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Abstract

Using H2 to supplement Diesel in Marine Applications
Author: Arne Vögler
This study investigates opportunities and constraints in relation to the operation of
marine Diesel engines in a dual fuel mode with diesel and hydrogen.
Increasing costs of fuel place an additional burden on the marine industry and in
some sectors, such as the fishing industry, the long term viability of ongoing
operations at high fuel costs is no longer given.
Indications are that it is possible to produce hydrogen at competitive costs from
renewable energy sources, and approaches of how hydrogen can be used to reduce
the fossil fuel requirements in the marine sector are identified.
An initial background analysis of combustion technology is followed by a review of
the state-of-the-art of the use of alternative fuels in Diesel engines.
Experiments were undertaken on board of a vessel moored in Loch Beag on the Isle
of Lewis, and it was found that it appears to be feasible to reduce the fossil fuel
consumption of Diesel engines considerably by supplementing the fuel with
hydrogen. A basic analysis of the brake efficiency, or propeller thrust efficiency,
was carried out and it was found that the dual firing of the test engine with
hydrogen and diesel achieved the best efficiencies at medium to high loads, which
is the typical working range for these types of engines.
The review of the literature has shown a range of contradicting findings and
indications are that these are related to the differences of test engines and
methodologies used.
Combined findings of the review of both existing data and experimental data
gathered during this study indicate strongly that the application of hydrogen in
marine diesel engines as a co-fuel has the potential to achieve significant reductions
of fossil fuel usage.
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1. Introduction
This thesis describes the background and results of a research activity that took place in
Stornoway on the Isle of Lewis over a two year period from 2009 – 2011.
Situated in the Outer Hebrides of Scotland, the Isle of Lewis has the benefit of having access
to some of the greatest sources of renewable energy in Europe, namely in the form of wind
and wave power.
As is often the case with remote rural areas, the connection to the national electrical grid is
poor and this puts a strong limitation on the export ability of electricity derived from
renewable energy sources.
Although an upgrade to the electrical grid, in the form of a high voltage direct current
connection, is highly desirable, it is also very expensive. Discussions on such an upgrade
are ongoing, and it is yet not fully clear when such a connector will be available to open up
the island’s renewable energy export market.
There are ways of storing renewable energy for times when there are no wind, or waves, so
it can be released for coverage of peak loads. The most established storage mechanism is
in the form of pumped hydro power, where water is pumped up and stored into a
reservoir. When the requirement arises the water is piped downhill to drive Pelton wheel
turbines for the production of electricity.
However, as there are no suitable mountain ranges on the Isle of Lewis that would allow
local communities to benefit from this technology, other forms of storage have to be
identified – if energy storage is desired.
Another form to store energy is to produce hydrogen from electricity through the
electrochemical process of electrolysis. This stored hydrogen energy can be released either
by producing electricity with fuel cells, or also by burning it in stationary or mobile
combustion engines.
The use of hydrogen in combustion engines for transportation allows to utilise a renewable
energy source in an area that traditionally heavily relied on fossil fuels.
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Approaches and existing data on how to operate compression ignition engines in dual fuel
mode with diesel and hydrogen are drawn together and reviewed in this MSc study. This is
followed by an experimental small scale investigation with the aim to extrapolate findings
to the large marine sector.
With view to large scale engines, research carried out over the previous years found that
indications are that considerable fossil fuel savings can be achieved, whilst increasing the
overall engine efficiency at the same time, and without detrimental effects on the
combustion gas profile. Evidence suggests that the utilisation of a secondary continuous or
multiple injection of hydrogen past top dead centre, during the power stroke is an efficient
method to supply hydrogen to combustion engines. This approach does not increase the
peak pressure with associated side effects, but is likely to increase the torque of the engine
over a prolonged period of time.
The ultimate aim of this MSc research is to carry out an experimental study onboard an
operational vessel to identify how and to what extend hydrogen can be used to reduce the
fossil fuel usage of small Diesel engines in marine applications. Findings of the study have
the potential to be of benefit to both the local fishing industry and ferries to lower the
financial burden in relation to high fuel costs and benefit the environment at the same
time.

2. Background
Due to the finite nature of fossil fuels it is widely accepted that an increase in price is
inevitable. Whilst some predict oil prices of up to $200 per barrel (Stevens, 2009), a more
conservative estimate anticipates average costs of $130 per barrel by 2030 (U.S
Department of Energy 2009, page 24). As a result of recent developments of technology
combined with rising costs of oil, it appears now to be economically viable to proceed with
the exploration of crude oil from deep waters, and also to increase investment in oil sands
refineries (Canada, Alberta Environment 2008). This development of relatively inaccessible
resources will ensure a continuous supply of petroleum for decades to come, albeit at
increasing costs.
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A considerable amount of liquid fuel is used for transportation and the U.S Department of
Energy estimates that “in 2030 the transportation sector consumes 56% of total liquid”
fuels supplied (2009, page 23). According to Transform Scotland (2009, p.3) “ninety-eight
per cent of transport in the UK is fuelled by oil” and it is suggested that this reliance poses a
high, if not unacceptable, risk for one of the key industry sectors of the country.
Because of the high dependence of the transport sector on fossil fuels, increases in costs of
fuel oil have a proportionally higher impact on this sector than on other users of oil, such as
the built environment or the manufacturing industry.
The fishing industry presents another example of an industry that relies heavily on the
usage of fossil fuel. Regulations such as the Common Fisheries Policy (CFP), drawn out by
the European Commission (European Commission 2009) and implemented on national
level, clearly define the boundary conditions that vessels engaged in fishing must adhere to.
Limitations are set for the total allowable catch (TAC) for individual species, and also for the
maximum number of days any fishing vessel is allowed to be out at sea. One result of these
limitations is that great effort is being undertaken to reduce the time spent steaming to and
from the fishing grounds, as the time available for fishing is reduced by the time spent
travelling. This means that fishing vessels require even bigger and stronger engines then
before to steam faster which subsequently results in a higher fuel usage and higher
associated energy costs. Aimed at a reduction of running costs by increasing the fuel
efficiency a range of practical changes are promoted to the operations of vessels. These
changes include besides others the replacement of gear, changing of trip planning practices
or a change of landing port (Seafish Economics 2006).
To preserve declining fish stocks and to promote a sustainable fishing industry, the TAC has
been significantly reduced during recent years. The combination of reduced fish quotas
and rising energy costs has already resulted in a declining number of trawlers and other
vessels engaged in fishing, as the owners struggled to operate their businesses in a
profitable way. There are also concerns that further increases in the fuel price “might lead
the entire fishing industry to bankruptcy” (Metz and Curtis 2008, p. 13).
Driven by national and international targets, as defined in the Kyoto protocol, and also
because of the political and economic dependencies on countries that are in possession of
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the world’s major fossil fuel resources, there is currently a widespread acceptance that
alternative ways should be identified and implemented to secure future energy supplies.
Various sustainable energy solutions for stationary applications are already available and
some, such as hydro power schemes, have been operated successfully for many decades.
Other sustainable energy sources include the electricity generation from wind and marine
turbines, photo voltaic solar, biomass combined heat and power plants (CHP) and also
arguably nuclear reactors. Sustainable options within the transportation sector are
somehow more limited due to the difficulty to power road transport, aircraft and ships
from the national electricity grid. Although it would be possible to convert the rail network
to run on grid electricity, a major infrastructure upgrade would be required to install the
required network.
Considerable research has already been undertaken into the feasibility of storing energy
generated by renewable energy devices locally. Typical forms of storage mechanisms
include pumped storage in hydro schemes, the electrolysis of water to produce hydrogen,
or electrically charged battery banks for use in mobile applications. Within industry and
warehouse applications the use of electric forklift trucks is common and other electrically
powered applications within the transportation and mobilisation sector include electric cars
and mobility scooters that could potentially be powered by battery banks charged with
primary energy derived from renewable sources.
Disadvantages in the use of batteries in transportation are the high weight, costs,
environmental impact of lead acid batteries, and most of all the lack of infrastructure in the
form of charging points. An increase of battery powered electrical vehicles could
significantly add to the strain on the electrical grid infrastructure and it is described by Hunt
(2008, p.1) that “to power all 30 million cars in the UK with electricity could require a 27 per
cent increase in generation output (about 90TWh a year)”.
The use of hydrogen to power fuel cells or spark ignition combustion engines already
presents a sustainable alternative to the use of batteries in the transportation sector and a
number of hydrogen powered cars and buses are available as of the shelf technology at
comparatively high costs.
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Larger scale combustion engines as used in marine transport are typically of the
compression ignition (CI), or Diesel, type and are powered with diesel oil or similar. Diesel
electric power trains are often used in applications with a high power demand such as
railroad or marine propulsion systems to benefit from a high torque at low speeds, and a
reduction of both noise and vibrations (IHI Marine United INC, 2007).
Although the conversion of a diesel electric power train to a fuel cell powered electrical
system appears to be reasonably straightforward it is often cost prohibitive and also
hindered by an almost non existing hydrogen infrastructure.
Due to the higher auto ignition temperature of hydrogen when compared with diesel it is
not easily possible to convert a CI engine to run on 100% hydrogen. Considerable research
has already been carried out on the dual fuel operation of Diesel engines with hydrogen in
automotive applications.
Focussed on the Outer Hebrides of Scotland the underlying research associated with this
thesis investigates approaches to reduce the fossil fuel usage and associated high running
costs of the local fishing fleet by supplementing diesel in marine engines with hydrogen
produced from renewable energy sources. An overview of the technical background and
research in the field undertaken by others is given and this is followed by an experimental
investigation into the ‘tank to propeller’ efficiency of a small marine Diesel engine under
varying diesel/hydrogen ratios and load conditions. Recommendations are made for
further investigations and a conclusion is presented on both the viability and sustainability
of the dual fuelling of CI engines with diesel and hydrogen.

2.1 Socio Economic View
During the 20th century the livelihood of many remote coastal settlements in the Highlands
and Islands of Scotland depended largely on the fishing industry. Many communities
developed around natural harbours that provided good shelter for a local inshore fishing
fleet. With new designs of fishing vessels and the introduction of more efficient equipment
the industry has changed significantly during the last century from a seasonal herring
inshore fishery to a deep sea year round whitefish industry. The use of bigger sized vessels
Page 5 of 95

with the ability to continue fishing in all but the worst weather conditions eventually
resulted in a decline of fish stocks. During the 1950s “it was widely recognized that ocean
fisheries needed to be managed to prevent overfishing” (Clark 2006, p.1). To ensure that a
sustainable fishing industry would continue to exist over future years, the requirement to
implement a quota system to regulate the amount of landings was identified.
In some instances where the implementation of a quota system was difficult because of
missing legal framework agreements on an international level, continuous overfishing has
led to the decimation of whole species. It was in 1977 during the 3rd United Nations
Conference on the Law of the Sea when Canada declared a 200 mile zone of Extended
Fishery Jurisdiction. Following this declaration Canada was able to control the fisheries on
the Grand Banks of Newfoundland, a sea area that was previously heavily used for fishing
cod by various nations. However, all conservation measures appeared to have come too
late and in 1992 the Canadian Minister for Fisheries and Oceans announced a closure of the
great northern cod fishery (Schrank, 2005). This moratorium is still ongoing as the cod
stocks have not yet recovered.
There is evidence that fish stocks of certain species within European waters are also
declining and there is an ongoing debate between representatives of the fishing industry,
scientists and politicians on the appropriate management of marine resources. New
licensing regulations were introduced in Scotland in 1983 (The Scottish Government n.d.).
The economic impact of these new regulations together with the implementation of even
stricter quotas resulted in a considerable reduction of fishing vessels and fishing industry
related employment from the 1990s onwards (Aberdeenshire Council, 2008). Many
operators of fishing vessels felt that it was very difficult to make a profit given the
restrictions of the amount of TAC and days at sea. Recent increases in fuel costs have now
added to the overall pressure on maintaining a viable fishing industry and it has been
claimed that the increased “fuel costs push *the+ British fishing fleet to brink”(Redmond,
2008).
Fishing vessels are typically powered by a combination of a main four stroke diesel engine
and an auxiliary diesel generator set. Seafish Economics (2006) have estimated that the
overall fuel consumption of the UK fleet is 300 million litres annually. Therefore an
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increase in price of fuel has a direct and strong impact on the operating costs of the fishing
industry. As a result of rising awareness of the fishing fleet’s reliance on fossil fuel,
combined with the rising price of fuel in recent years, there is now growing interest to
increase the fuel efficiency of vessels and to investigate the feasibility of using alternative
fuels.
Technically it is possible with little effort to adapt diesel engines to run on bio diesel or pure
vegetable oil. However, it has been suggested that the diversion from food production to
the growing of energy crops for use as bio fuels could “have a devastating effect on the
prices of basic foods” (Runge and Senauer 2007, p.3) and this could be disastrous for
poorer nations that already suffer from starvation. On the other side it has been argued
that there may also be opportunities for third world countries in the development of a bio
fuel industry. However, with “more than 800 million food-insecure people” and “an
additional 2–2.5 billion people living on $1 to $2 per day” (Naylor et al. 2007, p.1) careful
consideration must be given to the impact of further development of a bio fuel industry, as
the consequences could be disastrous for the food supplies of developing countries.
The fossil fuel consumption of diesel engines can be reduced by supplementing the primary
diesel fuel with hydrogen. The easiest way of adding hydrogen to the combustion process
of a Diesel engine is to premix air and hydrogen at the air intake manifold. Other ways of
application are the timed intake port injection, or injection directly into the cylinder similar
to the diesel fuel injection.
It should be differentiated between the underlying approaches to hydrogen usage in
combustion engines. Where it is straightforward to achieve fossil fuel savings in old
engines by the addition of small amounts of hydrogen to assist the combustion process, it is
also possible to replace a percentage of the diesel fuel with energy released from hydrogen
combustion. Hydrogen can be used as an additive only, or also as an energy rich fuel.
Logistical scenarios on how to realise hydrogen co-powered marine engines include the
storage of hydrogen in tanks filled at shore stations, or the onboard generation of hydrogen
with small volume temporary storage. In the latter situation, hydrogen can be produced
onboard a vessel at times when the engine is running at low loads with resultant poor
efficiencies. In those low efficient operating modes very little additional fuel is required
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when a small additional load is added. This effect could be utilised to produce hydrogen for
short term storage with an electrolyser at marginal added power requirements only.
Experiments have shown that it is possible to operate small diesel engines with a rated
power output of less then 5kW on a diesel – hydrogen ratio of 9:1 at full load conditions
and of 3:1 under no load conditions (Saravanan and Nagarajan 2009). Based on full load
conditions, where it is indicated that 10% of diesel fuel could be saved with little effort and
an annual fuel usage of UK fishing vessels of 300 million litres, a total of 30 million litres of
fossil fuel oil could be saved per year. Fact sheet CTL018 issued by the Carbon Trust (2008)
suggests that one litre of fuel oil has an energy content of 11.9kWh and associated carbon
dioxide (CO2) emissions of 3.19kg when burned in air. Therefore the savings in CO2
emissions associated with the reduction of 30 million litres of fuel oil are:
30,000,000litres x 3.19kg/litre = 95,700 tonnes CO2

(1)

Based on the average price in 2008 of £0.5842/litre gas oil (UK DECC 2009), savings of
£17.5million could be achieved on the costs for diesel fuel by supplementing hydrogen at a
rate of 10%.
Hydrogen can be produced by electrolysing water. Electrolysis is an electrochemical
process in which the bonds of a molecule are broken up. One molecule of water consists of
one oxygen atom and one molecule of hydrogen and the chemical description is 1O2 + 2H2
= 2H2O. To break up a molecule of water a certain amount of energy is required. The same
amount of energy is then released again in the form of heat, when the individual hydrogen
molecule is burned in oxygen and this property makes hydrogen a suitable fuel in heat
engines. When producing hydrogen in an electrolyser without external cooling the
temperature of the process increases over time. This increase in temperature is related to
a process efficiency of less than 100%, as only a part of the electrical energy input into the
system is used to produce hydrogen. When powering electrolysers with a variable, or
intermittent, current source such as wind turbines, the efficiency ranges from 70% at
constant electrical input to a reduced output with a fluctuating supply current (Brossard et
al. 1984).
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30 million litres of fuel oil have an energy content of:
30,000,000 litre x 11.9kWh/litre = 357,000MWh

(2)

Assuming an average efficiency of electrolysers powered by wind turbines of 60%, the total
energy required to produce enough hydrogen to replace 10% of the fuel oil used by the UK
fishing industry per year is:
357,000MWh / 60% = 595,000MWh

(3)

The average wind speed on the west coast of the Isle of Lewis at a height of 45m above
ground level is given as 8m/s (UK BIS 2009). Based on manufacturer’s data issued by Vestas
Wind Systems A/S the 3MW rated wind turbine V112-3.0MW achieves an output of 1.3MW
at a wind speed of 8m/s (Vestas 2009), which equates an average load factor of 43.3%.
Taking into account some downtime of a turbine for maintenance or during storm
conditions, a load factor of at least 35% appears to be achievable for this turbine at the
given location. A load factor of 35% was also used for planning purposes of the 181 turbine
proposed Lewis Wind Farm as described by IPA Energy and Water Consulting (2007).
Although as the hub height of 3MW wind turbines is typically much higher than 45m, it is
indicated that the mean wind speed and thus the overall efficiency of the turbines is even
better. To produce enough energy to supplement the fossil fuel consumption of the entire
UK fishing fleet over a year with 10% hydrogen, the number of 3MW wind turbines in
conditions as can be found on the west cost of the Outer Hebrides can be calculated as:
595,000MWh / (365x 24hours) / (3MW/ Turbine x 35%) = 65 Turbines

(4)

Hydrogen can be stored in metal hydride storage systems or in pressurised containers and
could thus be transported from a wind turbine to a suitable filling station at a pier.
Besides the benefit of potentially reducing the operating costs of the fishing fleet in rural
Scotland and beyond, there are additional advantages in using wind energy to produce
hydrogen. By storing surplus energy in the form of hydrogen the intermittency factor of
wind energy can be alleviated to a large extend, depending on the system configuration.
One of the greatest obstacles of a further development of wind farms in rural Scotland is
the weak electrical grid infrastructure. Often, in areas where there is an excellent wind
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resource, no spare grid capacity is available to incorporate any wind turbine developments
of medium or larger scales. Not only could the production of hydrogen from wind energy
open up local markets and create job opportunities in engineering and construction, but
such a set up could also create a sustainable income for communities by selling the
hydrogen and accessing grant assistance in the form of Renewable Obligation Certificates
(ROC).
A comparison of costs based on quotations obtained in 2010 for the supply of pressurised
hydrogen and diesel oil, taxed at a reduced rate applicable to the marine industry, has
shown that hydrogen is still considerably more expensive than fossil fuels.
However, the large scale production of hydrogen from renewable energy sources in areas
with an oversubscribed electrical grid infrastructure has the potential to shift this balance,
as following the initial procurement and installation of a wind-to-hydrogen system it is
possible to produce a fuel at minimal operational costs.
The local availability of hydrogen at competitive costs has also the potential to create
demand from other applications, such as combined heat and power plants (CHP), domestic
boilers and road transport.

2.2 An Engineering Analysis
Before a methodology on how to supplement diesel fuel with hydrogen can be developed,
the distinct differences between the different types of combustion engines available should
be explained. Combustion engines can be categorised in two groups which utilise either
internal or external combustion to release mechanical energy. An external combustion
engine uses an external fuel source to heat up a liquid in an inner circuit. By vapourising
the liquid it expands its volume and this effect is used to drive a turbine or piston.
Examples of external combustion engines are the steam or also the Stirling engine.
At the present time more common than the external combustion engine is the internal
combustion engine (ICE) and distinctions are made between continuous and intermittent
combustion engines.
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Whilst continuous combustion engines require a steady supply of fuel which is burned
continuously and typically drives a turbine through the expansion of the combustion gases,
intermittent combustion engines are mainly reciprocating engines in which a fuel is burned
in a periodic cycle. Provided a suitable air fuel ratio is maintained and an appropriate fuel
ignition method is applied, combustion engines can run on a wide range of fuels. Typical
applications for continuous combustion engines include the electrical power generation in
gas turbine power plants or the propulsion of rockets or aircraft with turbo jets or fans.
Fuels used in continuous combustion engines range from natural gas in power plants to
kerosene in aircraft applications and even hydrogen for launching the space shuttle (USA
2009).
There are various types of reciprocating combustion engines available on the market. Key
differences between the individual types are the in way the fuel combustion process is
initiated and also in the number of piston strokes per cycle.
Reciprocating combustion engines are categorised as spark or compression ignition engines
that are working in a two or four stroke cycle.
Most modern engines for the domestic and small industrial market work on the four stroke
cycle, where during the first stroke the cylinder is filled with air through the intake valve by
retracting the piston from the cylinder. During the second stroke the piston moves back
into the cylinder thus compressing the air or air fuel mixture. The third stroke, also known
as power stroke, describes the downward action of the piston which is initiated by the
burning of the fuel and the related increase in pressure through a temperature driven
expansion of the combustion gases. Stroke number four is the exhaust stroke, where the
piston moves back into the cylinder to expel the exhaust gases through the exhaust valve.
Because of a different valve and cylinder configuration of two stroke engines, the power,
exhaust and intake stroke are combined into one downward action of the piston.
Therefore only one upward or compression stroke is required per combined power,
exhaust and intake stroke, which gives the two stroke engine a higher power to size ratio
compared with the four stroke engine. However as in most domestic and small industrial
two stroke engines the lubrication oil is injected and burned together with the fuel oil, the
emissions are higher than those of a four stroke engine.
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In spark ignition engines an air fuel mixture is compressed inside a cylinder by a piston
before it is ignited by an accurately timed electrical spark. The fuel is either mixed with the
air inside a carburettor prior the air intake stroke of the engine, or directly sprayed into the
cylinder via an injection system. Fuels commonly used in spark ignition ICEs include petrol
(gasoline), liquid petroleum gas (LPG), compressed natural gas (CNG), methanol or ethanol.
Due to an insufficient distribution network of hydrogen, it is not yet a commonly used fuel
for spark ignition engines. However, technically spark ignition engines can be converted to
operate on hydrogen and the BMW 7-series hydrogen car features a 191kW 12cylinder
spark ignition engine that operates on 100% hydrogen (Leno 2008).
Compression engines do not require an electrical spark to burn the fuel, as they utilise the
pressure related increase in temperature during the compression stroke to achieve the
auto ignition temperature of the fuel, and thus to start the combustion. To achieve an
optimum efficiency, it is required to ensure that the fuel does not ignite immediately as the
temperature reaches the auto ignition level, but at a specified timing point. This is
achieved by injecting the fuel exactly at the required timing point when the compression
stroke is almost over and the temperature is high enough to trigger the combustion
instantaneously. Compression ignition engines require a fuel with an auto ignition
temperature low enough to ensure an initial combustion without a spark ignition.
Therefore it is difficult to operate compression ignition engines to run on pure hydrogen
only, as hydrogen has a far higher auto ignition temperature compared with diesel fuel. It
is however possible to use an amount of diesel as a pilot fuel to initiate the combustion
process. Once the diesel fuel starts to burn, the in-cylinder temperature is increased to a
level high enough to ignite the hydrogen also. One of the important properties of diesel
fuel is that it has good lubricating abilities, and this reduces the wear on the engine
(Danping and Spikes, 1986). By replacing a fraction of the diesel fuel with hydrogen, the
lubrication of the engine is adversely affected. Therefore it is indicated that there might be
limitations to the amount of hydrogen that can be supplemented to a diesel engine without
increasing the wear significantly.
The objective of the work related to this thesis was to identify and implement ways to
supplement diesel with hydrogen in marine applications with focus on the fishing fleet in
rural coastal regions. The fishing vessels that can be found in these regions are almost
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exclusively powered by four cylinder compression ignition diesel engines and only these
types of engines will be closer analysed during the following chapters.

3. Working Principles of Diesel Engines
3.1 History
The first automobile prototype powered by an internal combustion engine was designed
and built as early as 1807 by Francois Isaac de Rivaz of Switzerland (About.com, 2009). This
early design of a spark ignition engine was running on a mixture of hydrogen and oxygen.
In 1860 Etienne Lenoir of France invented the “Hippomobile”, a single cylinder two stroke
spark ignition vehicle which also operated on hydrogen gas only. During a test drive in
1863 from Paris to Joinville-le-Pont the “Hippomobile” travelled a distance of about nine
kilometres in three hours (TÜV SÜD, n.d.). Lenoir later adapted the engine to run on other
gaseous fuels such as coal gas.
Following the development of a four stroke cycle internal combustion engine by Nikolaus
Otto in 1876, Gottlieb Daimler and his design partner Wilhelm Maybach patented a high
speed internal combustion engine in 1885 which is generally recognised as being the
prototype for modern gas engines (Encyclopædia Britannica, n.d.).
On 27 February 1892 the engineer Rudolf Diesel registered a patent for a new type of a
Carnot heat engine with the German imperial patent office in Berlin.
During his studies at the Polytechnic School Munich, R. Diesel realised how inefficient the
then popular steam engine was when compared with the ideal Carnot cycle (Mollenhauer
1997). Intrigued by the idea to develop a Carnot heat engine that would utilise the energy
contained in coal without using steam as an interim medium, Diesel developed a
combustion engine in which air is compressed by a piston inside a cylinder to increase its
temperature to a level significantly higher than the auto ignition temperature of a chosen
fuel. This new engine design operated fully on a compression ignition and did not require
an electrical spark to initiate the combustion. A first prototype of the Diesel engine was
built in 1893 and modifications were implemented to make the engine work and to
improve the performance over the following years. These modifications included the
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introduction of a water cooling system and also changes to the fuel injectors. As the
rectified design deviated considerably from the original design, Diesel registered a second
patent on 29 November 1893 to reflect those changes.
In 1897 Diesel’s compression ignition engine achieved an efficiency of 26.2% and in 1903
the “Petit Pierre” was the first ship propelled by a 25hp four stroke Diesel engine. Two four
stroke engines with 1088hp each were used to power the first sea going vessel, the “MS
Selandia”, with the new technology in 1912.
Another 75 years later in 1987 the “RMS Queen Elizabeth 2” features a diesel electric
propulsion system with a total combined power of 95,600kW. Improvements in technology
such as new injection and cooling systems and the use of turbo or super chargers have now
resulted in the design of large scale Diesel engines that are capable of achieving efficiencies
of more than 50%.
According to his son Eugen Diesel (1953b) as cited by Mollenhauer (1997), R. Diesel had a
vision that his engine could be improved to run with exhaust emissions that are free of
smoke and odour. Can hydrogen play a role to realise that vision?

3.2 The Four Stroke Combustion Cycle
Most modern internal combustion engines are configured to run on a four stroke cycle and
only a very small margin of the market utilises other cycles such as in two stroke technology
or rotary engines. The first ICE that operated with a reciprocating four stroke cycle was
developed and built in 1876 by Nikolaus Otto, Gottlieb Daimler and Wilhelm Maybach in
the Deutz-AG Gasmotorenfabrik in Cologne as a stationary design.
Until today Diesel engines in the domestic and small industrial markets, and also in the road
transportation sector, are typically following the four stroke principle. Exemptions to this
can be found in larger scale power stations, where sometimes diesel turbines are used, or
also in the utilisation of two stroke marine Diesel engines in large container ships to
maximise the power output by increasing the power to size ratio whilst maintaining a slow
running speed and thus reducing wear and tear (Wärtsilä Corporation, 2005).
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The four stroke cycle is defined by the use of four individual piston strokes inside each
cylinder in any one cycle. During the first stroke, also known as intake stroke, the piston is
moved out of the cylinder while the air intake valve is opened. At the end of the air intake
stroke the intake valve closes. The cylinder is now filled with air and the piston position is
at bottom dead centre (BDC). The piston is pushed back inside the cylinder during the
second, or compression stroke, and the air is compressed. This compression results in an
increase of temperature inside the cylinder.
Diesel engines are compression ignition engines, and therefore the cylinder temperature
has to be raised to a level higher than the auto ignition temperature of the fuel. Shortly
before the piston reaches top dead centre (TDC), an amount of fuel is injected into the
cylinder in diesel engines, or an electrical spark is created in spark ignition engines, to
initiate the combustion. During the combustion of the fuel, the temperature inside the
cylinder increases to a higher level and this triggers a temperature related increase of
pressure. This pressure increase now pushes the piston out of the cylinder again, back to
the BDC. At the end of stroke three, the exhaust valve opens and the piston moves back
into the cylinder, driven by a flywheel or additional cylinders connected to the same
crankshaft, to expel the exhaust gases during the fourth stroke. Once the piston has
reached TDC upon completion of the exhaust stroke, the next cycle begins with the intake
stroke again. The four individual strokes are shown in figure 1.

Figure 1. The Four Stroke Principle

(by author)

3.3 The Diesel Cycle
The Diesel Cycle is a thermodynamic cycle that is used to describe the relationship between
pressure and volume inside the cylinder of a reciprocating internal combustion engine. The
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diagram in figure 2 shows the relationship between pressure and cylinder volume in an
ideal Diesel cycle. The cycle begins with an isentropic compression of the gas inside the
cylinder by adding work to the system. This is shown in figure 2 between points 1 and 2.
When this first step is completed heat is added into the system at a constant pressure
which results in an expansion of the gas (2 – 3). Between points 3 and 4 the ideal Diesel
cycle continues with an isentropic expansion. The final step to complete the cycle is a heat
rejection at constant volume which leads to a reduction in pressure (points 4-1).
The Diesel cycle is a theoretical concept only, as it is based on the assumption that at the
start of the combustion phase heat could be added to the system at a constant pressure
(points2-3). This has not yet been achieved in real compression ignition engines, and an
increase of pressure seems inevitable if a usable amount of work is to be taken out of the
system. The overall thermal efficiency of a Diesel cycle is related to the maximum
compression ratio between v1 and v2, and the ratio of expansion at the beginning of the
combustion phase as shown between points 2 and 3 in figure 2.

Figure 2. Pressure - Volume diagram of the ideal Diesel Cycle (adapted from Mollenhauer
1997, p. 19)
The pressure - volume relationship for a real four stroke Diesel cycle is shown in figure 3,
where the cycle includes the valve action during the intake and exhaust strokes. The intake
valve opens shortly before the completion of the exhaust stroke to ensure a short overlap
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period where both the exhaust and intake valve are open. During this overlap period the
incoming air is used to flush out any remaining exhaust gases that would otherwise remain
in the top section of the cylinder. This process is known as exhaust scavenging and is used
to get more air, and also more oxygen, into the cylinder. The opening of the intake valve is
indicated in figure 3 by point 1a. The intake stroke starts at point 1 and the retraction of
the piston creates a suction pressure between points 1 and 2 to fill the cylinder with air.
The exhaust valve closes at point 4b. At the end of the intake stroke, the intake valve
closes and the compression stroke begins at point 2. During the isentropic compression
between points 2 and 3 the cylinder volume is reduced as the temperature and pressure of
the air increase. Shortly before TDC the fuel is injected and the beginning of the
combustion results in a steep increase in pressure from TDC until a few degrees after. This
increase of pressure is now the acting force on the piston during the power stroke. The
power stroke is indicated between points 3 and 4, where the piston is pushed outwards of
the cylinder. The exhaust valve opens at point 4a and the exhaust gases are expelled
during the exhaust stroke as shown between points 4 and 1.

Figure 3. Pressure - Volume diagram of a real four stroke Diesel Cycle (adapted from
http://www.tpub.com/engine3/en3-15.htm accessed on 13/02/2011)

One of the key factors that relates to the efficiency of an ICE is the compression ratio. The
compression ratio is the ratio between the usable cylinder volume at BDC and the
remaining volume at TDC. In figure 3 this is the volumetric ratio between points 2 and 1 or
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4 and 3. The compression ratio of Diesel engines is higher than that of petrol engines, as a
higher pressure is required to achieve the auto ignition temperature of the fuel. Typical
compression ratios of Diesel engines are somewhere in the range of 14:1 to 20:1, where
the engines with a direct injection system have lower compression ratios than those with
indirect injection and pre chamber systems due to lesser thermal losses.

3.4 Crankshaft Angle and Torque
Reciprocating combustion engines convert a linear acting force into a circular motion by
connecting the piston to a crankshaft. A full revolution of the crankshaft equals 360° and
therefore it is possible to associate any given position of the piston with a related angular
displacement of the crankshaft. By definition a position of 0° of the crankshaft
correspondents with top dead centre and 180° with BDC. The relationship between the
position of the crankshaft and the piston is shown in figure 4.

Figure 4. Relationship between Volume and Crankshaft Angle (by author)
The applied torque on the crankshaft is a function of the length of the crank and the
angular displacement of the shaft. The graph in figure 5 shows the variation in the applied
torque in relation to the angle and it can be seen that whilst the maximum torque is applied
at 90° ATDC, a torque of 0% is applied at both TDC and BDC.
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Figure 5. Relationship between Crankshaft Angle and Torque (by author)
4. The Combustion Process
Before approaches into the dual fuel operation of Diesel engines can be explored further, a
good understanding of the chemical properties and reactions of relevant fuels during the
combustion process is required. This chapter gives an overview of a range of fuels with
focus on the combustion properties and by-products of these fuels when burned in air.

4.1 Properties of Hydrocarbons, Air and Hydrogen
The following chemical properties are taken from Rogers and Mayhew (1995) unless stated
otherwise. Table one gives the values for molar mass, enthalpy of reaction and specific
heat capacity of some molecules and atoms. The molar mass shown in kmol is a unit that
defines the mass of a substance with the same number of molecules as are required of
carbon 12 atoms to make up one kilogram, i.e. 6.022 x 1026 (McGovern, 1996). Enthalpy of
reaction in this case is used to describe the energy or work required for the formation of
the molecules or gaseous products shown and the specific heat capacity defines the work
required to raise the temperature of one kmol of a substance by on Kelvin. The list in table
two gives the auto-ignition temperatures of various fuels which, together with the
compression ratio, is a determining factor of the operability of compression ignition
engines. Table three shows the composition and properties of air. The enthalpies of
combustion for typical fuels burned with oxygen as shown in table four are explained and
applied in more detail in chapter 4.3.
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Molar Mass
[kg/kmol]

Enthalpy of reaction
[kJ/kmol]

Specific heat capacity
[kJ/kmol.K]

C (Carbon, graphite)

12.011

0

8.53

C (Carbon, gas)

12.011

714,990

20.84

CH4 (Methane)

16.043

-74,870

35.64

C2H4 (Ethylene)

28.054

52,470

42.89

CO (Carbon monoxide)

28.0105

-110,530

29.14

CO2 (Carbon dioxide)

44.010

-393,520

37.13

H2 (Hydrogen)

2.016

0

28.84

H2O (Water, vapour)

18.0155

-241,830

33.58

N2 (Nitrogen)

28.013

0

29.21

NO (Nitric oxide)

30.006

90,290

29.84

O2 (Oxygen)

31.999

0

29.37

Molecule

OH(Oxy hydrogen)
17.005
39,710
29.99
Table 1. Thermodynamic Properties of Molecules at P = 1bar / T = 298.15K (data from
Rogers and Mayhew, 1995)

Auto ignition Temperatures of Fuels and Chemicals [°C]
Acetaldehyde

175

Fuel Oil No.2 (Gas Oil)

256

Acetone

465

Fuel Oil No.4 (Diesel)

262

Acetylene

305

Hydrogen

500

Benzene

560

Gasoline

280

Bituminous coal

300

Isopropyl Alcohol

399

Butane

420

Methane (Natural Gas)

580

Carbon

700

Methyl Alcohol

385

Carbon monoxide

609

Peat

227

Diethyl ether

160

Petroleum

400

Ethane

515

Propane

480

Ethylene

490

Propylene

458

Ehtyl Alcohol

365

Semi anthracite coal

400

Fuel Oil No.1 (Kerosine)
210 Wood
300
Table 2. Auto Ignition Temperatures (The Engineering Toolbox, 2005)
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Molar Mass [kg/kmol]
Volume [%]
Mass [%]
Nitrogen (N2)
28.013
78.09
75.53
Oxygen (O2)
31.999
20.95
23.14
Argon (Ar)
39.948
0.93
1.28
Carbon dioxide (CO2)
44.010
0.03
0.05
Table 3. Composition and Properties of Air (Rogers and Mayhew, 1995)

Origin

Combustion product

Heat released [kJ/kmol]
CO+0.5O2
CO2
+282,990
H2+0.5O2
H2O (vapour)
+241,830
CH4(vap)+2O2
CO2+2H2O(vap)
+802,310
C2H4(vap)+3O2
2CO2+2H2O(vap)
+1,323,170
C2H6(vap)+3.5O2
2CO2+3H2O(vap)
+1,427,860
CO2+H2
CO+H2O
-41,160
0.5N2+0.5O2
NO
-90,290
Table 4. Enthalpies of Reaction (T = 298.15K) (based on Rogers and Mayhew, 1995)

4.2 Molecular Geometry of Hydrocarbons
The simplest forms of hydrocarbon molecules are called alkenes and are of a geometry
where one hydrogen molecule, consisting of two hydrogen atoms, is attached to each
carbon atom of a molecular string. Examples of this unsaturated form of hydrocarbons
include methylene (CH2), ethylene (C2H4), or cyclooctane (C8H16).

Figure 6. Simplest Molecular Geometry of Hydrocarbons (by author)
Another simple form of hydrocarbons is the group of alkanes with the general formula
CnH(2n)+2, where each carbon atom is single bonded to two hydrogen atoms plus an
additional two hydrogen atoms at the end of each molecular string. Alkane molecules are
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considered to be saturated and examples include methane (CH4) or octane (C8H18). Petrodiesel which is refined from fossil fuels and commonly called diesel fuel also consists mainly
of alkanes with a structure of 10 to 20 carbon atoms per molecule.

Figure 7. Molecular Geometry of Alkanes (by author)

4.3 Enthalpy of Combustion
The maximum power available per power stroke of a Diesel engine is limited by the amount
of fuel and oxygen available in the cylinder. Another limiting factor is the enthalpy of
combustion of the fuel, which describes the energy that is released when a fuel is burned in
air. By replacing or supplementing one fuel with another, without changing the amount of
oxygen available for the combustion, the power output of an internal combustion engine
will change. When a fuel is replaced with another the power output can be regulated by
adjusting either the quantity of fuel injected, or by increasing the amount of air available
for combustion by utilising a super or turbo charger.
Three examples of fuels with different molecular structures, an alkene, an alkane and
hydrogen, are compared in the following section to identify variations in the enthalpy of
combustion by analysing the amount of energy released when the fuels are completely
burned in one kilogram of oxygen. The results of this comparison are shown in table 5 in
chapter 4.3.4.
The mass fraction of oxygen in air is given in table three with 23.14% and therefore the
amount of air that contains one kilogram of oxygen is 4.32kg as shown in equation 5.
100% x 1kg / 23.14% = 4.32kg

(5)
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4.3.1 Hydrogen (H2)
From table 4 it can be seen that a total amount of heat released when hydrogen is burned
in air is 241,830kJ/kmol of water vapour. The molar mass of hydrogen (H2), water vapour
(H2O) and oxygen (O2) is given in table 1 as 2.016kg/kmol, 18.0155kg/kmol and
31.999kg/kmol respectively. The combustion equation is
1kmol H2O = 1kmol H2 + 0.5kmol O2

(6)

When burning hydrogen in oxygen to produce one kilomole of water vapour the total
amount of heat released is 241,830kJ. One kilomole of water has a mass of 18.0155kg and
therefore the amount of energy released is 241,830kJ per 18.0155kg, or 1,342.44kJ/kg.
One kilomole of water contains 0.5 kilomole of oxygen (O2) and has a mass of 16kg. As 16kg
is the mass of oxygen required to produce 18.0155kg of water, which releases 241,830kJ of
energy, the amount of energy released for one kilogram of oxygen is
241,830kJ / 16kg = 15,114.4kJ/kg

(7)

4.3.2 Ethylene (C2H4)
One kilomole of ethylene has a mass of 28.054kg and the combustion equation is
1kmol C2H4(vap) + 3kmolO2 = 2kmolCO2 + 2kmolH2O(vap)

(8)

By producing two kilomoles of both carbon dioxide gas and water vapour by burning
ethylene in oxygen, the heat released is 1,323,170kJ.
The total amount of oxygen required to release 1,323,170kJ of heat by burning ethylene
can be taken from equation (7) and is 3kmol with a total mass of
3kmol x 31.999kg/kmol = 95.997kg

(9)

To find the energy released for ethylene burned in one kilogram of oxygen:
1,323,170kJ / 95.997kg = 13,783.45kJ/kg
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(10)

4.3.3 Ethane (C2H6)
The combustion equation for ethane is
1kmol C2H6(vap) + 3.5kmolO2 = 2kmolCO2 + 3kmolH2O(vap)

(11)

By burning one kilomole of ethane in oxygen 1,427,860kJ of heat are released. The
combustion product consists of two kilomoles of carbon dioxide gas and three kilomoles of
water vapour.
The total amount of oxygen required to release 1,427,860kJ of heat by burning ethane is
given in equation (11) as 3.5kmol and the associated mass is
3.5kmol x 31.999kg/kmol = 112kg

(12)

To find the energy released for ethylene burned in one kilogram of oxygen:
1,427,860kJ / 112kg = 12,748.75kJ/kg

(13)

4.3.4 Enthalpy of Combustion - Results
Fuel

Energy [kJ]

Energy [kWh]

Hydrogen (H2)

15,114.4

4.20

Ethylene (C2H4)

13,783.45

3.83

Ethane (C2H6)

12,748.75

3.54

Table 5. Enthalpy of combustion with 1kg of oxygen in stochiometric mixture
The result of the comparative investigation into the enthalpy of combustion of hydrogen,
an alkane and an alkene fuel has shown that a higher amount of energy is released during
the combustion of hydrogen in oxygen than during the combustion of the two hydrocarbon
fuels used for comparison.
This is relevant, as a tested way to supply ICEs with hydrogen gas is to mix it with air at the
intake manifold. By doing this the volume of air, and thus oxygen, available for combustion
inside the cylinder is partially replaced with hydrogen, which could potentially reduce
maximum power output available. Because of the higher energy available by burning
Page 24 of 95

hydrogen, it now seems to be indicated that, with an appropriate mixing ratio, it might be
possible to replace some air with hydrogen at the intake without a subsequent reduction in
power.

5. Engine System
The operation of Diesel engines with blends of different liquid fuels, the combination of
liquid and gaseous fuels, and the compression ignition of gaseous fuels only has already
been subject to a wide range of investigations. Analytical approaches into the compression
ignition of hydrogen in Diesel engines consist primarily of experimental data gathering from
real engines under laboratory conditions, the numerical modelling of the combustion
process, or a combination of both, were the experiments are used to validate or disprove
the output of the numerical analysis.
This literature review investigates the background of the current state of the art in dual
fuelling of Diesel engines with hydrogen, and presents a range of investigations and
methodologies used to improve the understanding of benefits and detrimental effects of
combining diesel fuel with hydrogen in compression ignition engines.

5.1 Introduction to Fuel Injection
One of the core parts of any compression ignition engine are the fuel injector pumps. To
prevent a pre firing of the fuel the injection timing and method of injection are extremely
important to achieve a good thermal efficiency and to prevent knock.
The importance of an accurate injection pump was described by Smith (1960, p.7) who
states that the required amount of fuel injected per cycle for a single cylinder engine with a
bore of between 10-12cm has to be between “half the size of a grain of rice” when running
on 2,000rpm and an amount “smaller than the head of a very small pin” when running at
300rpm. Not only has a fuel injector to deliver the exact amount of fuel into the cylinder,
but this must also happen at the specified correct time.
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Whilst Smith (1960) attributes the invention of the fuel injector pump to Mr. Alan E. L.
Chorlton, he also acknowledges Robert Bosch’s contribution to further research of the
technology. This ongoing research then resulted in the commercialisation of the high
pressure fuel injection pump.
As the fuel pump has to overcome a high cylinder pressure at the point of injection, all early
designs were based on the injection of non compressible liquids, rather than gases.
Although internal combustion engines running on gaseous fuels have been used for quite
some time, most early designs were based on spark ignition engines where the fuel was
introduced into the cylinder at low pressure during the air intake stroke, prior the spark
ignition at the end of the compression stroke. However, this approach has proved to be
not practical for compression ignition engines due to often observed early firing of the
cylinder charge and the resultant occurrence of knock and detrimental impact on the
engine performance.
Reciprocating internal combustion engines that operate on gaseous fuels were initially used
for stationary applications only. Examples for this could be found mainly in areas where
there was a supply of gas readily available, as in bio digester plants or compressor stations
of mains gas networks. A restricting factor for a more widespread use of gases in mobile
applications was the heavy weight and size of gas containers.
Over the last decades injector pump and compressor technology have well progressed, and
so has the ability to utilise high pressure tanks or liquid storage of gaseous fuels (LPG) for
transportation applications. Where the injection timing of liquid fuels is mainly dependent
on the activation of the fuel pump due to the incompressible nature of liquids, gaseous fuel
injection often utilises a compressor in combination with a solenoid valve. In most modern
applications the timing signal is typically given by an electronic control unit (ECU) which
allows easy continuous adjustments to the injection timing point during operations to
increase efficiency.
Modern fuel injection technology is well able to apply most fluids, liquids and gases, into a
cylinder against high pressures, and the weight of gas tanks has been reduced considerably
also. As a result of the widespread availability of LPG conversion kits for most petrol
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engines that operate on a spark ignition, the infrastructure network of ‘autogas’ or LPG
filling station has been well developed in many countries.
Although extensive research into the use of gases in compression ignition (CI) engines has
already been undertaken, there is currently no of-the-shelf CI engine available that
operates on 100% gas.
Research has also been undertaken into the utilisation of solid fuels such as coal dust into
internal combustion engines, but this was not considered to be relevant (Kuhlmann, 1988).
One application where arguably a solid fuel was utilised to power internal combustion
engines in transportation applications was the use of wood gas as a fuel. Mainly triggered
by fuel shortages during the Second World War, solid logs where used in gasifier units in
cars or trucks to produce wood gas for use in carburettor charged spark ignition engines.
The residual product of the gasified logs is charcoal which could be burned in a continuous
process to provide the heat for the ongoing production of gas. The main drawbacks of this
application were found to be the preparatory time required for a cold start of a vehicle and
the space required for the gasifier and the fuel (De Decker, 2010).

5.1.1 Hydrogen Fuel Injectors
Based on research undertaken by other organisations as outlined to some extend in the
following chapters, it is indicated that the utilisation of direct hydrogen injectors has some
advantages when compared to other methods. A study done by Rahman et al. (2009)
investigated the effects of variations in the hydrogen injection timing on the performance
of a spark ignition hydrogen engine. The approach taken was to create a model to conduct
a theoretical analysis which was then compared with experimental results. One of the
findings of the study was that a strong relationship between the air fuel ratio (AFR) and the
optimum injection timing point is indicated. It can be assumed that a similar relationship is
also present in compression ignition engines and thus consideration could be given to the
usage of an electronic mass flow control valve prior to the gas injector to optimise
performance.
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Based on the requirement of a variable injection timing that operates with a higher
accuracy in CI engines than what would be required in spark ignition engines, Krepec et al.
(1984, pp.113-114) have proposed a modified approach which consists of a solenoid
operated injection system where a linear digital actuator controls the injection duration
and timing according to information given by an “electronic fuel control unit based on the
engine’s speed, temperature and required torque”.
There are two distinct types of hydrogen direct injectors in use. Whilst one method is to
inject hydrogen at the onset of the power stroke into the air intake valve, shortly before
the valve closes, other injectors apply the fuel shortly before TDC, or during combustion at
a considerably higher pressure. As the tolerances of the former design can be higher and
the injection pressure lower compared with the latter, it is possible to design the first type
of injector with considerably less effort than the second. A third injector type applies the
hydrogen gas directly into the cylinder shortly after the intake valve closes before the
commencement of the power stroke. By using this approach the hydrogen can still be
injected at a reasonably low pressure without compromising on the amount of air and thus
oxygen available in the cylinder for combustion. Besides others Yi et al. (1996) designed
and constructed a direct injection (DI) hydrogen injector operated with a solenoid valve to
compare direct injection after port closure with intake injection in a spark ignition engine.
The injector operated satisfactorily and the experiments have shown that a higher
volumetric efficiency is achieved by using the DI method.
A high pressure hydrogen gas injector that could replace the original diesel injector to
operate a CI engine on 100% hydrogen fuel was designed and constructed by Krepec at al.
(1987). The injector was supplied with a gas pressure of 400bar and investigations were
made into the pressure wave propagation. Reference was made to an apparent well
established challenge of achieving high accuracy injection timing with conservative fuels,
such as diesel or petrol, i.e. non compressible liquids, which is caused by the dynamics of
the pressure wave that forms and progresses between the fuel pump and the injector.
These challenges are increased manifold when using a compressible gas and areas for
improvements where identified and highlighted. The injector was fully electronically
controlled and during tests, where the injector was mounted into the cylinder of a Peugeot
4-cylinder engine, its functionality was proved. However, difficulties were encountered
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with the combustion ignition method of hydrogen and it was found that the continuous use
a glow plug improved ignition.
Hydrogen is often stored in pressurised cylinders, in some instances with pressures of up to
700bar. Verhelst and Wallner (2009) suggest that only a solenoid valve, and no compressor,
is needed in those instances for a direct injection of the gas. Although it is mentioned that
based on an injection pressure of 100bar, only 6/7th of the cylinder charge stored on board
could be applied with the required pressures.

5.2 Dual Fuel Operation
The most common fuel for CI engines in automotive applications is diesel oil with an auto
ignition temperature of approximately 262°C. Other fuels used in diesel engines include bio
diesel or vegetable oil, or blends of these in varying mixing ratios. It is possible to run diesel
engines in a hybrid mode by using a combination of diesel fuel and an alternative fuel, even
if the secondary fuel has an auto ignition temperature higher than the temperature that is
achieved during compression only. Once the auto ignition temperature of the pilot or
primary fuel is achieved, and the fuel is injected, the combustion will commence with a
resulting further increase of the in-cylinder temperature. This increase of temperature
subsequently triggers the combustion of the secondary fuel. For gaseous secondary fuels it
is possible to pre charge the cylinder with an air-fuel mixture during the intake stroke and
then to inject the diesel pilot fuel during compression to initiate the combustion process.
To operate diesel engines with two liquid fuels in hybrid mode, both fuels will either have
to be mixed, or a dual stage injection is required. As described by Mollenhauer (1997, page
151) Rudolf Diesel suggested the use of a secondary injection system to supplement diesel
fuel with methyl alcohol. In such a configuration a small amount of diesel is injected to
initiate the combustion, which then increases the temperature to a level high enough for
the second fuel to burn. According to Mollenhauer approximately 10-15% of the total
amount of fuel required in a diesel-methyl alcohol combination has to be diesel to prevent
misfiring and ensure a smooth combustion. However, as the diesel fuel also acts as a
coolant for the injector nozzle, reference is made to potential problems with overheating,
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and increased thermal stresses that can occur inside the injectors by reducing the amount
of diesel fuel supplied.
Compression ignition engines with a pre-chamber injection system can also utilise a
continuously operated glow plug near the physical point of injection to raise the
temperature of the fuel to above the auto ignition point. By using this approach the
amount of pilot diesel fuel required for combustion can be further reduced, if not
completely eliminated.
Another way to reduce or eliminate the amount of primary diesel fuel required is to utilise
a timed spark ignition system. Although to optimise the combustion an alteration of the
compression ratio might be beneficial to reduce the cylinder pressure and temperature to
decelerate the combustion of the alternative fuel. In this case the engine would no longer
be a CI engine, but would have been fully converted to a spark ignition engine.
The simplest way to operate a Diesel engine in dual fuel mode with hydrogen gas is to
introduce the hydrogen into the air intake manifold during the intake stroke. A more
sophisticated approach uses a secondary injector nozzle to spray the hydrogen directly into
the cylinder shortly prior or during the power stroke. Comparative experiments
undertaken by Anna University, India have shown that the specific energy consumption
increased by adding hydrogen into the air intake compared to baseline data in diesel only
mode. During the dual fuel operation with hydrogen injected directly into the cylinder it
was shown that a reduction in the specific energy consumption could be achieved at low
and high loads (Saravanan et al. 2008a).
During research conducted by The Pennsylvania State University the impact of adding
hydrogen to the air intake manifold on engine performance was analysed. The test
facilities included a 53kW and a 66kW engine running on a mixture of petroleum derived
(80%) and bio (20%) diesel (B20). A modest reduction of NOx emissions in the exhaust
gases was identified following the addition of hydrogen, which according to the findings of
chapter 5.5 indicates an engine operation on a lean mixture. The amount of hydrogen was
added up to 10% of the total fuel energy and this had no noticeable impact on the engine
efficiency (Shirk et al. 2008).
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Saravan and Nagarajan (2009) state that one advantage of the timed intake port application
of hydrogen over manifold injection is that, with proper injection timing, problems
associated with backfiring and pre-ignition of the fuel can be eliminated. An experimental
comparison between the application of hydrogen into the air intake manifold, or directly
into the intake port valve has shown that a higher brake thermal efficiency can be achieved
by the latter, where “brake thermal efficiency is defined as the amount of energy
consumed to produce a unit kilowatt power” (Saravanan and Nagarajan 2009, p. 2650).
The observation that it is possible to avoid backfiring by pulsed injection into the air intake
at the end of the intake stroke using an injector with a high flow rate and utilising the pre
injection intake volume to cool down any hot spots prior injection was also made by
Verhelst and Wallner (2009). Using this approach no hydrogen remains in the intake
manifold and thus backfiring at the beginning of next intake stroke is avoided. Additional
measures to avoid backfiring caused by hot spots are given in the use of cooled exhaust
valves or additional cooling to the cylinder head and valve seats, although Verhelst and
Wallner (2009) mention that this would require considerable re-engineering of the cylinder
head and might thus not be suitable for retrofit.

5.3 Compression Ignition of Hydrogen
Following a research collaboration between industry representatives from MAN and B&W
Diesel and the Technische Universität München (TUM) experiments to run large scale diesel
engines on 100% hydrogen were described by Vogel (1999). To achieve the higher
temperature required for the auto ignition of hydrogen the compression ratio of the single
cylinder test engine with a bore diameter of 240mm was increased from 13.7:1 to around
17.4:1. Hydrogen was injected at a pressure of 300bar close to TDC through a multiple
outlet valve to initiate combustion. The outcome of the experiment has confirmed that it is
possible to operate CI engines on 100% hydrogen without the emissions of any particulate
matter or soot and it is anticipated that further developments will result in a CI engine with
the same thermal efficiency as that of modern marine diesel engines (Mollenhauer 2002,
pp.183-184). Rudolf Diesel’s vision that one day it will be possible to operate a CI engine on
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a gaseous fuel without smoke and odour in the exhaust gases, as described previously in
chapter 3.1, seems to have been validated and implemented during the experiments.
Two possible approaches to operate a compression ignition engine on hydrogen as the only
fuel are to either apply the fuel into the air intake port during the intake stroke, or to
replace the diesel injector with an injector capable of spraying the hydrogen directly into
the cylinder shortly before TDC.
The approach to apply hydrogen into the port during the intake stroke for a mono fuel
hydrogen operation is sometimes referred to as HCCI (homogeneous charge compression
ignition).
Experiments using the HCCI approach were conducted by the Czestochowa University of
Technology, Poland with a two cylinder Deutz engine with a swept volume of 1.65 litres.
The results have shown that by increasing the compression ratio to 17:1 the temperature
increase during the compression stroke was sufficient to ignite the hydrogen, although it
was found that the engine had to be warmed up by running on diesel fuel before it could be
switched over to a 100% hydrogen mode to prevent misfiring. As the ignition timing could
not be accurately controlled by using the HCCI approach it was observed that heavy
combustion knock occurred when the hydrogen self ignited (Szwaja and Grab-Rogalinski
2009).
Experiments using the HCCI method were also conducted by Newcastle University (Gomes
Antunes et al. 2008). The compression ratio (CR) of the 825cm³ single cylinder Deutz test
engine was also 17:1, but in this case this was not sufficient to achieve an auto ignition of
the fuel. Instead of increasing the CR further, it was decided to use a different method to
achieve compression ignition of the fuel. By utilising a 2,800W electrical heater the air inlet
temperature was increased to a higher base level and this was sufficient to achieve auto
ignition temperatures during the compression stroke.
A steep increase in pressure after the ignition was observed and it was noted that a
cylinder pressure ratio of Pmax/Pcomp of less than 3 was difficult to achieve. Gomes Antunes
et al (2008, p. 5828) state that “as a practical rule, the ratio Pmax/Pcomp < 1.5 for standard
diesel engine piston rings should be maintained ”and as this ratio was well exceeded, wider
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crank bearings and thicker piston rings would possibly need to be employed in hydrogenfuelled HCCI engines”. By operating the engine on 100% hydrogen in the HCCI mode on a
very lean mixture it was found that the NO exhaust emissions were reduced significantly
compared with the baseline diesel emissions.
During further experiments with the same engine, but using a direct injection system and
comparing results with baseline diesel and HCCI data, Gomes Antunes et al (2009) were
able to confirm a reduction in NO exhaust emissions by using 100% hydrogen fuel. It was
further suggested, although not fully substantiated, that by using hydrogen as fuel the
occurrence of engine knock can be reduced due to the high flame speed and that there may
be a higher risk of misfiring at high loads because of the lower ignition energy of hydrogen.
The experimentally verified comparison between HCCI and direct injection (DI) has shown
that direct injection gave a much better control of engine operation. A higher power to
weight ratio was observed by comparing DI hydrogen operations with baseline diesel data.

5.4 Noise Emissions and Pressure
Diesel engines are known to be noisier than petrol engines, although recent developments
in the automotive engine sector have made good progress to overcome noise issues
associated with diesel cars. When analysing the dual fuel operation of a 9kW single
cylinder pre combustion chamber diesel engine with diesel fuel and compressed natural
gas, Selim (2001) found that the level of noise increased. As a result of using a dual fuel the
cylinder pressure increased and a relationship between the mixing ratio, maximum cylinder
pressure and noise emission was observed. Selim monitored the performance for injection
timings between 20°-45°BTDC and established that “the combustion noise is represented
by the maximum rate of pressure rise during combustion” (Selim 2001, p.485).
The observation that the maximum cylinder pressure of a CI engine increases by adding
hydrogen or natural gas as a secondary fuel was also made during experiments at Anna
University in India (Saravanan et al. 2008b). A single cylinder 3.7kW CI engine was operated
in diesel mode only, dual fuel mode with diesel and hydrogen, and dual fuel mode with
diethyl ether (DEE) and hydrogen. The hydrogen was directly injected into the cylinder with
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a variation in injection duration of between 30° crank shaft angle (CA) to 90°CA. The
injection starting point varied between 5° BTDC to 25°ATDC. During experiments an
increase in cylinder pressure, temperature and NO emissions was measured when
operating the engine in diesel hydrogen mode. Other observations included an increased
thermal efficiency of 22% and a reduction of smoke emissions when combining diesel with
hydrogen. The maximum volumetric ratio between hydrogen and diesel without a loss in
thermal efficiency was 38%. Although at this ratio a nominal power loss could be observed.
The interactions between long and short-term unsteady heat transfer responses on the incylinder and exhaust manifold diesel engine surfaces in diesel only mode were
experimentally investigated on a sophisticated test rig, fitted out with numerous heat flux
sensors, piezo electric transducers and other instrumentation, by Mavropoulos (2011). An
in depth investigation into the influence of transient engine operation following a change of
speed or load on the mechanism of short term response cyclic heat transfer in the
combustion chamber and cylinder head was conducted under an ongoing research
programme aiming at the investigation of the basic heat transfer characteristics in diesel
engines. The experimental data was processed by applying a one dimensional heat
conduction theory followed by a Fourier analysis, and it was found that after a severe
variation of load or speed, wall surface temperatures were up to three times higher as
during steady state operation. A transient peak pressure of almost 15% higher than final
steady state could be observed. It was observed that the temperatures and pressures
settled after 20 engine cycles.

5.4.1 Pressure Modelling to assist Condition Monitoring in Large Engines
Lamaris and Hountalas (2010) have carried out a study to support the development of a
general purpose diagnostic technique for marine diesel main propulsion and auxiliary
engines. It is claimed that more than 99% of large commercial vessels utilise Diesel engines
and that two-stroke large-bore turbocharged diesel engines have a dominant position in
the marine sector because of the higher power output, the ability to run on low grade oil,
superior efficiency, reliability and ability for long term operation. The major objectives for
the design and operation of marine diesel engines are reliability and efficiency. With view
Page 34 of 95

to the importance of condition monitoring and fault detection Lamaris and Hountalas
(2010) have developed an engine simulation model based on a multi zone diagnostic
method. It is claimed that it will be possible to detect developing faults at an early stage
and to take necessary action to minimise damage and engine down time by feeding core
data from instrumentation as real time information into an accurate model. To achieve the
required level of accuracy a relation between model constants and engine components
must be developed with the ability of parameter adjustments to reflect different engine
modes. Experiments were carried out onboard a commercial vessel on the 2-stroke main
engine with 11,589kW and the 4stroke, 658kW, auxiliary Diesel generator and measured incylinder pressure values were compared against the numerically modelled values for both
engines.

Figure 8. Cylinder pressures for two engines (Lamaris and Hountalas, 2010)
Figure eight shows the relationship between the calculated model pressures for both
engines against measured values. Both instances show good similarity which confirms the
accuracy of the model and indicates that the system could be used for condition monitoring
by comparing both measured and calculated curves.

5.5 Hydrogen Combustion and Nitric Oxide Emissions
A review of the literature on the dual fuel operation of CI engines with diesel and hydrogen
has shown that, despite a good number of contradicting findings, nitric oxide emissions
were often found to be higher for engines operating on a near stochiometric mixture when
compared with diesel only operation. Results in relation to the exhaust gas emissions and
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in particular to the formation of nitrogen oxides were found not to be consistent. Where
some experimentalists observed reductions of NOx emissions in hydrogen dual fuel mode
applications (Gomes Antunes et al. 2008; Shirk et al. 2008; Hafez 2007; Saravanan et al.
2008a), others reported an increase of NOx emissions following the addition of hydrogen to
the combustion process (Frassoldati et al. 2006; Saravanan et al. 2008b; Szwaja and GrabRogalinski 2009).
An investigation into the emissions of industrial burners carried out by Delabroy et al.
(1998, p.65) based on “the assumption that the nitrogen atoms are in a state of quasiequilibrium”, describes the rate of formation of NO as:

, where k1 = 1.8x1012 exp(-319kJ mol-1/RT)

(14)

(where R=universal gas constant; T= absolute temperature)

Equation 14 indicates that the emissions of nitrogen oxide can be minimised by either
decreasing the temperature or the amounts of oxygen or nitrogen during the combustion
process. The relationships between the formation of NOx with the combustion
temperature and excess oxygen content are shown in figure 9, where a rapid increase of
NOx formation is visible above a threshold temperature of 2800F (1537°C). The rate of NOx
formation is highest at fuel to air combustion ratios of 5-7% O2 (25-45% excess air).

Figure 9. NOx formation against temperature and excess oxygen (ALENTEC INC., 2002)
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The promotion of NOx emissions as a result of high temperatures was also presented by
Frassoldati et al. (2006) who found that the results of their modelling study were in good
agreement with experimental data.
As hydrogen has a higher flame propagation velocity than diesel, which means it burns
faster and releases the same amount of energy in a shorter period of time, it is indicated
that the peak cylinder temperature is increased and this promotes the formation of nitric
oxides.
The operation of an engine on a very lean mixture is described by White et al. (2006) as one
method to improve the exhaust gas profile and it was observed that a lean mixture with a
fuel-air ratio of 0.5 resulted in a significant reduction of NO emissions. It was further
observed by Reynolds (n.d.), that diesel engines fuelled with direct injection hydrogen and
operated with a spark or glow plug ignition achieved their highest efficiency when running
with a high air fuel ratio (AFR), i.e. a lean mixture. This indicates that it may be possible to
keep the NO emissions at a minimum whilst still operating the engine at optimum
efficiency. Reynolds further makes the point that typically most large scale diesel engines
are already operated on high air-fuel ratios during normal operations.
A mathematical approach to simulate the composition of hydrogen diesel fuel exhaust
gases was used by Masood and Ishrat (2008). A simulation program was developed to
determine mole fractions of the system in and outputs. The calculated results were
validated experimentally by using a 3.7kW rated single cylinder engine. The numerical
results were found to be in reasonably good agreement with the experimental data and it
was observed that the addition of hydrogen resulted in a reduction of NOx formation.
Another observation made following the addition of hydrogen was a reduction of peak
combustion temperatures which was explained by the higher content of water vapour in
the exhaust gases. A reduction of NO emissions in diesel-hydrogen dual fuel mode was also
observed during research undertaken by the University of Tasmania. A secondary
conclusion was that other emissions, such as carbon oxides or hydrocarbons, increased by
introducing hydrogen and thus Hafez (2007, p.2) describes that “a measure taken to limit
the harm done to human health can increase the damage to the environment and vice
versa”.
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Experiments in combination with computational fluid dynamics (CFD) analysis conducted by
Sandia National Laboratory, USA investigated the relationship between the air fuel ratio
and nitric oxide emissions for engines running on either hydrogen or natural gas, or a
combination of both. The observation that a high AFR reduces the NO emissions was also
made and maximum AFRs were established for hydrogen as 5:1 (20% fuel compared with a
stochiometric mixture) and as 1.6:1 for natural gas (Van Blarigan and Keller 1998).
Following some preliminary research on the experimental optimization of engine
operational strategies for maximum power and efficiency with ultra low NOx emissions at
Ghent University, Belgium, a thermodynamic model of the engine cycle was developed. It
is claimed that the GUEST code (Ghent University Engine Simulation Tool) allows the
simulation of cheap and fast optimization settings of engines operating on hydrogen with a
range of sub-models to simulate combustion processes, turbulence and heat transfer
mechanisms inside an internal combustion engine. In a comparative study based on the
GUEST code Demuynck, J. et al. (2010) relate the amount and formation of model NOx
emissions to the accuracy of the utilised heat transfer model and demonstrate that the
heat transfer mechanisms for the combustion of hydrogen differ from those for fossil fuels.
It is further shown in the study that the heat transfer models of Annand (1963) and
Woschni (1967), although widely used and accepted in ICE research, lack relevant
parameter settings for the accurate simulation of hydrogen combustion processes.
The combustion of hydrogen either as sole fuel or in dual fuel mode with hydrocarbon pilot
fuels has been investigated in a number of computational fluid dynamics (CFD) simulation
studies. Skottene and Rian (2007) have used four different reaction mechanisms during a
CFD study of NOx formation in hydrogen flames. An analysis of the model outputs and the
comparison with experimentally obtained results of NO measurements in flames, which
were found to be non trivial, has shown that some models were more accurate than others
depending on the particular boundary conditions and model inputs.
The high laminar flame speed and relatively low sensitivity to turbulence are given by Knop
et al. (2008) as reasons as to why hydrogen combustion is difficult to model, following an
attempt to predict NOx emissions from a hydrogen fuelled ICE with a modified version of
the extended 3D CFD Zeldovitch model. During their study modifications were also made
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to the ‘extended coherent flame model’ (ECFM) by the addition of a new laminar flame
speed correlation to reflect the combustion properties of hydrogen and it is suggested that
following a validation of the models against experimental data it will be possible to use the
improved models to provide an insight into the combustion and pollutant formation
processes within hydrogen ICEs.

Simulations with the CFD software package Fluent and Gambit with subsequent
experimental validation were carried out by Masood et al. (2007) who found the numerical
results to be acceptable following only little modifications to the existing CFD combustion
model. Although the results between the numerical simulation and the experiments were
found to be in good agreement with each other, they seemed not to reflect findings by
most other experimentalists and numerical simulations, as a reduction of NOx emissions
was observed following the injection of hydrogen.

Hydrogen was added into the air intake manifold and also as a pulsed injection into the air
intake of a Diesel engine with the reported result that NOx emissions decreased in both
approaches during the experiments and also in the simulation. Both the thermal efficiency
and NOx content were found to be higher by the injection of hydrogen into the manifold
compared with the intake port injection. An attempt to explain the observed and modelled
reduced NOx rate following an increase of hydrogen was made by Masood et al. (2007) who
suggest that a higher mole fraction of H2O occurs during the combustion process with
hydrogen which in effect decreases the in-cylinder temperature to a level where the actual
NOx emissions are also decreased.
Not only are the emissions of NO, NOx and other pollutants as combustion by-products
relevant to combustion engines, but also in boiler applications or jet turbines. Solutions on
how to minimise NOx emissions include the utilisation of catalytic converters in automotive
applications, exhaust gas recirculation (EGR) to promote a more stochiometric combustion,
or the air staging mainly in large scale combustors.
Also using the CFD package Fluent a numerical investigation into the NOx emission profile of
a model combustor fuelled with a hydrogen-hydrocarbon composite fuel was carried out by
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İlbas et al. (2005). The impact of a secondary air injection on the formation of NO x
emissions was investigated based on a model as shown in figure 10.

Figure 10. Models used for rich/lean combustion CFD simulation (İlbas et al., 2005)
In a rich/lean combustor as shown at the bottom of figure 10, the combustion starts with a
rich mixture as not enough air is available for a complete combustion. During a second
stage additional air is injected into the process to achieve a full combustion of the fuel.
Because of the longer duration of the staged combustion process the peak temperatures
are lower than in a single stage combustion which results in a reduction of NOx emissions.
The CFD study by İlbas et al. (2005) confirmed the theory behind the rich/lean staged
combustion process and found that model predictions were in good agreement with
empirical data in most cases. NOx emissions could also be reduced further by pre-mixing
the hydrogen with methane, although this approach has produced a higher content of CO
emissions in the exhaust gases.

5.6 EGR, Efficiency, Emissions and Ignition Lag
Considerable costs and time involved in the detailed modelling of combustion processes
such as ignition and exhaust emissions with multi dimensional CFD models are given by
Safari et al. (2009) as reasons why it might be more effective to use quasi-dimensional
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thermodynamic models that can produce results at lower cost whilst maintaining
reasonable accuracy and fast computation time.
Based on simplifying assumptions Safari et al. (2009) have developed and run an improved
thermo-kinetics quasi-dimensional combustion model where the cylinder charge is divided
into three zones containing unburned gas, flame and burned region. The impact of hot and
cooled EGR on the formation of nitrogen oxides was investigated successfully and it was
found that a cooled EGR produces higher efficiencies and power outputs. The model has
also the ability to predict the occurrence and rate of knock during the combustion process
and it is suggested that this is investigated further.
By adding hydrogen to a combustion process, the amount of water vapour inside the
combustion chamber increases. There is also evidence that parts of the nitrogen oxides are
reacting with oxygen to form NO2 during the high temperature combustion process.
Investigations into the change of the NO2/NOx ratio caused by an increased formation of
NO2 during the combustion processes have shown that the performance of several
downstream catalytic after-treatment systems was improved.
By using a reforming and exhaust gas recirculation (REGR) process with added hydrogen
and carbon monoxide, and an exhaust gas catalytic after-treatment an overall
improvement in the formation of toxic emissions was noted by Abu-Jrai et al. (2007) and
Chong et al. (2010).
Experiments with a 2 litre 4 cylinder spark ignition Ford engine operated under load
conditions at 1,500 and 3,000rpm on 100% hydrogen undertaken at the University of
California have also shown that overall NOx emissions can be reduced by utilising EGR
combined with a 3-way catalytic conversion process (Heffel 2003a, 2003b). The
experimental results have further shown that EGR is an effective tool to lower NO x
emissions to less than >1ppm while increasing engine torque per emissions content of NO x.
Heffel further found that in situations where NOx emissions are of no concern a lean burn
combustion produces higher torque than a stochiometric process with EGR.
The impact of exhaust gas recirculation on the exhaust gas emissions profile under varying
loads and diesel/hydrogen ratios was also investigated in depth as a PhD research activity
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by McWilliam (2008). Figure 11 shows the nitrogen oxides emissions of the test engine at
2,500rpm and it is clearly visible that the NOx emissions are reduced with a recirculation
rate of 10%.

Figure 11. NOx emissions at 2500rpm (McWilliam 2008, p. 143)
McWilliams (2008) also found that the addition of hydrogen reduced the total amount of
hydrocarbon emissions and a significant increase of the brake thermal efficiency was
achieved as shown in figure 12. McWilliams (2008, p.58) refers to Senthil Kumar (2003) and
Tsolakis (2005) when explaining that “hydrogen inducted into the air supply will improve
the brake thermal efficiency due to the higher calorific value of the hydrogen versus the
diesel fuel and more complete combustion of all the available fuel, and increase the
ignition delay. This increase in ignition delay means higher maximum cylinder pressures and
rates of cylinder pressure rise.”
As shown in figures 11 and 12 the combination of added hydrogen into the air intake of a
Diesel engine combined with exhaust gas recirculation can improve the combustion
efficiency and emissions profile of a compression ignition engine.
McWilliams (2008) suggests that the avoidance of high NOx emissions of dual fuel mode
engines should be further investigated with the aim to identify additional means to achieve
a further reduction of these toxic emissions. In this context he refers to the potential
benefits of using multiple diesel fuel injections to influence the combustion profile by
reducing the ignition lag and smoothen out peak pressures and temperatures.
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Figure 12. Thermal efficiency at 2500rpm (McWilliam 2008, p. 153)
One of the effects of dual fuel operation of a compression ignition engine by adding a
gaseous fuel into the air intake appears to be a delay in the fuel ignition post injection. A
reason for this might be that the gas replaces some of the air and oxygen that would
normally be available at the ignition period, and thus the air fuel ratio, is reduced. Liu and
Karim (1998) have investigated this effect with a range of gaseous fuels and the ignition
delays for individual fuel combinations are shown in figure 13.

Figure 13. Ignition delay variation (Liu and Karim, 1998)
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The impact of a turbo or supercharger combined with a range of gaseous fuels on the dual
fuel ignition and combustion process could present an interesting follow up investigation to
supplement findings by Liu and Karim (1998, p.230) who conclude that “the introduction of
gaseous fuels or diluents with the intake air into a diesel engine will change both the
physical and chemical processes of the ignition delay period.”
During experiments with a 2.5l, 4cylinder turbocharged CI engine fitted out with a common
rail direct injection system with an electronic control unit (ECU), Lilik et al. (2010) have
added up to 15% of hydrogen by energy into the air intake under varying load conditions.
Following the injection of hydrogen the ECU shifted the injection timing backwards which
indicates an advanced combustion. Without full knowledge of how the control algorithms
of the ECU are set up, it can only be assumed that the injection timing is shifted to maintain
a steady in-cylinder pressure profile. If the ECU retards injection, as in this example, this
would indicate that the peak pressure is achieved faster with a hydrogen/diesel mixture
than with diesel only. During the experiments it was further observed that a retarded
injection timing resulted in a reduction of NOx emissions compared with advanced
injection, and that the NOx emissions were generally higher following the addition of
hydrogen. Lilik et al. (2010) further compared their experimental results with a CFD
analysis and found good similarity. The reduced NO/NOx ratio and increase of NOx
emissions observed during the analysis confirms findings by others as described earlier in
this report and it is questioned by Lilik et al. (2010) whether the temperature change as a
result of the hydrogen injection is sufficient to explain this shift. The explanation given is
that the higher content of H2O during the combustion process is likely to enhance the
conversion of NO to NOx which subsequently has an impact on the NO/NOx ratio. Lilik et al.
(2010) challenge findings by Saravanan et al. (2007, 2008) who have reported a reduction
of NOx emissions following the injection of hydrogen into an engine, and explain the
discrepancy by the different type of diesel engine used, which was not of modern design.
A reduced ignition lag as indicated by an advanced injection timing as described above was
also observed for small amounts of around 5% of hydrogen by Szwaja and Grab-Rogalinski
(2009) who further describe a decreased rate of pressure rise in this mode. For higher
hydrogen/diesel ratios the occurrence of knock was observed and it is suggested to limit
the maximum amount of hydrogen to 15% energy fraction in future experiments.
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During experiments with a hydrogen dual-fuelled CI engine with emulsified biodiesel (RMERapeseed methyl ester) Korakianitis et al. (2010) measured an increased ignition delay in
dual fuel mode, which they explained with the reduced oxygen content of the cylinder
charge. The ignition delay was further increased by using emulsified fuel when compared
with pure RME. The liquid fuel was emulsified with water for the experiment. This resulted
in an increased thermal efficiency of the test engine as the micro-explosion phenomenon
during the evaporation of water droplets at combustion enhanced the mixing. The benefit
on the combustion process of the better air-fuel mixture seemed to offset the detrimental
effects of a reduced in-cylinder temperature.
A reduction of NOx emissions was observed and explained as a result of the lower
combustion temperatures caused by the water content of the fuel. By using emulsified
diesel with 15% water content it was possible to reduce NOx emissions by up to 15%. It was
further noted that NOx emissions and water vapour were always higher with hydrogen than
without and that NOx emissions were generally lower with emulsified fuel when compared
with neat RME.
During a background review on CI engines in dual fuel mode Duc and Wattanavichien
(2007) noticed that there appears to be a range of contradicting findings on dual fuelled
engine behaviour and performance published in numerous papers. Where some
researcher revealed decreases in engine output as a result of dual fuelling, others reported
unchanged or even increased outputs. Some authors described a loss in thermal efficiency
where others stated comparable or even higher efficiencies under apparently the same
boundary conditions and loads. As some reports contain significant amounts of
information on the type and composition of the gaseous fuel charge used, less information
was generally made available on the full chemical composition of the pilot fuel, i.e. diesel or
vegetable oil. There is also only limited information available on the engine geometry and
injection system in some reports which makes it difficult to compare findings by different
researchers with each other. Another important factor mentioned by Duc and
Wattanavichien (2007, p.2287) is that “almost all past investigations were conducted with
engines on test benches at which engine cooling water and lube oil temperatures had been
controlled to ensure not exceeding a predetermined value. This is contrary to real
operational conditions at which the temperatures may increase to high levels.”
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Differences in reported engine performance under duel fuel conditions were also
highlighted during a recent review by Luijten and Kerkhof (2011) who suggest that those
irregularities are likely to be a consequence of mainly the combustion timing. It is further
noted that there appears to be a general agreement that under low load conditions the
engine performance deteriorates in dual fuel mode.
Additional findings of the experimental study by Duc and Wattanavichien (2007) on the
suitability of biogas as secondary fuel for the operation of Diesel engines were that biogasdiesel dual fuelling is feasible with some considerations and that the lower energy
conversion efficiency of biogas compared to diesel fuel was offset by the reduced cost.
A comprehensive overview of the state of the art of hydrogen-fueled internal combustion
engines was conducted by Verhelst and Wallner (2009) who referred to the U.S.
Department of Energy’s (2006) position that hydrogen fuelled internal combustion engines
can play a role as a bridging technology to help create a hydrogen infrastructure for
transportation.
In their study Verhelst and Wallner (2009) mention CFD simulations on the flame
propagation in direct injection engines undertaken by BMW and TU Graz who have used
the Fluent code with the turbulent burning velocity model by Zimont (2000). The modelled
flame propagation and heat release rates were compared with measurements obtained
from an optical engine and found to correspond well.
Other findings described in the overview are related to backfiring as a result of contact of
the cylinder charge with hot spots during intake stroke with open intake valve which could
potentially cause damage to the valve, and also pre-ignition of the cylinder charge during
compression stroke with intake valve closed.
Saravanan and Nagarajan (2009) have compared differences in engine performance in dual
fuel mode for timed intake port and continuous manifold injection of hydrogen and found
that an increase of thermal efficiency could be achieved by the timed intake port injection.
The increased efficiency was explained by the formation of a more homogeneous mixture
of hydrogen and air by releasing a pulse of pressurised hydrogen into the intake stream
which promotes a more uniform combustion. This contradicts the findings of Masood et al.
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(2007) who observed an increase of the thermal efficiency by 19% for hydrogen induction
into the manifold when compared with direct injection. This behaviour was also explained
with an improved combustion due to a better air fuel mixing process and thus a more
homogeneous cylinder charge.
Additional areas highlighted in the review by Verhelst and Wallner (2009) are the benefits
of exhaust gas recirculation and water injection to reduce NOx emissions with the
suggestion that water could be reclaimed from the exhaust gases eliminating the need of
an onboard water tank.
The use of vegetable oil and biodiesel as pilot fuels for CI engines in dual fuel mode was
also investigated and a reduced thermal efficiency and increase of particle emissions were
reported by Verhelst and Wallner (2009, p.521), although the addition of hydrogen shows a
“consistent reduction in smoke, CO and HC emissions”.

5.7 Vegetable Oil in CI engines
Investigations into the hydrogen dual fuelling of CI engines with pure vegetable oils as pilot
fuel were carried out by Kumar et al. (2003). An increase of smoke emissions was noted
with pure vegetable oil, when compared with diesel and this was explained with the poor
atomisation of the vegetable fuel. This effect could be offset by adding hydrogen into the
vegetable oil powered engine, which helped combustion at high outputs. The addition of
hydrogen to the engine has resulted in an increased thermal efficiency, good reduction of
smoke levels, reduced HC and CO levels and an increase of NO levels with both diesel and
vegetable oil. Following the addition of hydrogen a higher in-cylinder pressure was
observed, as were increases of the ignition delay with ranges from 10°-13°CA (crank angle)
with Jatropha oil and from 9°-11°CA with diesel. The best results were obtained for 7%
hydrogen content by mass (approximately 18% energy content) at full load. The addition of
hydrogen was not found to be beneficial at low outputs.
During an experimental investigation on the possibility to use a CI engine to generate
electricity with vegetable oil and biogas as fuels and thus removing the need for costly
diesel imports in rural areas, a compression ignition engine was co-fired with biogas and
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vegetable oil and it was seen that at lower loads the addition of biogas decreased the
thermal efficiency up to 10%. Besides detailing the technical findings of the experiments,
the study stressed both the relevance and importance of local production of fuel to support
transportation and the generation of electricity for rural sustainability (Luijten and Kerkhof,
2011).
Recent research by Lujaji et al. (2011) and No (2011) could further be seen in the context of
rural electrification. Driven by the energy crisis, depletion of resources and environmental
concerns, No (2011) analysed the performance of a Diesel engine operated with seven
vegetable oils, their blends and derivatives. Although all seven oils investigated were
suitable as CI engine fuels, all biodiesels and their blends seemed to increase NO x
emissions, whilst decreasing HC, CO and particulate matter (PM) emissions. Key drawbacks
of using pure vegetable oil as fuel are given by No (2011) as the inferior storage ability and
oxidative stability, lower heating value, inferior low temperature operability and higher NO x
emissions when compared to petro diesel. To promote a smooth combustion of the oil it
was suggested that engine modifications in the form of heated fuel lines, preheating of
fuel, or dual fuelling might be required.
Limited research has been carried out so far on “the systematic assessment of spray
characteristics of neat inedible vegetable oils and its blends for use as diesel fuel” (No 2011,
p.146), and it is indicated that modifications to the fuel injectors and pressures might also
be highly beneficial.
To reduce the high viscosity and poor volatility of vegetable oil Lujaji et al. (2011) have
produced blends of vegetable (croton) oil, alcohol (butanol) and diesel and compared CI
engine performance under various mixing ratios based on ‘brake specific energy
consumption’.
It was found that the combustion properties of vegetable oil can be improved by blending it
with alcohol and that smoke emissions at high loads were significantly reduced following
the addition of butanol. Although at 100% load the engine performed best when fuelled
with diesel only, this was different for 75% load, where a blend of 10%CRO-10%BU-80%
diesel outperformed diesel only (9.58MJ/kWh vs 9.82MJ/kWh for diesel).
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Given that diesel engines are not typically operated under full load for extended periods of
time, and that a 75% load is very representative for continuous Diesel engine operation, it
is indicated that by using a blend between diesel, vegetable oil and alcohol engine
efficiency can be improved for a wide range of applications, such as rural electrification.

5.8 Evaluation of State-of-the-Art
The design of a functional compression ignition internal combustion engine evolved as a
practical implementation of the theoretical Carnot cycle. Based on the limited ability of
lubricants to withstand heat, the highest permissible cylinder temperature inside a Diesel
engine was assumed to be 800°C with a resulting maximum theoretically achievable
efficiency of 73% (Arnold 1914). Although modern lubricants and materials may be able to
withstand higher temperatures, the increased occurrence of nitric oxides during high
combustion temperatures makes it desirable to keep the maximum cylinder temperatures
at a lower level.
An analysis of research undertaken by various organisations and described in the previous
chapters has highlighted that by adding hydrogen into a CI engine higher cylinder pressures
and temperatures can be expected. Although mechanically this does not necessarily
present a problem, a potential increase in toxic emissions sets limitations to the maximum
temperatures and rate of pressure and thus temperature rise.
There appears to be disagreement in the field on the impact of the addition of hydrogen to
the combustion process on the exhaust gas emissions. Some researchers have reported
reductions of nitric oxides in dual fuel mode and this was partially explained by the
increased water content in the exhaust gas as a result of the hydrogen combustion (Hafez
2007, Masood et al. 2007, Gomes Antunes et al. 2008, Shirk et al. 2008, Masood and Ishrat
2008, Saravanan et al. 2008a).
Other experimentalists and numerical modellers have observed and measured the opposite
behaviour, as the amount of nitric oxide emissions was found to be increased in dual fuel
mode (Frassoldati et al. 2006, Kumar et al. 2003, McWilliams 2008, Saravanan et al. 2008b,
Szwaja and Grab-Rogalinski 2009, Lilik et al. 2010, No 2011).
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Interestingly most of the investigations carried out and reported in the literature show a
good similarity between the numerical and experimental findings of the individual
scenarios. An explanation for the discrepancies between the findings of individual research
activities could be in the lack of information on the data acquisition equipment used for
exhaust emission monitoring. Most reports do not make the distinction between NO and
NOx emissions, and it may well be the case that as the NOx emissions increase, a reduction
of NO emissions will also be apparent. The impact of exhaust gas recirculation and catalytic
conversion of the exhaust gases are described as useful mechanisms to reduce the amount
of toxic emissions.
Another area in which there seems to be disagreement is the impact of dual fuelling on the
efficiency of the engine. Again there seems to be a level of ambiguity in the reported
findings and a distinction is not always made between brake efficiency, thermal efficiency
and ‘brake thermal efficiency’. Although the latter is a term that is commonly used in
automotive engineering, the scientific validity of the expression could be questioned. The
thermal efficiency of an engine describes the ability of the engine to convert the added
heat into useful work. Brake efficiency is used to give the ratio between energy input and
effective output. This takes into account the thermal efficiency together with losses from
the crankshaft, gearbox or bearings that are the result of the process of converting the
initial piston movement into work delivered by e.g. tyres on the road.
As the brake efficiency is directly related to the thermal efficiency, it is not fully clear in
some reports what exactly is meant by the authors when referring to the term ‘brake
thermal efficiency’.
In reports that make reference to the thermal profile of the exhaust gas, there appears to
be consistence that the addition of hydrogen results in an increased temperature. An
increased exhaust gas temperature indicates that the thermal losses of the system are
higher, and this indicates that the brake efficiency is reduced as the result of dual fuelling
with hydrogen gas.
Although most reports on dual fuelling of diesel engines contain technical data of the test
engine, it is not quite clear in which condition the engines were during the time of testing.
Indications are that the addition of a small amount of hydrogen helps the combustion
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process of engines which are running poorly otherwise and suffer from high exhaust gas
emissions of unburned fuel, i.e. hydrocarbons. In cases where engines would strongly
benefit from a complete overhaul, due to poor compression and combustion, it is
suggested that it might be possible to extend the useful life prior an engine overhaul by
adding small amounts of hydrogen into the air intake. The addition of these small amounts
of hydrogen might have no effect on engines that are in good conditions, and therefore it
would have been highly beneficial if reference had been made to the conditions in which
the test engines were during the experiments.
This literature review includes a number of references to different methods of running CI
engines on hydrogen as sole fuel or in combination with Diesel. Based on an analysis of
research undertaken so far it appears to be realistic to achieve considerable fossil fuel
savings by supplementing hydrogen to Diesel engines.
The simplest way to operate a Diesel engine in dual fuel mode is to add hydrogen into the
air intake manifold and it was shown that up to 10% of the total fuel could be supplied by
hydrogen through the intake without a detrimental impact on engine performance. Above
10% a risk of pre firing and the development of knock are reported, as well as an increase
of NO emissions.
Another way to supply CI engines with a hydrogen diesel dual fuel combination is to add
the hydrogen gas directly to the intake port at high pressure. This approach is reported to
result in a better mixture of the hydrogen with air and gives a better control of the air fuel
ratio. However, the development of knock and an increase in NO emissions was observed
by most experimentalists using this approach.
A third approach described is to inject the hydrogen at very high pressure directly into the
cylinder shortly prior TDC or during the combustion process. Limited research has been
undertaken using this approach in a dual fuel mode, as most experiments that used a direct
injection into the cylinder tried to operate the CI engine on 100% hydrogen.
It appears that a diesel injector in combination with a separate hydrogen injector nozzle
inside the cylinder could deliver valuable results for various reasons. The compression ratio
could be kept at the initial values which would allow to continue running the engine on
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diesel fuel only in case no hydrogen is available. By utilising an electronic control unit (ECU)
for the hydrogen injector it would be possible to adjust the fuel rates, ratios and injection
timing to optimise performance and minimise the emissions of pollutants at any given load
scenario. Engine knock and pre firing could be controlled by injecting the hydrogen during
the combustion event, say from 10°-35°ATDC. A continuous or multiple injection of
hydrogen during the combustion process is likely to increase engine performance while
keeping the temperature and peak pressures at levels similar to the initial diesel baseline
values.
Benefits of this secondary injection are anticipated to be in a more continuous combustion
with the avoidance of higher temperatures and peak pressures, thus reducing stresses and
NOx emissions. The pilot fuel can be injected in the conventional way to provide enough
energy to operate the engine at no load. An increase in engine output and velocity can be
achieved by injecting hydrogen shortly after the onset of the combustion process at a fixed
flow rate and pressure. The overall energy supplied to the engine is then determined by
the duration of the hydrogen injection. Investigations into a combined secondary injection
of hydrogen and air or oxygen could also prove to be of interest and are likely to result in a
significant increase of power output. By using the approach of a secondary injection no
shift in ignition timing will occur.
Findings made during the review of literature on hydrogen or biogas dual fuelled
compression ignition engines can be summarised as follows:
1. The addition of a gaseous fuel into the air intake causes a shift in ignition timing
2. The formation of NOx is of great concern; NOx is a pollutant and emissions are
limited by legislation; The formation of NOx is an endothermic reaction and reduces
the efficiency of an engine
3. The addition of a gaseous fuel causes a pressure rise inside the cylinder
4. By burning hydrogen inside an engine the amount of water vapour increases
5. Fossil fuels can be saved by co-firing a Diesel engine with hydrogen or biogas
6. The rich/lean combustion process is an option for large scale combustors
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7. No or little evidence only was found for investigations into a dual fuelled CI engine
with multiple diesel injections
8. No evidence was found for dual fuelled CI engines where the hydrogen is injected
post ignition or injection of the pilot fuel
9. The CFD modelling of combustion processes inside an engine is a widely accepted
method to investigate and predict engine behaviour
10. By blending fuel with water a more homogeneous charge leading to a higher
efficiency and reduced NOx emissions can be achieved

The key driver for this work is based on the application of hydrogen in marine diesel
engines. Due to the large cylinder volume, high thermal mass and low rotational velocity it
is indicated that a continuous injection of hydrogen during the power stroke could bring
considerable benefits to both efficiency and emissions of the combustion process.
It is likely that extreme or high transient temperatures and peak pressures as observed by
Mavropoulos (2011) can be limited and smoothened out by a more controlled secondary
injection process, although the same might also be possible with a pulsed injection of diesel
fuel only.
No evidence was found during the recent literature review of ongoing investigations in this
particular area, which suggests that this interesting topic is well suitable for an additional in
depth research activity.
Most of the experiments and analytical investigations on the dual fuelling of engines that
were reviewed in the previous section were based on systems operating entirely in
laboratory conditions. As this thesis is focussed on operational applications of hydrogen in
a marine context, it was decided to carry out an experimental investigation with a fully
working system onboard of a seagoing vessel. The vessel available was fitted out with a
small auxiliary engine with a rated power of 14.7kW, and one of the drivers for the
experiment was to gather data from a real operational marine system in a safe manner. A
next recommended step, to follow on from the work undertaken to support this thesis, is to
identify a larger engine, and to replicate the experiments carried out with the small engine,
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to enhance the understanding of the relevance of cylinder size and engine speed on engine
performance and exhaust gas profile in dual fuel mode. A third investigation should then
utilise alternative methods of hydrogen injection into a large Diesel engine with a particular
view on secondary or continuous injection of hydrogen, or indeed oxygen, during the
power stroke.

6. Experimental Investigation
To validate findings made by others as described in the literature review and to assess the
feasibility of using hydrogen in marine diesel engines an experimental investigation was
carried out. This section contains a detailed description of both the methodology applied
and data acquisition systems used during the experimental study together with a discussion
of the results.
Experiments were carried out in a marine environment, onboard a vessel moored in a sea
loch in the Isle of Lewis and fitted out with a 20hp (14.7kW) three cylinder diesel engine.
Baseline data was gathered in diesel fuel only mode and this was followed up by the
operation in dual fuel mode with diesel and hydrogen in varying ratios. Although hydrogen
was primarily supplied from two 10 litre tanks filled to an initial pressure of 150bar, a
secondary investigation was also carried out by using an onboard electrolyser powered
initially from the engine’s alternator and from an external lead acid battery thereafter.
Hydrogen was added into the air intake, prior the air filter of the engine, to ensure good
mixing with air was achieved. An approach where the hydrogen is injected directly into
intake valves or the cylinder was considered, but could not be implemented due to
technical constraints at the time of the experimental phase.
The rationale to conduct this experimental investigation was to gather data from a
compression ignition engine in a fully operational context to supplement findings made by
others under laboratory conditions only. Secondary and tertiary components of the
rationale were the familiarisation with the instrumentation and control systems available
with the view to identify limitations and boundary conditions to inform future experimental
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studies, and the identification of a safe system of work for the utilisation of hydrogen as a
fuel on an operational vessel.
The results of these experiments are presented and analysed in the following sub sections
of this chapter, following a brief description of the approach to risk management taken
during the investigation. Figure 14 shows the schematic layout of the experimental setup.

6.1 Beta Marine BD722
The test engine was a Beta Marine BD722 three cylinder diesel engine, which is a marinised
Kubota base engine, fitted in 1999.
At the time of the experiments the engine had approximately 1,200 operating hours.
The experiments have taken place in Loch Beag, a northerly appendix to Loch Grimshader,
some 7.5km to south east of Stornoway on the Isle of Lewis on board a 9.4m sailing vessel
with a displacement of 6 tons attached to a mooring via the stern.
The exact position of the single point mooring based on the WGS84 geodetic system was
58° 08.715’N / 006° 25.25’W.
More information on the engine and specific configuration of the experimental setup is
given in section 6.1.1.

Figure 14. Experimental Setup
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6.1.1 Experimental Setup
The test engine available was a 3cylinder Kubota basic diesel engine fitted out by Beta
Marine as the BD722 model. Table six shows the technical key data of the engine.
Beta Marine BD722
Serial no

WS0876

Mass

106kg

Gearbox type

TMC 40
(serial no 107649)

Cylinder dimensions

bore 67mm,
stroke 68mm

Reduction

2.6:1

Swept area per cylinder

239.6cm³

Alternator

40A

Total swept area

719cm³

Rev max

3,600RPM

Compression ratio

23:1

Rated power

14.7kW / 20hp

Injection timing

BTDC 21°

Rated torque

45Nm

Cooling water inner circuit

3.1l

Table 6. Technical data of test engine from operating and workshop manuals
The fuel supply of the engine was reconnected so that the supply and return fuel lines
ended in a beaker placed on a weighing scale. This was required to measure the mass fuel
consumption of the engine over time during the experiments.
Thermocouples were fitted to monitor the temperatures at the sea water cooling inlet and
outlet connections, the exhaust pipe, the cylinder block and also the ambient air. In
addition a thermal imaging camera was used to monitor the surface temperature of the
engine during the tests.
The in-cylinder pressure of one cylinder was monitored using a pressure sensor mounted
into a glow plug thread and connected to an oscilloscope via a charge amplifier. The
readings of this pressure sensor were also used to derive the engine speed in RPM.
Samples of the exhaust gas were taken from the outlet of the wet exhaust pipe at the stern
of the vessel and analysed with a combustion gas analyser.
Attention was also given to any perceived changes in the audible noise emissions of the
engine, albeit these were not recorded in a scientifically correct manner.
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Figure 15. Test engine, glow plug and fitted pressure sensor
Hydrogen was injected into the engine into the air filter before the air intake manifold and
two different forms of hydrogen supply were used. During most of the test runs hydrogen
was supplied from 10 litre bottles with an initial gas pressure of 150bar. A standard
pressure regulator was used to reduce the outlet pressure to 3bar and the hydrogen
volumetric flow rate was set via a laptop connected to a hydrogen mass flow controller. In
addition to the usage of bottled hydrogen an on board oxy-hydrogen generator was also
used to produce oxy-hydrogen through electrolysis. This unit was powered initially by the
engine’s own alternator, and by an external battery in a second test run.
The vessel was attached to a mooring via a stern line and the force applied to the mooring
was monitored with a spring scale to evaluate the effective work done by the engine.
Experiments were conducted during calm days with little wind only to ensure that no
additional wind load was impacting on the readings of the spring scale.
Mains power for the test equipment was initially supplied by a 1000Wpk quasi sine wave
inverter connected to the vessel’s battery and alternator system. The power consumption
of the inverter was monitored and taken into account when working out the engine
efficiency. Due to the high power requirement of the auxiliary equipment, in particular the
electrically heated sample line of the combustion gas analyser, this inverter had to be
replaced with an external generator to provide the essential power requirements.
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Item

Description

Pressure Sensor

Kistler Type 6125C, 0-300bar, S/N 1807337, calibrated 22/09/09, ~-37pC/bar
rated, -34.65pC/bar @0-100bar at 250°C measured at calibration

Charge Amplifier

Kistler Type 5018A1000, S/N 1816849, calibrated 15/10/09, set to 34.65pC/bar, DrCo(Engine), LP off, 10.00bar/V, range 100bar

Hydrogen Mass
flow controller

Vögtlin Red-y Smart Mass Flow Controller GSC-C9TA-BB12 1.5-150l/min H2,
accuracy +/-0.3% f.s., S/N 123356, calibrated 16/06/09, cal cert 123356493829-H2-150

MRU Combustion
gas analyser

Emission Monitoring System “Vario Plus Industrial” Model, O2, CO, NO, NO2,
H2, 3-gas NDIR infrared module CO, CO2, C3H8, S/N 060410, calibrated
05/03/10

Oscilloscope

Fluke 199c Scopemeter color, 200MHz, S/N DM9920198, calibrated
24/06/2009, cal cert 1142842

Clampmeter

Fluke 345 PQ Clamp Meter, S/N 99060032, calibrated 20/07/10, cal cert
SIS1630

Multimeter

Fluke 179 True RMS Multimeter, S/N 99010107, calibrated 19/07/10, cal cert
SIS1628

Squirrel
Datalogger

Grant Squirrel SQ2040 2F16WIFI Universal Data Logger 16-32 channels

Thermocouples

Stainless steel rounded end probe k-type thermocouple with 3m PTFE cable

Infrared Camera

FLIR B620, s/n 404 000 821, 30Hz, IR spectrum 7.5-13μm, Temperature range
-40°C to 120°C, 640 x 480pixels, calibrated 26/02/2009

Scale 1kg

Kern PCB1000-1, Max 1000g, d=0.1g, S/N WD090029656

Scale 50kg

Kern, CH50K100, Max 50kg, d=100g, S/N WD090035571

On board
Electrolyser

Greenfuels HG1500, 12/24V, 20A, 1.51l/min, S/N 17, filled with Potassium
Hydroxide (originally Sodium Hydroxide)

Batteries

Lead Acid, 2No x 12V x 72Ah

DC/AC Inverter

Sterling Power Products Pro Power Q 600W Quasi Sine Wave Inverter I12600

Table 7. Technical data of auxiliary equipment used during experiments

6.2 Onboard Electrolyser
Besides the supply and usage of hydrogen from pressurised tanks, an additional
investigation was carried out using an onboard electrolyser powered by the engine’s
alternator, and an external battery respectively. The electrolyser used was the ‘Greenfuels
HG1500 Hydrogen-Oxygen Generator’ (S/N 17), with a specified output of 1 litre oxyhydrogen per minute under normal operating conditions and when filled with 5% strength
sodium hydroxide (NaOH) solution. However, as only potassium hydroxide (KOH) was
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available as electrolyte for the experiments, the output of the electrolyser had to be tested
and verified to enhance the understanding of the experimental results.
The conductivity of potassium hydroxide was found to be much higher than that of sodium
hydroxide and this resulted in a considerable higher current and power consumption of the
electrolyser with the result that the fuses were frequently blown after starting up. To
offset the increased conductivity the operating current was lowered by reducing both the
solution strength and electrolyte filling level of the unit. The electronic control system,
which occasionally switched the output to prevent the unit from overheating, was
bypassed as only a straightforward on/off operation with manual start up was required for
the relatively short test durations.
The volumetric production of oxy-hydrogen of the electrolyser was tested by connecting
the unit to a 12V battery and filling a scaled beaker with gas in one minute intervals. The
beaker was initially filled with water and was fully submerged upside down in a vessel, also
filled with water. The output of the electrolyser was connected to a hose with the other
end of the hose being placed inside the beaker at the beginning of the test periods. This
procedure was repeated multiple times under identical conditions to obtain a good average
value for the flow rate.
Initial tests with the electronic control unit still in place and a potassium hydroxide solution
of 30% strength by volume, resulted in unreliable and non repeatable volumetric outputs.
This was caused by the control unit which intermittently pulsed the power supply to the
electrodes as a current limiting precaution. The electrolyte was diluted with deionised
water to a volumetric strength of 5% and the filling level was lowered to reduce the surface
area of the electrodes that is covered with electrolyte.
After the electronic control unit was bypassed, the average volumetric production of oxyhydrogen was established during six test runs and was found to be 1,900ml.min-1 at a
power consumption of 490W.
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Based on an energy density (lower calorific value) of gaseous hydrogen at atmospheric
pressure of 10.89kJ/l1 the efficiency of the electrolyser is calculated as follows.
Power in:

490W = 490J/s  490J/s x 60s = 29.4kJ = 8.17Wh

(15)

The composition of the gaseous output of the electrolyser consists of oxygen and hydrogen
at a ratio 1:2, which results in a balance of 333ml oxygen and 666ml hydrogen per litre.
Energy hydrogen

0.666l x 10.89kJ/l = 7.253kJ

(16)

For 60s

7.253kJ/l x 1,900ml = 13.78kJ = 3.83Wh

(17)

Efficiency

3.83Wh / 8.17Wh = 46.9%

(18)

A long term test run of 50 minutes was also carried out to monitor both the temperature
profile of the electrolyser and the output characteristics of the battery used as power
supply. The battery current and voltage were logged during the test run with a Fluke 345
PQ Clamp Meter, (S/N 99060032, calibrated 20/07/10, cal cert SIS1630), and the
temperature was monitored by using a FLIR B620 thermal imaging camera (s/n 404 000
821, 30Hz, IR spectrum 7.5-13μm, Temperature range -40°C to 120°C, 640 x 480pixels,
calibrated 26/02/2009). To be able to obtain correct readings with the thermal imaging
camera, the housing of the electrolyser was opened to get optical access to the stainless
steel electrolyte tanks. As polished stainless steel has a very low emissivity, and is
therefore difficult to measure with an infrared camera, ‘Scotch Super 33+’ electrical tape
with a pre-determined emissivity of close to one was applied to the tanks and the apparent
infrared temperature was measured prior to the start of the experiment.
The photographs in figure 16 show the experimental setup together with thermal images
taken at the beginning and end of the experiment and figures 17 and 18 show the electrical
performance of the system over the 50 minute test period. During the experiment the
temperature has increased by 30.3K, from 19.1°C to 49.4°C, and a significant reduction of
the power consumption was observed after 30 minutes. Although the reduced current and
resulting power consumption can be largely explained by the voltage drop of the battery,
due to the continuous discharge, the increase in temperature of the unit might also have
been a contributing factor.
1

http://hydrogen.pnl.gov/cocoon/morf/hydrogen/site_specific/fuel_heating_calculator [accessed 29/07/2011]
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Figure 16. Set up and Thermal Images of Oxy-Hydrogen Generator

Figure 17. Voltage, Current of Oxy-Hydrogen Generator
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Figure 18. Power, Voltage, Current of Oxy-Hydrogen Generator

6.3 Methodology
Due to the unplanned breakdown of parts of the equipment and the requirement for
reasonably settled weather conditions the experiments were undertaken over a period of
three weeks from 21 March to 11 April 2010.
Test runs were undertaken at engine speeds of 1500RPM, 2000RPM and 2362RPM under
load conditions and also in idle mode. Although the initial plan was to investigate
increments of the speed of 500RPM, with the highest value being 2500RPM, it was found
that 2362RPM was the maximum speed considered to be safe in the test environment.
In idle mode data was only gathered for two different types of operation, i.e. diesel fuel
only and also operation on dual fuel at an energy ratio of 4:1 diesel/hydrogen. Under load
conditions, with the vessel’s propeller in gear, baseline data was collected for operation on
100% diesel fuel only. This was followed by trial runs in dual fuel mode with 5%, 10%, 15%,
20%, and in some instances also up to 30% of the total energy supplied in the form of
hydrogen. In addition the on board oxy-hydrogen electrolyser was connected to the
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alternator or an external battery and the engine performance was monitored. As it was
observed that the engine reached a quasi steady state condition after approximately six
minutes following changes to the operating conditions, tests were conducted over ten
minute periods with data samples taken towards the end of these test periods to allow the
relevant parameters to settle and adjust to the changes of the speed or hydrogen rates.

The test procedure was as follows:
a)

The engine was set to a predefined speed and load condition by adjusting the

throttle based on information from the pressure sensor and oscilloscope.
In a four stroke engine cycle two revolutions of the crankshaft are required per
compression stroke. For a desired engine speed of 1500RPM, or 25 revolutions per second,
the number of compression strokes per second is 12.5. This gives a time lapse between
compression strokes of 1/12.5s = 80ms.
The screenshot in figure 19 shows the in-cylinder pressure as obtained from the
piezoelectric sensor, processed by the charge amplifier, and displayed and analysed on the
oscilloscope. The time delay between peak pressures and compression strokes is given as
dX = 46.2ms and this equates a duration per revolution of 46.2ms/2 = 23.1ms.
The engine speed in this example is thus (23.1 x 10-3)-1 x 60 = 2,597RPM.
Time lapses between compression strokes and related peak pressures were calculated as
80ms, 60ms and 50.8ms for the analysed engine speeds of 1500RPM, 2000RPM and
2362RPM respectively.
b)

During sample periods of 10 minutes the diesel usage was measured based on

information from the weighing scale and readings were taken from the peripheral data
acquisition systems, to monitor temperatures, currents, voltages and exhaust gas
composition. The bollard pull was also measured for each individual speed.
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Figure 19. Compression strokes at engine speed of 2,597RPM
c)

Based on the mass usage of diesel fuel the energy input into the engine was

calculated for the load conditions tested. The volumetric gas flow rates of hydrogen
required to substitute between 5%-25% of the energy were calculated in increments of 5%.
d)

The engine was throttled back and the hydrogen mass flow controller was set to

supply the predetermined amount of hydrogen into the air intake manifold. Following this
the throttle was readjusted to revert back to the initial engine speed.
e)

During another trial period of 10 minutes under identical load conditions, but now

in dual fuel mode, readings of the diesel fuel usage and other parameters were taken for
analysis.
This process was repeated until data was gathered for all required engine speeds, load
conditions and dual fuel ratios.
f)

With the engine in gear and operating at a speed of 2,362RPM, two additional ten

minute test runs were carried out. During these trials the impact of the onboard
electrolyser on engine performance was observed by initially connecting the unit to the
engine’s alternator and starter battery, and thereafter with the electrolyser connected to
an external battery.
g)

Speed trials with the vessel underway were also undertaken so the tested engine

speeds could be related to real operating conditions.
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6.4 Summary of Results
Throughout the experiments it was observed that the addition of hydrogen into the air
intake system resulted in a reduction of diesel fuel consumption under the same load
conditions. The energy balance between the reduction of diesel fuel injected and the
amount of hydrogen added has shown a reduction of engine efficiency in dual fuel mode.
The maximum amount of energy supplied by hydrogen was 30% at high RPM and full load
conditions and no detrimental impacts such as increase of noise, vibrations or engine knock
were noted.
The thermal energy losses were increased in dual fuel mode and the highest observed
thermal efficiency of the engine was under load conditions at a speed of 1,500RPM running
on diesel fuel only. Even with a hydrogen content of 20%, the thermal efficiency was still
better at 1,500RPM under load conditions when compared with the other speeds
throughout all diesel/hydrogen mixing ratios.
An exhaust gas reduction of NO and an increase of NO2 and H2 were observed following the
addition of hydrogen. A reduction of O2 emissions was noted under load conditions.
No detrimental impact on engine performance was noticed through the addition of
hydrogen and neither a significant change of the in cylinder pressure nor in the audible
noise emissions was noted after the addition of hydrogen.
The impact of the on board oxy hydrogen electrolyser on engine performance was minimal
and the main effect of the unit appeared to be an increased strain on the alternator belt,
which led to a considerable higher abrasive wear and tear. A very modest reduction of
diesel fuel was achieved with the on board hydrogen electrolyzer powered by an external
battery. When powered by the engine alternator a slight increase in the fuel consumption
was noted.
It was further found that a considerable amount of the combustion gas samples appeared
to be inconclusive due to a large scattering of data. This might have been caused by the
wet exhaust gas system, where the seawater of the engine cooling system was injected into
the exhaust manifold, as this cooled down the combustion gas considerably before samples
were taken.
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6.5 Analysis
6.5.1 Fuel tank to propulsion power
To be able to correlate the experimental findings with the operational performance of the
engine both load and speed tests were conducted.
The bollard pull was established by securing the vessel to a mooring with a spring scale
inserted into the stern line. The tests were carried out on a calm and windless day and the
load applied to the spring scale was monitored for a range of engine speeds with the engine
in gear. Table 8 shows the engine and shaft speeds based on the gearbox reduction ratio of
2.6:1 and the associated bollard pull as shown on the spring scale during the investigation.
Engine Speed [RPM]

1,500

2,000

2,362

Shaft Speed [RPM]

577

769

908

Bollard Pull [N]

480

890

990

Table 8. Bollard Pull
Speed tests were also conducted on a calm day in an area with negligible tidal stream.
After the engine was set to the required speed a minimum of four readings of the speed
over ground (SoG) were taken from the GPS. The vessel was travelling in opposite
directions during these trials to offset any potential error caused by tides or river inflows.
The relationship between engine speed and velocity is shown as a linear function in figure
20, based on the measured values in table 9. This linear relationship is likely to end at
higher velocities, and this is caused by limitations of the propeller which will eventually lead
to cavitation and an increase of turbulence intensity.
RPM

1,200

1,500

1,700

2,000

2,200

2,700

3,000

SoG [m/s]

1.00

1.45

1.67

2.01

2.30

2.74

3.04

Table 9. SoG and engine velocity
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Figure 20. SoG and engine velocity
The propulsion or brake efficiency was approximated based on a simplified propeller
calculation theory as presented by Von Böckh (2004, p.89).

The propeller thrust is calculated by
(19)
where the mean velocity is the average of the entry and exit velocities
(20)
Cs can now be substituted in equation (19) and the equation can be re-arranged to get
equation (24):
(21)
(22)
(23)
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(24)
Based on the diameter of the propeller the swept area can be calculated.
Diameter of propeller

15” = 0.381m

Swept area of propeller

(25)

In this simplified approach the entry velocity of water into the propeller with the vessel
being in a stationary position is taken as zero.
On mooring
Therefore equation (24) becomes

(26)

To obtain the exit velocity equation (26) is re-arranged as:
(27)

The thrust was measured at different engine speeds with a scale between the vessel and
the mooring.
Force applied to mooring rope:

1,500RPM  480N
2,000RPM  890N
2,362RPM  990N

Based on a density of seawater of

, the exit velocities are calculated in

equations (28), (29) and (30).

1,500RPM 

(28)

2,000RPM 

(29)

2,362RPM 

(30)
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Based on the velocity, density and swept area the mass flow rate can be calculated to
obtain the propeller power as shown in equations (31) to (35).
(31)
(32)

1,500RPM 

(33)

2,000RPM 

(34)

2,362RPM 

(35)

The diesel usage and thus energy supplied to the engine during the 10 minute trials under
load conditions in diesel only mode was measured as 110g, 186g and 268g for engine
speeds of 1,500RPM, 2,000RPM and 2,362RPM respectively. Based on a gross calorific or
higher heating value of diesel fuel of 12.67kWh/kg, the power input into the engine is
calculated as:
1,500RPM  110 x 10-3kg.h-1 x 6 x 12.67kWh.kg-1 = 8.36kW

(36)

2,000RPM  186 x 10-3kg.h-1 x 6 x 12.67kWh.kg-1 = 14.14kW

(37)

2,362RPM  268 x 10-3kg.h-1 x 6 x 12.67kWh.kg-1 = 20.37kW

(38)

The brake efficiency, or ‘fuel tank to propulsion’ efficiency is now calculated as:
1,500RPM 

(39)

2,000RPM 

(40)

2,362RPM 

(41)
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As the resistive force is highest at stationary conditions, the propeller produces a higher
thrust when compared to operation with the vessel underway at an identical shaft velocity.
The propeller’s exit velocity Ca is a result of the propeller pitch and rotational speed and
was previously calculated in equations (28), (29) and (30). In this simplified approach the
exit velocity is assumed to be constant at a given RPM, independent of the vessel’s speed.
Likewise the entry velocity of fluid to the propeller is taken as equal to the vessel’s speed as
was measured during the speed trials. Based on the approximated values for the entry and
exit velocities at the propeller, the bollard pull and thrust of the vessel underway can now
be correlated as follows.
1,500RPM:

Ca = 2.87m/s, Ce = 1.45m/s

2,000RPM:

Ca = 3.90m/s, Ce = 2.01m/s

2,362RPM:

Ca = 4.12m/s, Ce = 2.15m/s

Based on equation (24) the bollard pull for the vessel is calculated for 1,500RPM as:

= 358.4Nunderway

(42)

The acting thrust of the vessel underway at 1,500RPM is 358.4N and this equates an engine
speed of 1,200RPM at stationary conditions.
Similar calculations were carried out for speeds of 2,000RPM and 2,362RPM and have given
thrusts for the vessel underway of 653N and 722N with equivalent stationary speeds of
1,700RPM and 1,760RPM respectively.
The above calculations are based on the assumption that the entry velocity to the propeller
for a stationary vessel is zero. With an entry velocity of zero, there would be no mass
transport through the propeller, which would also give an exit velocity of zero, and result
no effective work being done by the propulsion system. Therefore the results of the
calculations are included as approximations only, and cannot be taken as fully accurate.
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6.5.2 In-cylinder pressure
The in-cylinder pressure was monitored using a piezoelectric pressure sensor that was
mounted in the glow plug hole of one cylinder and connected to an oscilloscope via a
charge amplifier. Although it was not possible to identify the opening and closing of the air
intake and exhaust valves due to limitations in the pressure range and sensitivity of the
sensor, the pressure profiles during the compression and power stroke were clearly visible.

Figure 21. In-cylinder pressure during power stroke
The graph in figure 21 shows the increase in pressure caused by the compression stroke up
to the top dead centre (TDC), followed by an increase of the rate of pressure rise caused by
the combustion of the fuel. This is then followed by a decline of pressure as the volume in
the cylinder continues to expand during the downward stroke.
In this example where the engine was operated on diesel fuel only with a speed of
1,670RPM and not in gear, the maximum cylinder pressure was 66.4bar.
The in-cylinder pressures were monitored throughout the experiments over a range of
speeds at varying diesel-hydrogen ratios, with and without the propeller being in gear. An
increase of peak pressures was clearly visible at higher velocities with the propeller turning.
Only inconclusive effects on the peak pressure could be observed following the addition of
hydrogen of up to 30% by energy. Also the connection of the onboard hydrogen generator
has not shown any determinable differences on the pressure. Figure 22 shows the peak
cylinder pressures observed, where the vertical lines represent the cumulative error of the
data acquisition system of 1.5%FS. Due to only limited data being available an accurate
statistical evaluation of the trend, indicated by the horizontal lines, was not possible.
Page 71 of 95

Figure 22. Peak cylinder pressures for different diesel/hydrogen ratios and loads
The pressure curves shown in figure 23 were taken at an engine speed of 2,362RPM with
the propeller in gear. Hydrogen was added into the air intake by increments of 5% by
energy up to a diesel-hydrogen ratio of 7:3, i.e. 30% hydrogen. Again, the readings appear
to be inconclusive and it is indicated that although the peak pressure is slightly higher at
25% hydrogen content, this seems to be reversed again at a hydrogen content of 30%.
Based on the higher flame propagation of hydrogen when compared with diesel, an
increase of peak pressures was anticipated following the addition of hydrogen and this was
also backed by the literature review.
However, this could not be confirmed during the experiments as no conclusive change of
pressure profile was observed. This is likely to be caused by the small swept volume and
comparable high speed of the test engine, compared with older or larger engines.
Because of the higher flame propagation of hydrogen, when compared with diesel fuel, the
combustion process is completed in dual fuel mode before that of a comparable engine
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running on diesel fuel only. This effect is increased with large cylinder sizes and at low
running speeds, as the injection timing is set so that the combustion is at maximum shortly
after top dead centre, during the power stroke, based on the flame propagation of diesel
fuel. If in a large and slow engine the fuel burns faster than originally intended, more
energy is released at or close to top dead centre, which inevitably results in an increase of
pressure. However, as the experiments were conducted at relatively high speeds with a
small individual cylinder size of the test engine of 240cm³ only, this effect was not notable
during the experiments.
These results indicate that it might be possible to avoid detrimental effects observed by
others when operating large volume engines in dual fuel mode, by using multi cylinder
engines with smaller individual swept cylinder volumes. By increasing the number of
cylinders, albeit of a smaller size, it will be possible to obtain an identical power output to
that of a high power large bore engine with fewer cylinders.
This could be investigated further during additional experiments with a range of engine
configurations of varying cylinder sizes and operating speeds.
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2,362RPM, in gear

80

Diesel only
5% hydrogen

70

10% hydrogen
15% hydrogen
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20% hydrogen
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Figure 23. Pressure profiles at steady speed for different diesel/hydrogen ratios
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6.5.3 Diesel fuel usage
Following the gathering of baseline data the energy in the form of diesel fuel supplied to
the engine was calculated for the individual load and speed scenarios. Flow rates for
hydrogen were then calculated to supply up to 30% of the energy requirement in the form
of hydrogen by increments of 5%. The hydrogen flow rate was adjusted using a Vögtlin
‘red-y’ PC based gas flow controller and the engine throttle was adjusted to revert back to
the required test speed. During an additional 10 minute test run the diesel fuel usage was
measured and the impact of the addition of hydrogen to the fuel usage was recorded.
Additional tests have measured the impact of the onboard hydrogen generator on the fuel
usage.
The graph in figure 24 shows the impact of both the addition of hydrogen and the onboard
generator on the fossil fuel usage in absolute terms.
350

Diesel [g/10min]

2,362RPM in gear
2,000RPM in gear

300

1,500RPM in gear
2,362RPM idle

2,000RPM idle

250

1,500RPM idle
200

150

100

50

Hydrogen [%] absolute energy
0
0

5

10

15

20

25

electrolyser alt

electrolyser batt

Figure 24. Diesel fuel usage with hydrogen
A reduction of diesel fuel could be achieved for all load and speed scenarios by the addition
of bottled hydrogen. The usage of the onboard oxy-hydrogen generator has led to an
increase in diesel fuel usage when powered by the engine’s alternator at higher speeds.
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Powered by an external battery, the onboard generator has achieved a modest reduction of
fossil fuel consumption in the low and medium speed ranges of 1,500 and 2,000RPM.
Operated at 2,362RPM an increase in diesel fuel usage was observed for both
configurations, i.e. an alternator and battery powered electrolyser.
Figure 25 shows the diesel usage in relation to the hydrogen supply in relative terms and
the red line indicates the ideal behaviour, where one unit of hydrogen would replace an
equivalent unit of diesel fuel. As the measured and plotted values are almost all above the
ideal red line, it is indicated that the thermal performance of the engine decreases
somewhat by the addition of hydrogen. Hydrogen burns at a higher temperature than
diesel fuel and therefore it is likely that the thermal losses will increase after the addition of
hydrogen, which subsequently requires a higher energy supply to maintain the same thrust
at the propeller. The thermal losses were also investigated and recorded during the
investigation and are presented in the following section.
The red line in figure 25 represents an ideal scenario, where the amount of energy added in
the form of hydrogen is equivalent to the amount of diesel saved. As the majority of
scatter points in the graph are above the ideal line, this indicates that the efficiency of the
engine decreases following the addition of hydrogen.

Figure 25. Diesel fuel usage with hydrogen in percentage terms
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As visible in figure 26 where the temperature and diesel usage data are presented for a
speed of 2,362RPM under load, the diesel usage is reduced by 23.3% to 76.7% following the
addition of 25% of hydrogen, which indicates an increase of energy usage of 1.7%.
300

100%

Beta Marine BD722 - 2,362RPM, in gear
3 cylinder Diesel, 20hp
719cm³ total cylinder volume
29 March 2010, on board Kerry Piper

97.76%
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250

88.1%
84%

76.7%
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Figure 26. Temperatures and diesel usage in dual fuel mode
The experimental investigation has shown that significant savings of fossil fuel can be
achieved by replacing up to 25% of the energy supplied with hydrogen.

6.5.4 Thermal losses
Thermal losses were monitored by recording the temperature differentials between the
intake and outlet of the cooling water and of the air intake and exhaust gas at the manifold.
As the cylinders are situated within the cooling jacket of the engine, and the main removal
of heat occurs through the sea water heat exchanger, heat losses through conduction,
convection and radiation were considered to be of minor significance, with view to the
comparative effect of added hydrogen to the engine, and were thus neglected.
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Temperatures were measured with k-type thermocouples and data was recorded with a
Grant Squirrel data logger. A thermal imaging camera was also used to identify any
particular hotspots during the investigation. Figure 27 shows the temperature profile of
the engine in operation and with the hottest part of the engine body being the oil sump
which is at a maximum temperature of 75°C. The temperature decreases near the upper
area of the cylinder and this is caused by the cooling circuit.
The infrared images on figure 28 visualise the impact of the electrolyser which is connected
to the engine’s alternator in the image on the right. The added load results in an increase
of alternator temperature from 89.9°C to 150.2°, i.e. a rise of 60.3K. Also visible on the
right picture are the wires used to connect the electrolyser, which have heated up to more
than 60°C due to the high power and relating current required by the unit.

Figure 27. Infrared image of engine in operation

Figure 28. Infrared images of engine with alternator
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The thermal losses from the coolant and exhaust gases for an engine speed of 2,362RPM
with the propeller in gear are shown in table 10 for the spectrum of fuel ratios investigated.
The energy input to the system under these conditions was 20.37kW and the losses
increased gradually from 11.62kW to 13.44kW at 20% hydrogen content, before decreasing
to 11.97% for 25% hydrogen. With the electrolyser connected to the system, the thermal
losses were higher than in diesel only mode. This indicates that from an energy balance
point of view any potential benefits that might be caused by the generator are outweighed
by the overall higher energy input requirement of the system to achieve a steady output.
The indicated and measured thermal efficiency of between 34-43% appears to be realistic
and consistent with literature on the efficiencies of modern compression ignition engines.
Taking into account that not all heat losses were accounted for, the actual thermal
efficiency will be slightly lower than those values shown in table 10. The overall trend as
shown in table 10 shows a reduction of efficiency with an increase of hydrogen. This can be
explained by the hotter combustion temperature of hydrogen which results in more energy
lost through the exhaust gas and cooling system, which subsequently reduces the overall
engine efficiency. The efficiency shown for a hydrogen content of 25% contradicts this
theory, and this is likely to be caused by inaccuracies in the measurement. To validate the
findings more data is required and a repetition of the experiment with longer test runs
would be beneficial.
Losses air

Losses coolant

Losses total

Energy input

Thermal

[kW]

[kW]

[kW]

[kW]

efficiency

0%

1.75

9.87

11.62

20.37

43%

5%

1.64

10.65

12.29

20.37

40%

10%

1.78

11.26

13.04

20.37

36%

15%

1.72

11.42

13.14

20.37

35.5%

20%

1.87

11.57

13.44

20.37

34%

25%

1.48

10.49

11.97

20.37

41%

Electrolyser
Alternator
Electrolyser
Battery

2.12

10.49

12.61

20.37

38%

1.87

10.34

12.21

21.03

42%

Hydrogen supply

Table 10. Thermal losses and efficiency at 2,362RPM in gear
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6.5.5 Emissions
Exhaust gas emissions were monitored during the experiments with an MRU VARIOplus
monitoring system. The gas analyser featured an infrared test module to measure the
content of hydrocarbons, carbon oxides and carbon dioxides, together with an
electrochemical test mechanism to identify the amounts of oxygen, hydrogen and oxides of
nitrogen in the exhaust gases. During these experiments it was not possible to log the
exhaust gas profile continuously and therefore only instantaneous measurements were
taken towards the end of the ten minute test intervals. It was found during the analysis
that there was considerable scattering of data. This is partially explained by the approach
to measuring which was based on the selection of individual data points only, rather than
using an average over the test period. An additional factor that had a detrimental impact
on the quality of data was the wet exhaust gas system, in which the coolant was mixed with
the exhaust gases at the manifold. For operational and health and safety reasons, the gas
samples could only be taken at the combined outlet of gas and coolant, and as the reduced
temperature of the exhaust gas is likely to impact on the accuracy of the emissions gas
monitor. Figure 29 shows the emissions monitor in operation with the sample data
displayed on the screen.

Figure 29. Exhaust gas monitor
General observations made were to be expected, and these include a reduction of residual
oxygen under higher loads. This is caused by an increased amount of fuel during the
combustion process, which requires more oxygen to burn. It was further observed that the
hydrogen content in the exhaust gas increased with an increased inflow of hydrogen into
the air intake. This shows that although there was surplus oxygen available, the hydrogen
is not fully combusted. The reason for this could be analysed during another investigation,
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and potential explanations could be related to the quenching effect of the cylinder walls
that might have prevented an increase of temperature to above the auto-ignition point of
hydrogen. Measurements taken of the residual hydrocarbon were unreliable and have not
allowed for a conclusion to be drawn.
A reduction of nitric oxides together with an increase of nitric dioxides was observed
following the addition of hydrogen. This complies with combustion theory as reported in
literature, and is likely to be caused by the increased reaction of NO molecules with oxygen
which forms NO2. This process is assumed to be triggered by an elevated combustion
temperature.
Both NO and NO2 emissions were found to be increased following the connection of the
onboard electrolyser. A reduction of NO emissions and an increase of nitric dioxide was
observed when the unit was powered by the external battery, compared to the alternator
powered samples.
The graphs in figures 30 and 31 show the emission profiles for both NO and NOx for the
range of diesel-hydrogen ratios investigated. The vertical grey lines overlying the data
points represent the measurement error, which is 5% of the measured value, with a
minimum error of 5ppm. To allow for a clearer presentation the scattering of data points
was smoothened out by the addition of trend lines.

Figure 30. Nitric oxide emissions
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Figure 31. Nitric dioxide emissions
Based on figures issued by the Carbon Trust (2008) on the conversion from diesel fuel to
carbon dioxide of 3,164kg CO2 per tonne of diesel, it is possible to calculate the reduction
of carbon dioxide emissions resulting from the addition of hydrogen to the combustion
process. Figure 32 shows the gradual increase of carbon savings, which reaches a
maximum value of 1.2kg per hour at a hydrogen supply rate of 25% and an effective
propeller power of 4.09kW at an energy input of 20.37kW. Any carbon emissions
associated with the production of hydrogen are excluded from the figure.

Figure 32. CO2 savings and Thermal efficiency against percentage hydrogen
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6.5.6 Air-Fuel mixing ratio
To conclude this experimental investigation it was considered to be important to have a full
understanding of the air-fuel mixing ratio within the engine under a typical range of
operations. For an engine that normally operates at a stochiometric mixture, i.e. where the
amount of fuel injected matches the amount of oxygen available for complete combustion,
the ratio would turn into a rich mixture following the addition of hydrogen into the air
intake. Provided no turbo or supercharger is used, the added hydrogen displaces some of
the air and thus oxygen and this could have a detrimental effect on the engine and even
lead to a reduction of power output. However, Diesel engines typically operate in a lean
mixture with surplus oxygen available and therefore it is indicated that the lack of oxygen
might not be an issue in most situations.
To establish the ratio between air and hydrogen required to achieve stochiometric
combustion the volumetric composition of air is taken from table 3 as 20.95% oxygen and
79.05% other gases. The molar mass of air can also be taken from table 3 by taking the sum
of the multiplied values for the molar mass and volume, which gives a total of
28.973kg.kmol-1. Based on air at a temperature of 10°C and 40% relative humidity (rh) the
volume per mass is taken from psychrometric charts as 0.806m³.kg-1.
The volume of one kmol of air under these conditions is calculated by
Volume per kmol

28.973 kg.kmol-1 x 0.806m³.kg-1 = 23.35m³ (43)

Oxygen content

0.2095 x 23.35m³ = 4.89m³

(44)

Oxygen by mass

0.2095kmol x 28.973kg.kmol-1 = 6.07kg

(45)

Oxygen per cubic meter of air

6.07kg x 23.35m-³ = 0.26kg.m-3

(46)

For hydrogen (H2, Table 1)

2.016kg.kmol-1

2kmol H2 + 1kmol O2 = 2kmol H2O  1kmol H2 + 0.5kmol O2 = 1kmol H2O

(47)

(2.016kg.kmol-1)+(0.5x31.999kg.kmol-1)=2.016kg.kmol-1+16kg.kmol-1=18kg.kmol-1 H2O (48)
2.016kg hydrogen requires 16kg of oxygen for complete combustion
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Hydrogen required for complete combustion in one cubic meter of air (0.26kg O2)
2.016kg / 16kg x 0.26kg = 32.76 x 10-3kg
Density of hydrogen

(49)

ρ = 0.0983kg.m-³ at 1.01325 bar pressure

Volume of hydrogen required for one cubic meter of air
32.76 x 10-3kg / 0.0983kg.m-³ = 333 x 10-3 m³

(50)

Ratio between hydrogen and air for complete combustion:
1m³ / 0.333m³ = 3 : 1

(51)

One litre of hydrogen requires three litres of air for complete combustion
Consider test engine Beta Marine BD722, 719cm³ swept volume at 2,362RPM, which
equates 1,181 power strokes per cylinder per minute.
Air exchange per minute

1,181 x 719cm³ = 849 litres

(52)

Based on a stochiometric air/hydrogen ratio of 3:1, a gas composition of 637 litres air and
212 litres hydrogen per minute is required. This equates 3.53 litres H2 per second or 12,720
litres per hour. Based on an energy content of hydrogen of 3Wh/litre, the total power
available from the engine under stochiometric conditions when running on hydrogen is
12,720l/h x 3Wh/l = 38.2kW

(53)

The engine has a rated power output of 14.7kW and based on an engine efficiency of 40%
this requires an energy input of
14.7kW / 0.4 = 36.75kW

(54)

This indicates that theoretically it would be possible to operate the engine under full load
on 100% hydrogen. However, this is a theoretical observation only based on complete
combustion of the hydrogen. In such a setup it is likely that additional air would be highly
beneficial and the installation of a turbo or supercharger should be considered.
It is also indicated that under the given test conditions, where up to 30% of the energy was
supplied as hydrogen, the engine was still well working in a lean operation.
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7. Conclusion
The objective of this work was to carry out an investigation into the feasibility and benefits
of using hydrogen as a secondary fuel in marine diesel applications. A review of the state of
the art and literature has shown that the dual fuel operation of compression ignition
engines with diesel as pilot fuel combined with hydrogen as energy carrier is possible. The
two main approaches to dual fuelling with diesel and hydrogen are to add hydrogen
continuously into the air intake during the intake stroke, or to use a timed injection, also
during the intake stroke shortly before the valve closes. Applications of hydrogen as sole
fuel in compression ignition engines were also reviewed and the most straightforward way
to utilise this approach is the homogenous charge compression ignition, where the cylinder
is filled with a hydrogen-air mixture during the intake stroke, which is then ignited during
the compression stroke once the auto ignition temperature is reached. It was found that
this approach is relatively unstable, as the timing of the ignition varies with a change of
load or operating conditions and can not be adjusted automatically.
Experiments were carried out with a small marine diesel engine onboard of a floating vessel
and it was found that the substitution of up to 25% of energy initially supplied by diesel fuel
with hydrogen presented no problem at all. The thermal losses of the engine increased
slightly following the addition of hydrogen which led to a small reduction of efficiency.
Presumably due to the higher temperatures caused by the hydrogen combustion, a higher
fraction of the nitric oxides reacted into nitric dioxides. According to literature this can be a
desirable effect, as NO2 can be better removed through catalytic processes than NO, and
thus the emissions profile can be improved by the combined use of hydrogen and a
catalytic converter. Potential reductions of carbon dioxide emissions were calculated,
although the overall reduction depends on the carbon emissions associated with the
production of hydrogen which varies strongly. Where hydrogen produced through
electrolysis with electricity from wind turbines has very little carbon emissions only, this is
very different when the electricity to power the electrolyser is generated from coal or gas
fired power stations. One key challenge encountered during the experiments was the
transport and storage of hydrogen and this requires careful consideration to be able to
reduce the fossil fuel usage of marine vessels by dual fuelling with hydrogen. The
performance of an onboard hydrogen generator was also investigated during the
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experiments and was generally found not to be beneficial for the engine configuration
tested. However, this might be different for larger scale engines that suffer from
incomplete combustion, as evidence suggests that the addition of small amounts of
hydrogen into the cylinder could result in less unburned hydrocarbons, which in effect will
reduce the overall energy usage of these engines.

8. Discussion and Further Work
To obtain results that are more applicable to large scale marine diesel engines, provisions
were already made to conduct experiments with a single cylinder 1.4 litre Lister engine.
Initial results have shown that there appears to be a good level of similarity between the
performance of this engine and large marine engines. For a number of reasons it was not
possible to conduct further in depth experiments with this engine during this research. It is
recommended that a suitable controllable load, preferably a permanent magnet generator,
is obtained and connected to the engine before another set of experiments is undertaken.
A general finding of the review of the literature and the experiments was that the addition
of hydrogen appears to be most beneficial at partial load.
Diesel engines are designed so that they operate at maximum efficiency at somewhere
between half and maximum load. Following on from the review of literature and the
findings of experiments undertaken during this research it is indicated that a considerable
reduction of fossil fuel usage of diesel engines as in use by the fishing fleet could be
achieved by supplying the base energy requirements of the engines in the form of diesel
fuel, supplemented by varying amounts of hydrogen when a higher load or speed is
required.
In practical terms that could relate to a marine engine of a vessel tied up in the harbour
running on 100% diesel fuel. When the vessel leaves port and steams out to the fishing
grounds a higher thrust is required and this could be achieved by adding hydrogen into the
air intake. The thrust can be further increased by varying the amount of hydrogen
supplied.
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For situations with the requirement of a high engine torque, as is the case when trawling
nets or towing, the utilisation of a secondary hydrogen injection system should be further
investigated.
In such a setup hydrogen could be injected either as a continuous application or in multiple
injections during the downward action of the power stroke. This approach will not result in
increased peak pressures, with added strains and stress to the engine, as would likely be
the case with one initial injection close to the diesel injection timing. By injecting post top
dead centre, the increase of pressure caused by the burning hydrogen would offset the
decrease of pressure caused by an increased effective cylinder volume as a result of the
downward action of the piston, and thus lead to a higher continuous pressure and acting
torque on the crankshaft to the current systems.
This in effect has the potential to increase the brake efficiency of compression ignition
engines considerably. To be able to quantify full savings and increases of efficiency that can
be achieved by such a setup, further work is required. It is therefore recommended that
the Lister CS6-1 engine, already used during preliminary investigations, is fitted out with a
high pressure hydrogen injection system, controlled by a solenoid valve and a
microcontroller such as the MSP430, to evaluate the full potential and benefits of this
alternative way of co-firing diesel engines with hydrogen during future experiments.
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10. Terminology
Adiabatic process:

A fully reversible thermodynamic process in which no heat is
added or withdrawn from a system

Air Fuel ratio:

The ratio between the air and a fuel in a combustion process

Alkane:

Saturated hydrocarbon of the formula CxH(2x+2)

Alkene:

Unsaturated hydrocarbon of the formula CxH(2x)

Bio Diesel Fuel:

A vegetable oil or animal fat derived fuel that has been
filtered and transformed by the process of transesterification

Bollard Pull:

The force applied to a towline by a vessel through the
propulsion system

Bottom Dead Centre (BDC): Describes the position of minimum displacement of a
piston inside the cylinder of an internal combustion engine,
i.e. 180°ATDC (after top dead centre)
Diesel Cycle:

A real thermodynamic cycle which achieves the closest
approximation to the ideal Carnot cycle in engine technology

Carbon Dioxide (CO2): Product of complete combustion of one carbon atom with
one oxygen molecule. Considered to be a greenhouse gas
Carbon Monoxide (CO):

A toxic gas which is the product of an incomplete

combustion of carbon in oxygen
Carnot Cycle:

Ideal thermal cycle in a Carnot heat engine, where a gas cycle
includes the following reversible steps:
1. Isentropic compression requires the input of work
2. Isothermal expansion requires input of heat
3. Isentropic expansion delivers work
4. Isothermal compression as heat is removed and fluid
contracts

Compression Ratio:

The volumetric ratio between TDC and BDC inside a cylinder

Page 93 of 95

Continuous Combustion:

A steady stream of fuel is supplied into a combustion

chamber to deliver work in a continuous way
Crankshaft:

Driveshaft connected to a piston via a crank to transform the
linear piston motion into a rotational force

Cylinder pressure:

Describes the pressure inside the cylinder at a given time
during a two or four stroke cycle

Diesel Fuel:

A hydrocarbon fuel with a chemical composition of CxH(2x)+2,
where the value for X ranges typically between 10 and 15

Enthalpy of Combustion: Energy released during the chemical reaction of a fuel with
an agent, typically oxygen
Exhaust Scavenging: The process where the opening times of the intake and
exhaust valves overlap to ensure a complete discharge of the
exhaust gases
External Combustion Engine: A heat engine system in which a fluid is heated from
an external heat source. Examples: Steam or Stirling engine
Greenhouse gases:

Gases in the atmosphere that play an important role in the
earth’s climate by adsorbing and emitting thermal radiation

HCCI:

homogeneous charge compression ignition; fuel and oxygen
are premixed in the cylinder prior the auto ignition caused by
the high compression ratio

Hydrocarbon fuels:

Fossil fuels consisting of a minimum of one hydrogen
molecule and one carbon atom

Injection timing:

Defines the point in time where the fuel is injected into the
cylinder. Typically expressed as angular position of the
crankshaft and/or piston in relation to the top dead centre

Internal Combustion Engine (ICE):

Engine in which a fuel is burned inside a

combustion chamber to expand a gas which then delivers
work in a turbine or with a piston-cylinder configuration
Isentropic process:

A process where the entropy remains constant
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Isothermal process:

A process where the temperature remains constant

Lambda value:

The Lambda (λ) value is used to describe the air-fuel ratio:

λ < 1  rich mixture with excess fuel
λ = 1  Stochiometric mixture, fuel and oxygen are completely burned
λ > 1  lean mixture with excess oxygen
Lean mixture:

λ > 1  lean mixture with excess oxygen

Nitric Oxide (NO):

Unstable by-product of the combustion process of a fuel in
air. Converts to nitrogen dioxide when exposed to oxygen

Nitrous Oxide (N2O): Greenhouse gas, main use as anaesthetic
Nitrogen Dioxide (NO2):

By-product of the combustion process of a fuel in air.
NO2 is toxic and considered to be a pollutant

Reciprocating engine:

Internal combustion engine in which a piston moves
inside a cylinder in upwards and downwards direction to
convert a linear force into an angular motion via a crankshaft

Rich mixture:

λ < 1  rich mixture with excess fuel

Stochiometric mixture:

λ = 1  Stochiometric mixture, fuel and oxygen are
completely burned

Top Dead Centre (TDC):

Describes the position of maximum displacement of a

piston inside the cylinder of an internal combustion engine,
i.e. 0° crankshaft angle
Transesterification:

A process in which fats or oils react with alcohol. Commonly
used in the production of bio diesel

Vegetable Oil:

Any oil derived from vegetable crops without further
processing

Wankel engine:

An internal combustion engine running on a rotary cycle
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