very low density of hydrogen. 
Additionally, hydrogen’s low lubricity leads to severe 
problems with the durability of injectors that have been 
originally designed for common fuels. Nevertheless, an 
appropriately designed electronically-controlled system 
can be adopted for engine operation with both hydrogen 
and compressed natural gas without any major alteration 
to the hardware of the system [41–42], particularly for 

research and demonstration purposes. Therefore, 
commercially available natural-gas injectors are 
generally being used nowadays as the baseline design 
for hydrogen injectors. Lee et al. [3, 19] reported that an 
intake port injection system of hydrogen could be easily 
adopted on a conventional SI engine with simple 
modifications, in contrast to in-cylinder high-pressure 
injection systems. Therefore, Port Fuel Injection (PFI) 
systems have been far more popular than Direct 
Injection (DI) systems, mainly due to their simplicity and 
relative ease of use as plug-on systems to standard SI 
engines [6–7, 43–44]. However, with PFI systems, main 
problems to overcome are backfire, air displacement and 
low calorific value of the inducted charge. A commonly 
used strategy to prevent backfire in PFI hydrogen 
engines is to retard the injection such that the end of 
injection is timed to occur just prior to intake valve 
closure. This enables hot residual gases to be cooled by 
fresh air [13]. Additionally, by keeping �>2, backfiring 
can be generally eliminated [45]. However, mixtures of 
hydrogen and air formed by PFI typically have about 
18% lower calorific value at stoichiometric conditions 
than gasoline mixtures which leads to a substantial 
power deficit and the need for supercharging [46–47]. 

Therefore, with regards to air displacement, energy 
density and power output, adoption of hydrogen DI 
systems is a better way forward [22]. In this case, the 
fuel is normally injected when the intake valves have 
already closed, therefore backfire is not an issue even at 
higher loads and, thus, richer engine operation can be 
achieved. Guo et al. [48] used a DI system to improve jet 
penetration and mixture formation and showed that 
backfire, pre-ignition and knock could all be controlled. 
On the other hand, PFI engines retain still all the 
advantages related to improved mixture homogeneity 
due to longer mixing times, extended lean operation, 
lower cyclic variability, lower NOX production at part load 
and better efficiency. For example, Meier et al. [49] 
found that backfiring did not occur with internal mixture 
formation but the lean limit of operation was better with 
external mixture formation (�=4 for PFI in comparison to 
�=3 for DI). Yi et al. [50] discussed the development of a 
hydrogen DI system and concluded that this led to 
enhanced volumetric efficiency at high load and to 
higher level of engine output, but to higher level of NOX 
at stoichiometry as well.  

Although various technical problems of hydrogen SI 
engines have been tackled and solved in an empirical 
manner, very little work has been published on 
diagnostics of hydrogen combustion in optical engine 
designs. Heywood and Vilchis [51] were probably the 
first to use schlieren imaging to compare propane and 
hydrogen combustion in an optical SI engine. They 
showed that the propane and hydrogen flames fell in 
different turbulent flame regimes because the hydrogen 
turbulent flame thickness was about one third to one 
quarter that of propane, whilst the speed of burning was 
much faster that that of propane. Meier et al. [52] used 
Raman scattering in a DI hydrogen SI engine and 
reported that the quality of mixing was not affected by 
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injection timing which could be attributed to the high 
diffusivity of hydrogen. Rayleigh scattering and schlieren 
imaging have shown that high injection pressures may 
lead to hydrogen concentrations beyond the ignitability 
limit [53]. Meier et al. [49] used a schlieren system to 
visualise hydrogen-air mixture formation in an SI engine 
and calculated that the flame speeds obtained with 
internal mixture formation were significantly higher than 
those with external mixture formation. Laser Induced 
Fluorescence (LIF) techniques have been recently 
developed for the study of mixture formation in hydrogen 
engines, particularly with DI systems [54–55]. 
Additionally, recent studies involving flame 
chemiluminescence in DI hydrogen engines by White 
[56] (optical engine), as well as Wallner et al. [57–58] 
(endoscope), have illustrated the benefits of higher 
injection pressures and specific injector nozzle designs 
with respect to mixture formation and NOX emissions. 

Controlled Autoignition: SI gasoline and Compression 
Ignition (CI) Diesel engines have recently been 
accompanied by CAI or HCCI engines. CAI/HCCI 
engines may be considered as hybrids of SI and CI 
engines because these use premixed charge as SI 
engines do, but the charge is forced to autoignite by 
compression as in CI engines. Autoignition occurs 
simultaneously at multiple points across the cylinder, 
resulting in very fast combustion and enabling all the 
heat to be released within a short time space [59].  

Although HCCI has attracted significant attention by 
various research groups during the last decade, there 
are still several difficulties in applying this mode of 
combustion to current engine designs over a wide range 
of operating conditions because several fundamental 
questions still need to be answered with respect to the 
in-cylinder physics of this combustion mode [60]. 
However, it is already well-known that large amounts of 
residual-gas recirculation and/or air-preheating are 
essential to achieve HCCI combustion [61–64]. The 
combination of fast heat release and the use of a lean 
charge, gives close to constant volume combustion with 
low peak gas temperatures leading to reduced heat 
transfer losses through the cylinder. The main benefits of 
HCCI combustion are very low NOX emissions and 
overall improvements in fuel economy/efficiency [65].  

Since HCCI engines operate on controlled autoignition of 
fuels, the use of high compression ratios has been 
deemed essential. Combustion chamber geometry has 
also been reported as quite important [66]. Conventional 
SI engine designs are typically limited to a compression 
ratio of approximately 11:1 (the latter mainly for DISI 
engines that benefit from the effects of increased charge 
cooling), therefore quite sophisticated systems are 
required to enable HCCI on current engine geometries. 
For example, use of fully variable valve timing systems 
with fully flexible valve timing strategies are needed to 
promote various levels of non-cooled internal EGR and 
also effectively induce variable compression ratios over 
a range of engine operating conditions. 

Although HCCI engines have been reported to be very 
fuel flexible from the outset [67] and significant HCCI 
literature already exists on a variety of fuels [68], there is 
still very little knowledge on the use of hydrogen as the 
only fuel in HCCI engines. Theoretically, an HCCI engine 
running on hydrogen could lead not only to zero local 
emission of CO2, CO, UHC and PM, but to near zero 
emission of NOX as well due to the low temperature 
reactions involved with HCCI combustion. Thus, a 
successful hydrogen HCCI combustion system could 
result in a highly efficient and truly emission-free engine, 
potentially able to challenge alternative propulsion power 
plants and, for example, perhaps serve to bridge the gap 
between internal combustion engines and fuel cells. 

The autoignition temperature and diffusivity of hydrogen 
are both higher than those of gasoline or mixtures of n-
heptane/iso-octane in air, implying a very different 
mixing and autoignition mechanism. Naber and Siebers 
[69] investigated the autoignition of hydrogen in a 
constant-volume combustion chamber under simulated 
engine conditions with large amounts of dilution and 
showed that reasonably short ignition delays were 
obtained for ambient gas temperatures greater than 
1120 K and for O2 concentrations in the range 5–21%. A 
five-fold decrease in ignition delay was observed for a 
10% increase in ambient gas temperature. The 
dependence of ignition delay on ambient pressure was 
small. Their results suggested that a hydrogen 
autoignition engine could meet ultra low emission 
standards without exhaust gas after-treatment by using 
intake charge dilution techniques. Noda and Foster [70] 
made a numerical study on the effect of inhomogeneities 
on hydrogen HCCI combustion, concluding that the 
intake gas temperature was more dominant on 
autoignition timing than the AFR was. Lu et al. [71] used 
chemical kinetics modelling to show that some chemical 
species, including OH, can significantly change the pace 
of autoignition; adding these species to the mixture prior 
to ignition changed the initiation of the chain reactions 
and significantly reduced the ignition delay.  

In real engines, hydrogen has been mainly researched 
as an ‘additive’ fuel to HCCI combustion systems, e.g. 
from a reformer or in combination with DiMethyl-Ether 
(DME). In such studies, better control of the timing of 
autoignition and improved thermal efficiency have been 
reported [72–75]. Yap et al. [76] studied hydrogen 
addition to a natural-gas HCCI engine using modelling 
and experiments and found a reduction in the intake 
temperature required for HCCI operation, presumably 
due to the higher diffusivity and better mixing of 
hydrogen with air. The first demonstration of pure 
hydrogen HCCI combustion was published by 
researchers at Lund [77]. They studied hydrogen HCCI 
in a single-cylinder thermal engine of large capacity (1.6 
lt) at high compression ratios (typically 15:1–20:1) using 
external mixture preparation and air preheating. They 
found that intake temperatures of the order 80–160 °C 
were needed for successful operation in the range �=4–
6 for 800–1600 RPM. More recent work published in [78] 
presented hydrogen HCCI measurements from a 
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thermal engine of 0.825 lt equipped with a PFI system 
within a similar operation range to that identified at Lund. 
These authors also demonstrated negligible levels of 
NOX, CO and PM in comparison to Diesel operation of 
the same engine.  

Most published results on HCCI combustion are mainly 
based on parametric studies. Results from optical 
engines are rather limited in the literature and focused 
on hydrocarbon fuels using combustion imaging 
techniques and LIF measurements [79–83]. 
Spectroscopic studies of major species related to the 
autoignition process can be very useful to clarify the 
nature of the reactions involved. Hultqvist et al. [82] 
showed cool-flame emission spectra from iso-octane/n-
heptane HCCI combustion and discussed that these 
spectra originated from the presence of formaldehyde 
(HCHO). LIF studies have shown how HCHO and OH 
species are present within the ‘cool’ flame period and 
subsequent ‘hot’ combustion [84–86]. The absence of 
carbon atoms, and thus HCHO, from the in-cylinder 
mixture of a hydrogen HCCI engine means that a totally 
different mechanism of autoignition is in operation and 
that OH generation would be very different from that of 
hydrocarbon fuels. For example, the presence and 
amount of H2O2 (typical species found in the oxidation 
mechanism of many common fuels, as well as in that of 
hydrogen) has been found to affect HCCI combustion 
[87]. In view of such differences, several studies of 
hydrogen HCCI have been performed by various types 
of modelling approaches, including multi-zone models, 
chemical kinetics and Direct Numerical Simulation (DNS) 
[89–90]. 

As far as optical studies of hydrogen autoignition are 
concerned, Markides and Mastorakos [91] studied 
recently the mechanism of hydrogen autoignition in a 
turbulent co-flow of heated air by OH chemiluminscence 
imaging. They concluded that autoignition was relatively 
insensitive to changes in hydrogen dilution and that 
there was a delaying effect of turbulence on autoignition. 
Apart from such type of rig work, there are currently no 
studies in background literature that discuss explicitly 
hydrogen autoignition in optical research engines. This is 
one of the gaps in the literature that the current paper 
wishes to fill; specific objectives are summarised in the 
following section. 

GOALS AND CURRENT CONTRIBUTION 

Most recent work on hydrogen engines has mainly 
focused on spark ignition. The effects of spark advance 
and EGR have been largely investigated in order to 
control combustion, emissions and extend the lean limit. 
Very little work has, however, been done on optical 
engines [56] and there is still great need for high 
resolution combustion images to understand the effect of 
engine operation parameters on hydrogen’s 
thermodynamic performance, especially in direct 
comparison with common fuels like gasoline. As far 
HCCI is concerned, at present there is very scarce 
literature on the subject of hydrogen [77–78] and to the 

best of the author’s knowledge no study has presented 
and discussed in-cylinder combustion images of pure 
hydrogen HCCI. Furthermore, the engines that have 
been adopted for hydrogen HCCI studies have had high 
compression ratios, typically greater than 15:1. 
Therefore, autoignition of the fuel was obtained with 
relatively mild intake air preheating, typically in the range 
100–150 °C. 

The present work aims to provide and discuss probably 
the first ever set of hydrogen combustion data in the 
literature from the same optical engine in both SI and 
HCCI modes of operation and to specifically characterise 
hydrogen combustion by: 

� Sweeping a broad set of engine operating conditions 
with hydrogen fuel (AFR, intake temperature and 
internal EGR) and comparing the results against 
those obtained with conventional fuels, namely 
gasoline for SI combustion and heptane for HCCI 
operation.  

� Studying flame imaging data with both DI and PFI 
mixture formation strategies and identifying key 
mechanisms of in-cylinder combustion phenomena 
linked to these strategies when hydrogen is used in 
direct comparison to other fuels.  

� Illustrating means by which steady HCCI operation 
on sole hydrogen can be achieved in an engine of 
typical pentroof geometry and relatively low 
compression ratio. 

� Examining the effect of both single and double 
hydrogen injection strategies per cycle for DI 
operation on both SI and HCCI modes of engine 
combustion. 

It was the authors’ intention from the outset to publish 
this work as one entity, rather than in a series of 
individual papers focused on either SI or HCCI 
combustion with either PFI or DI operation and in either 
thermal or optical mode. It is believed that the present 
contribution to much-needed hydrogen engine 
combustion data in the literature is rather unique. It 
needs to be pointed out though that the current account 
is by no means complete. Analysis of the acquired data 
is ongoing and will be expanded in forthcoming 
publications.  

EXPERIMENTAL ARRANGEMENT 

OPTICAL ENGINE 

Engine Geometry: The engine used in this study was a 
single-cylinder optical research engine designed and 
built at University College London (UCL) [92]. The bore 
of the engine was 89 mm and the stroke was 79 mm. 
Geometrical properties of the engine, along with other 
specifications and characteristics are summarised in 
Table 2.  
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Table 2. Engine Specifications. 

Engine Type 4-Stroke, Single-Cylinder Optical 

Engine Head 4-Valve Pentroof, Prototype V8 

Piston shape Flat 

Bore [mm] � Stroke [mm] 89 � 79 

Optical Bore [mm] 66 

Displacement [cm3] 498 

Injection System PFI Single-Hole, DI Multi-Hole 

 

 
Figure 1. Optical Engine Section (Head not Shown). 

 
Figure 2. Optical Engine. 

 
Figure 1 shows a schematic section of the engine. The 
engine block was attached to a Lister-Petter Diesel 
crankcase allowing a maximum running speed of 2000 
Revolutions Per Minute (RPM). A hollow Bowditch piston 
allowed for a 45° stationary mirror to be fitted inside the 
block in order to gain optical access to the combustion 

chamber through a quartz piston crown. The engine 
design also accommodated a pentroof window and side 
full stroke window for optical access through the liner. 
However, it was only the piston optical crown 
arrangement that was retained for the current study due 
to uncertainties involved in the thermal stressing of the 
engine with hydrogen operation, especially in HCCI 
mode. All the quartz components of the engine could be 
replaced with metal blanks in order to run the engine in 
fully thermodynamic mode when investigating unknown 
firing conditions for this engine or for prolonged mapping 
work. Figure 2 shows a picture of the optical engine. It 
should be noted here that with such a configuration there 
was no lubrication provided to the top end of the engine 
therefore self-lubricating materials had to be used for 
any working components between liner and piston. For 
the extreme conditions employed in the current study, 
after trying different type and grades of Peak, it has been 
found that Torlon was the most suitable material, mainly 
due to its resistance to high temperatures and 
aggressive environments. 

Fuel Supply Systems: The engine head was a prototype 
of 4-valve pentroof type, with a central spark plug and a 
side DI system arrangement. In order to study operating 
conditions with both hydrogen and gasoline within the 
bounds of the current work, the engine was converted to 
accommodate a fully flexible fuelling system, capable of 
both PFI and DI of both liquid and gaseous fuels. A view 
of the injection system showing all the injectors used is 
illustrated in Figure 3. Three injectors were fitted on the 
engine, two on the intake ports allowing for simultaneous 
injection of liquid and gas fuels (one on either intake 
port) and one in-cylinder for DI engine operation. 
Hydrogen gas was supplied straight off a pressurized 
bottle by means of a pressure regulator, typically set up 
to 100 bar for DI and 4 bar for PFI work. The whole fuel 
supply system comprised the aforementioned regulator, 
a back-flash arrestor, a micrometric in-line filter and a 
mass-flow controller (Bronkhorst F-203AC). The latter 
was connected via a serial cable to a computer in order 
to monitor and control the fuel flow to the injector in real 
time. Liquid fuels were supplied through a fully 
adjustable pneumatic pump (connected to a compressed 
air line) capable of a maximum pressure up to 150 bar.  

 

Figure 3. Injection System Setup. 
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Fuel Injectors: A standard Bosch single-hole fuel injector 
was used for the PFI gasoline system. Hydrogen was 
injected in the intake port using a Keihin KN3-2 gas 
injector. Selection of the injector for the DI fuelling 
system was not trivial. The engine head had been 
designed to operate with a side pressure-swirl atomizer 
at 45° inclination below the intake valves. One of the 
requirements of the DI system for the current work was 
to allow flexibility for use with both liquids and gases. 
The pressure swirl atomizer was deemed inadequate for 
this and a multi-hole injector was finally selected. This 
decision was backed by some previous work in the 
literature [93]. The selected injector nozzle had a 6-hole 
arrangement that consisted essentially of two groups of 
3 asymmetric holes of 0.5 mm outer diameter each, 
originally designed for a spray-guided DI gasoline 
combustion system for both stratified and homogeneous 
engine operation, with vertically mounted injector in 
close-spacing arrangement with the spark plug. This was 
the most cost-effective choice able to cope with the high 
flow-rate requirements needed for hydrogen. It must be 
pointed out here that it was only the short running 
periods involved with optical engine operation that made 
it possible to safely adopt such a solution, because lack 
of lubrication would not allow the injector to live long due 
to seizing problems. The choice, although at first quite 
daring, eventually proved to be successful enough. The 
position of the injector and its nominal spray pattern with 
respect to the combustion chamber are shown in Figure 
4. Due to the asymmetry of the nozzle-hole pattern, it 
was after several tests of engine combustion stability 
that decision was made to adopt the orientation with the 
two sets of plumes pointing upwards towards the pent-
roof as shown in Figure 4. No more details can be 
disclosed with regards to the exact type and geometry of 
this injector. 

 

Side 
injector 

Central 
spark plug 

Intake 
valves 

Cross section 

Underside of head  

Figure 4. Engine Head Geometry and Orientation of 

Injector with Nominal Spray Pattern. 

OPERATING CONDITIONS 

For the results that will be reported in this paper, the 
engine was operated either in DI or PFI mode with 
gasoline or hydrogen in SI combustion mode. HCCI was 
enabled with simultaneous PFI of heptane and DI of 
hydrogen or with sole DI hydrogen, using 4 bar injection 
pressure for the PFI systems and 70 or 100 bar for DI, 
with various timings of Start of Injection (SOI) that will be 
presented and discussed later. It must be pointed out 
that higher injection pressures would be ideal for gas DI 
in order to shorten the injection pulses whilst providing 
the engine with the required mass-flow within the 
appropriate time window during the thermodynamic 
cycle; however, the selected pressure was the highest 
permitted by the gas mass-flow controller. The engine 
speed was set to 1000 RPM. Both the engine head and 
liner were heated to 85 °C to represent typical warm 
running engine conditions. The load was set by the 
throttle to either 0.5 or 1.0 bar intake manifold pressure 
under SI combustion mode to enable typical part-load 
and full-load engine operation. The intake pressure was 
monitored by a Druck PMP1400 pressure transducer. 
Particular care had to be taken when running the optical 
engine on hydrogen at full load close to stoichiometry 
due to the large peak in-cylinder pressures achieved. In 
HCCI mode the engine was run always unthrottled. 

Ignition System: The ignition system was of standard coil 
and driver type. The dwell time was set to 3 ms to limit 
the electronic noise on the data acquisition system. The 
spark plug was a Bosch Platinum with quadruple 
electrode, the orientation of which within the combustion 
chamber was established by the thread pattern of the 
plug. Initial tests were carried out to identify suitable 
ignition timings by mapping the engine and establishing 
the Minimum spark advance for Best Torque (MBT) for 
each fuel used and injection system. Typical MBT 
timings were in the range of 30–40° CA before 
compression TDC for gasoline and 8–15° for hydrogen. 
Ignition timings will be discussed further in the results 
section. Crank angle timings with respect to ignition 
timing will be referred to as °CA After Ignition Timing 
(AIT).  

Air Pre-Heating and Internal EGR: For HCCI operation 
the engine was fitted with an air pre-heating system of 
2.3 kW that could control the intake air temperature in 
the range 50–400 °C. Such a wide range of 
temperatures was required to enable HCCI with a range 
of different fuels and AFRs because of the low 
compression ratio of the optical engine (7.5:1). As it will 
be further discussed in the results section, a necessary 
step to achieve hydrogen HCCI was to adapt the valve 
timing, aiming to trap hot residual gases in order to 
further increase in-cylinder temperature and retain 
chemical species. The strategy employed was a two-
stage reduction of the overlap by means of an advanced 
Intake Valve Closing (IVC) time and a retarded Exhaust 
Valves Opening (EVO) time which eventually led to a 
small recompression at intake TDC, as clearly visible in 
the motoring pressure trace shown in Figure 5.  
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Figure 5. Valve Timings and Motoring Pressure. 

 
The results of the current publication will be presented 
according to their chronological order. This decision was 
made in order to highlight how gradual progress was 
made to finally achieve pure hydrogen HCCI. Figure 5 
also shows the two valve-timing strategies adopted 
towards the goal of sole hydrogen HCCI engine 
operation. The first stage (Stage 1, in Figure 5) enabled 
a reduced valve overlap in comparison to that of the 
nominal design, namely of 6.5° CA. This was used to 
operate the engine with SI hydrogen and gasoline, as 
well as to enable HCCI of heptane and mixtures of 
heptane and hydrogen. Although this approach proved 
to be a good starting point, it was found insufficient for 
operating the engine in pure hydrogen HCCI mode. The 
second stage (Stage 2 in Figure 2) aimed at further 
decreasing the valve overlap, namely switching from 
6.5° CA positive to 20° CA negative. It also needs to be 
pointed out here that the valve timings were not dictated 
solely by the desired overlap, but also by volumetric 
efficiency requirements and, quite importantly, by the 
necessity to maintain a reasonable clearance between 
the quartz piston crown and the valves of the engine. 
Table 3 summarises the typical operating conditions 
adopted for this study. It should be noted that in this 
paper 0° CA corresponds to Intake Top Dead Centre 
(TDC) and crank angle will be mainly presented with 
respect to that as ° CA after intake TDC (ATDC). 

Table 3. Operating Conditions. 

Engine Speed 1000 RPM 

Intake Pressure 0.5 and 1 bar 

DI Pressure 70 and 100 bar 

PFI Pressure 4 bar 

Engine Temperature 85 °C 

Intake Temperature 20–400 °C 

Valve Timings  
Stage 1 [° CA ATDC] 
Stage 2 [° CA ATDC] 

 
IVO 706, IVC 216,  EVO 482, EVC 712 
IVO 36,   IVC 266,  EVO 506, EVC 16 

IMAGE AND DATA ACQUISITION 

A high-speed CMOS camera (Photron APX-RS) was 
used throughout this study at a frame rate of 3 and 6 
kHz, corresponding respectively to 2° and 1° CA 
between frames at 1000 RPM. This was possible with an 
image resolution of 640�480 pixels, giving an optical 
resolution of 260 �m per pixel. A 60 mm f2.8 Nikon lens 
was used. The camera memory allowed over 100 cycles 
of data with 50 frames per cycle to be acquired 
consecutively before data-download to a PC was 
necessary. It was nevertheless considered safer to fire 
the engine in optical mode only for 50 cycles each time 
to avoid excessive stresses on the quartz window, 
especially with HCCI. A water-cooled Kistler 601A 
pressure transducer was also used and pressure data 
were logged in batches of 50 cycles too. Synchronization 
of various control triggers for ignition, injection and 
camera was achieved using an optical encoder on the 
camshaft with a resolution of 1800 pulses per revolution. 
This was connected to an AVL Engine Timing Unit and a 
LABVIEW program was used for data acquisition at 0.4° 
CA resolution. Thermodynamic analysis was done on 
the pressure traces with MATLAB-based software to 
calculate rates of heat release and Mass Fraction 
Burned (MFB). Further details of the systems in [94, 95]. 

RESULTS AND DISCUSSION 

SPARK IGNITION 

Thermodynamic Data 

The first step along this study was switching from 
gasoline to hydrogen SI in order to test the rig and 
acquire familiarity with the new fuel. Due to the optical 
nature of the work, the AFR investigated was mainly in 
the range �=1.2–2.0 to provide enough luminosity for 
combustion images of adequate quality. It must be 
pointed out though that steady combustion could be 
achieved with much leaner AFR (e.g. �=3). At the same 
time, load and fuelling had to be carefully adjusted to 
prevent damage to the optical components of the 
engine. This was done by matching higher engine load 
(intake pressure) with leaner AFR to limit peak in-
cylinder pressures. The graph presented in Figure 6 
shows the influence of AFR on combustion of gasoline 
and hydrogen with different injection modes; the load 
was set to 0.5 bar intake pressure, DI pressure to 70 bar 
for hydrogen and 100 bar for gasoline, SOI to 220° CA 
ATDC intake and spark ignition to 345° CA and 325° CA 
ATDC intake for gasoline and hydrogen, respectively. It 
is obvious that the AFR has a strong effect on 
combustion rate and in-cylinder pressure for hydrogen; 
as the richness of the mixture increases, higher in-
cylinder pressure is achieved and the angle at which 
maximum pressure occurs moves towards TDC 
combustion or even earlier than that. Although the 
hydrogen spark advance corresponded to MBT only for 
�=2.0 PFI, this was kept fixed for comparison with the 
other values of AFR tested and DI operation. It is evident 
that due to the very rapid combustion of the closer to 
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stoichiometry hydrogen mixtures, the spark advance 
would need re-adjustment in order to obtain peak 
pressure after TDC and thus achieve a more efficient 
work exchange during expansion. However, it was kept 
fixed to look into whether knocking would be observed 
for such a larger spark advance than MBT for the richer 
values of AFR, particularly with DI. The different 
combustion durations are due to the effect of AFR on 
laminar flame speed and, therefore, flame propagation 
[12]. By comparing DI and PFI at �=2.0, it can be 
understood that the injection mode also plays a central 
role on the development of combustion. DI leads to 
higher peak pressure along with higher combustion rate. 
This difference can be explained by the disparity in the 
calorific value of the two in-cylinder mixtures. Externally 
formed hydrogen-air mixtures have been found to carry 
less energy because of air volume displaced by the 
hydrogen injection in the intake port [22]. Additionally, 
the inhomogeneity (or stratification) of the in-cylinder 
mixture brought about by close-valve DI may lead to 
some much richer spots than the average fuel 
concentration within the cylinder. These will burn 
proportionally quicker for hydrogen than they would for 
gasoline with similar degree of stratification, mainly due 
to the much higher laminar flame speed of hydrogen and 
wider flammability range.  

 

Figure 6. Effect of AFR on In-Cylinder Pressure for SI 

of Hydrogen, Gasoline (Part Load, Spark Advance 

15° CA for Hydrogen, 35° CA for Gasoline). 

 
Some of these trends are partly confirmed by previous 
work where pressure traces of DI and PFI stoichiometric 
hydrogen combustion have been compared to gasoline 
[11]. The behavior shown in Figure 6 at part load 
presents some analogies with the one documented in 
[11] at full load, 2000 RPM and stoichiometry, with a 
substantial difference between the pressure output of 
gasoline and hydrogen PFI. Stoichiometric gasoline in 
[11] achieved higher peak pressure than hydrogen PFI, 
opposed to the trend shown in Figure 6. A sensible 
explanation for this might be the very large volume 
displaced by the stoichiometric air demand of hydrogen 
at the higher RPM, in synergy with the higher 
compression ratio adopted, which gasoline might have 
been more sensitive to with the spark advance used. 

Furthermore, another difference between pressure data 
presented here and data in the literature, is that a 
closed-valve hydrogen DI strategy with SOI=220° CA 
ATDC and a spark advance of about 10° CA (i.e. similar 
to the values used in the present study) has been 
documented in Wimmer et al. [12] to lead to a gentler 
pressure raise in the early stages of combustion for 
�=1.0 in comparison to pressure data shown in Figure 6 
for hydrogen DI at �=1.2. This might be associated with 
the difference in engine speeds, 1000 RPM in the 
current study, 2000 RPM in [12]. It also useful to 
compare in-cylinder pressure data for different fuels at 
the same air excess ratio and with the same injection 
mode. Figure 6 shows pressure traces for DI gasoline 
and hydrogen at �=1.2. Although the fixed spark 
advance employed was over-advanced for hydrogen DI 
in comparison to MBT at this operating point, no 
knocking was observed on the pressure traces and 
hydrogen was found to produce more than twice as 
much peak in-cylinder pressure that gasoline did and at 
a timing about 35° CA earlier than gasoline. It must also 
be noted that the �=1.2 chosen for this comparison fell 
well within the flammability window of hydrogen, 
whereas this was at the boundaries of misfire for 
gasoline, contributing further to the large gap in 
combustion rates between hydrogen and gasoline. The 
raised pressure curve observed for hydrogen during the 
compression stroke is related to the closed-valve DI of 
the gas, whose volume, unlike liquid fuels, cannot be 
neglected and creates the gap between the two pressure 
curves. This has also been discussed in [11]. Figure 7 
presents the respective MFB traces for each case of 
Figure 6. The much quicker combustion of the richer 
hydrogen mixtures is confirmed. At �=1.2 combustion 
completion is reached at just 11° CA AIT, as opposed to 
18° CA for at �=1.7. The influence of the internal EGR 
induced by the selected valve overlap (Stage 1) must be 
taken into consideration when looking at these data; 
trapping extra residual gases certainly imposed a 
penalty on the rate of heat release. This can explain the 
relatively slow combustion rate of gasoline observed at 
this running condition.  

 

Figure 7. Effect of AFR on Mass Fraction Burned for 

SI of Hydrogen, Gasoline (Part Load, Spark Advance 

15° CA for Hydrogen, 35° CA for Gasoline). 
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