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Abstract

In the framework of the ecological transition, a solution proposed to overcome
the storage problems linked to the use of renewable energies is the power-to-gas.
Homogeneous Charge Compression Ignition (HCCI) engines can be used to
reconvert this gas back into electricity. To improve this last step, the present
work proposes the installation of a glow plug in an HCCI engine.

The use of a glow plug creates a thermal stratification inside the cylinder which
lowers the pressure rise rate. This allows the use of a lower intake temperature
and the increase of the engine power density. In this work, numerical simula-
tions are used to simulate HCCI engine combustion based on an experimental
bench.

The results of this study show that, in terms of combustion efficiency, similar
results are obtained with and without the glow plug but the effect on phasing
results in a 5% increase in IMEP. By increasing the load, the rise in IMEP
reaches 12% while staying under the ringing limit. The effects of thermal
stratification were found to be strongly local, but the glow plug is able to
generate an early burn of 1% of the methane, making the total combustion
smoother. In terms of emissions, an increase in CO production is observed
but remains marginal. Regarding parietal losses, the obtained results do not
follow the used correlation. Therefore, it would be preferable to carry out
an experimental campaign to confirm the values and the trend obtained with
temperature variations.
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Introduction

Human activities are responsible for the increasing carbon footprint. However, the level
of industrialization and energy consumption is not about to decrease. In an attempt
to limit the carbon footprint, efforts are made to produce our day-to-day energy with
renewable sources. From their very nature, they are intermittent and a capacity of
storage is needed to fit the energy production to the consumption. Power-to-gas systems
represent a promising technology for renewable energy storage since it allows to store
a large amount of energy for a long time. To retrieve this energy stored in the fuel,
Homogeneous Charge Compression Ignition (HCCI) engines are viable solution for
applications under 3M Wy, [1].

HCCI engines combine the advantages of both Diesel and gasoline engines. Just like
the compression ignition engine, the HCCI engine works with a high compression ratio,
which leads to a high efficiency. And similarly to a spark ignition engine, the charge is
homogeneous which decreases the pollutant emissions. The working principle is based on
the auto-ignition : the homogeneous mixture is compressed until self-ignition. However
those advantages come with limitations. Since the auto-ignition only relies on chemical
kinetics, it is difficult to predict. Moreover the operating range is limited. Also, at
low engine load, misfire can happen and at high engine load, the spontaneity of the
combustion might damage the engine. This is the reason why HCCI engines are only
fueled with lean mixtures [2]. To increase the fueling and thus the power density, thermal
stratification can be used [3].

The principle of thermal stratification consists in inducing an in-cylinder gradient of
temperature. The mixture would ignite inhomogeneously which will decrease the sudden
and violent pressure increase. HCCI engines can therefore run with richer mixture while
preventing damage to the engine. The thermal stratification can be achieved with a
diesel engine derived glow plug. A glow plug would bring an in-cylinder hot spot and
therefore create a temperature gradient. It should also be able to control the start of the
combustion. Research on HCCI engines with a glow plug has already been conducted
3], [4]. However, none were found applied to methane and none of them prove the fact
that the glow plug can indeed increase the power density.

The thesis is structured as follows. In Chapter 1, HCCI engines are described and their
advantages and limitations are reported. Then the principle of thermal stratification
will be covered along with a brief overview of its presence in the literature. In Chapter 2,
the experimental setup on which this thesis is based will be described as well as the glow
plug itself. In Chapter 3, a description of the HCCI simulation model that was used
to analyze the glow plug effects is presented. This simulation has then been compared
to an experimental case. Finally, in Chapter 4, several analyses on the glow plug were



performed. Among them, studies on its ability to control the combustion, to increase
the work produced or to increase the HCCI engine power density.



Chapter 1

Context

1.1 Introduction

1.1.1 Environmental issues

Since the early days of mass industrialization, the effects of pollution and hazardous
emissions on climate change and public health have been a growing concern. This re-
sulted in a change of mind among not only the people, but also politicians and industries.
As a consequence, more and more concrete actions are being taken to prevent and reduce
them. More recently, in the context of the 215 Conference of the Parties (COP21), a
large number of states agreed on a guideline to follow which is commonly known as the
Paris Agreement. This guideline has the ambition to reach carbon neutrality in 2050 or
at least a reduction of carbon emissions of 80% depending on the scenario considered [5].

In the path towards zero net carbon emissions, the share of Renewable Energy (RE) will
grow continuously. Solar panels, wind turbines and other RE sources have been deployed
at huge scale around the world for the past years. This trend will most likely continue
and the share of renewables in the total energy production is predicted to increase.
Those technologies, while providing solutions to major problems, bring their own set
of issues, the main one being their intermittency of energy production. This can be
seen more clearly when looking at the most common renewable energy sources, such as
wind turbines and photovoltaic panels. Wind turbines depend on the wind, whereas
photovoltaic panels depend on the sun to produce their energy. Both sources of energy
vary greatly on place, time, season, etc. However, energy consumption is not limited
to the time when energy is available. Therefore, to ensure grid stability and avoid
blackouts, the need for large-scale and long-term storage will grow continuously in the
next years.

1.1.2 Energy Storage

There are many ways for storing energy, from the smallest capacity to the largest one
and from seconds to months of storage time. In Figure 1.1 an overview is given of several



commonly known energy storage methods together with an indication of how long and
how much they can store.

o For the short term storage, the most common in our daily lives are batteries. Even
if there is a lot of research on this topic at the moment to improve them, e.g. in
the automotive sector, they are not yet suitable for a long-term storage.

o At the seasonal level, the storage by Compressed Air Storage (CAS) and by
Pumping Storage (PS) are suitable. However, the implementation of those two
storage methods requires large spaces. CAS takes place in caves and PS requires
large height differences. In Belgium, the hydro potential is very limited, therefore
those technologies will not be able to cope for the whole storage capacity needed.

« A final technology worth talking about is the Power-to-Gas (PtG) storage. This
technology offers long-term storage and, due to its high energy density, higher stor-
age capacities than any of the technologies mentioned above. The gas in question
can be either hydrogen or another fuel obtained with the further transformation
of hydrogen into methane or ammonia.
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Figure 1.1: Storage size versus discharge time for common storage technologies. The
characteristics vary greatly among them [6].

The conversion process is the following : During peak production times, when the
demand is lower than the production, the excess electricity is used to create hydrogen
by hydrolysis. The hydrogen can be used as is or can be transformed into methane
or ammonia. The decision to carry out an additional step in the conversion process
to obtain methane comes from its perfect compatibility with the existing Natural Gas
(NG) network. Moreover, the hydrogen in the network is regulated and cannot exceed a
certain concentration.

After being stored for varying periods of time, the gas is converted back into electricity.
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The full cycle is called Power-to-Power (PtP). For small-scale applications, like decen-
tralized cogeneration units, this transformation is generally done thanks to Internal

Combustion Engines (ICE) [1], fuel cells or Combined Cycles Gas Turbines (CCGT).

The main drawback of the PtP is the low overall efficiency due to the losses in each
conversion process. The losses for the whole PtP cycle includes the ones depicted in
Figure 1.2 and must also take into account the efficiency of the technologies used to
recover the energy. For typical ICE, the efficiency ranges from 30% to 50%. When used
in a Combined Heat and Power unit (CHP), the efficiency can rise up to 95% [7].

Renewable Electrolysis 70 % Methanation 55 %
energies 70 % 78%
(wind, PV...) 25 bar 20 bar
I Electric energy
Chemical energy
Losses Usable heat

Losses / Thermal energy

Figure 1.2: Losses of the different steps of the conversion. Only 55 % of the power is retrieved
in the end. [8]

This thesis will focus on the last part of the PtP cycle and more precisely on the
conversion of gas back into electricity using an ICE. The HCCI engine was selected for
its many qualities discussed in the following sections.



1.2 HCCI engines

1.2.1 Fundamentals

The description of the engine, its comparison with its gasoline and diesel equivalents
and the basic theory on efficiencies and pollutants were partly inspired by the previous
theses of Hosselet and Van de Putte. [9], Collette and Gatin. [10] and Pochet [1].

The HCCI engine is an internal combustion engine which relies both on the working
mechanism of the Spark-Ignition (SI) engine, also called the gasoline engine, and the
Compression-Ignition (CI) engine, also called the Diesel engine.

Gasoline Engine Diesel Engine HCCI Engine
(Spark Ignition) (Compression Ignition) (Homogeneous Charge

spark plug fuel injector Compression Ignition)

o
n

o
n

Figure 1.3: The SI, CI and HCCI engines present different combustion principles. Adapted
from [11].

The basic gasoline engine (SI) (Figure 1.3 left) mixes fuel and air to get a homogeneous
in-cylinder mixture. This blend is compressed by the piston and then the combustion
occurs thanks to a spark plug that is being lit at the desired timing. The combustion
propagates via a flame front starting from the spark. The power delivered depends on
the quantity of mixture put inside the cylinder.

For the Diesel engine (CI) (Figure 1.3 middle), the intake mixture consists solely of
air. It is compressed by the piston until it exceeds a certain thermodynamic state of
pressure and temperature. The combustion occurs thanks to the injection of the fuel
which meets a suitable environment for auto-ignition. The combustion propagates from
droplets to droplets in the cloud of fuel. The power delivered depends on the quantity
of fuel injected each cycle.

The HCCI engine (Figure 1.3 right) relies on a mix of both principles. The intake
mixture consists of a homogeneous blend of air and fuel as in a SI engine. The ignition
occurs due to the thermodynamic state reached by compression which has to be high
enough to start the auto-ignition process as in a CI engine. There are many parameters
to adjust the combustion : the compression ratio, the wall temperature, the equivalence
ratio, etc. (Figure 1.4).
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Figure 1.4: Parameters influencing the combustion in an HCCI engine. There are many of
them [2].

The combustion conditions are therefore very different from one engine to another.

First of all, concerning the compression ratio. On the one hand, for the gasoline engine,
the fuel inside the cylinder undergoes the full compression. In order to avoid disastrous
consequences, the fuel must not explode before the spark plug starts the combustion.
This is why the SI engine works with a relatively low compression ratio, usually around
10:1. The Diesel engine, on the other hand, must reach high compression ratio to ensure
auto-ignition to happen. The CI engines will usually have a compression ratio between
12:1 and 23:1. Since the HCCI has the same working principle of compression-ignition,
it also uses high compression ratio, around 20:1 and sometimes above.

Secondly, regarding the combustion itself, the HCCI engine has a particularly short
Duration of Combustion (DOC) compared to the other ICE. For the SI engine, it takes a
certain time for the flame to propagate and for the CI a certain time for the fuel droplets
to evaporate. The charge homogeneity in the HCCI makes its combustion very short.
Because of that, the Start of Combustion (SOC) is usually placed quite late compared
to the other ICE in order for the combustion to occur around Top Dead Center (TDC).

Thirdly, HCCI engines work with very lean mixtures. The almost instantaneous release
of heat in the engine causes the pressure to rise sharply. This can cause ringing and
destroy the engine by applying too much stress on it. In order to prevent this, the charge
has a great excess of air which makes the mixture very lean. In addition, putting too
much fuel inside the cylinder could lead to uncontrolled auto-ignition that could also
rapidly destroy the engine. For comparison, the SI engine operates close to stoichiometric
condition. For the CI engine, since the fuel is injected in the piston right before TDC,
it creates very rich regions where the fuel is in excess. In order to prevent a too large
amount of unburned hydrocarbons there must be a great excess of oxygen which makes



the global mixture poor.

The lean or rich conditions of a mixture are defined via the equivalence ratio. It
represents the ratio between the quantity of fuel and air actually present in the cylinder
and the stoichiometric quantity. It is defined as follows :

FAR — my/m,

O = FARy ~ (my/ma) (L)

Where FAR is the Fuel-Air Ratio, my the fuel mass, m, the air mass and the subscript
"st" stands for stoichiometric. The conditions are called lean when there is an excess of
air so when ¢ is smaller than one and rich when there is an excess of fuel so when ¢
is larger than one. The air-fuel equivalence ratio, A\, can also be defined as the inverse of ¢.

1.2.2 Upsides

The choice to operate on an HCCI engine is based on all the advantages this technology
can offer compared to other ICE. Despite the greater difficulty to control the combustion
timing and the limitations on the HCCI operating range, the efficiency characteristics and
the low pollutant emissions make it a worthy and promising engine for the future.

Efficiency

In HCCI engines, the DOC is much shorter compared to conventional SI or CI ones [12].
The fact of having a shorter combustion, ideally taking place when the piston is at the
top of its stroke, makes the cycle closer to the theoretical model of the Beau de Rochas
cycle, also called Otto cycle (Figure 1.5). The Otto cycle is an idealized thermodynamic
cycle which has the best theoretical efficiency for a given compression ratio. In this
model, the heat addition phase happens at constant volume.

The cycle occurs as follows : it begins with a heat addition at constant volume and
continues with an isentropic expansion. To achieve such a heat addition in an ICE, the
heat should be added instantaneously. During both isentropic processes, there are no
losses and there is no heat released outside the cylinder. The net mechanical work is the
sum of the work added to the system for the compression phase and the heat released
by the combustion minus the heat released at the exhaust.
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Figure 1.5: P-V and T-S diagrams of the Beau de Rochas cycle. The heat addition happens
at constant volume and the compression and the expansion are isentropic. [13]

The theoretical efficiency of this cycle can be easily linked to the compression ratio of an
engine. It is defined as the ratio of the work applied on a piston over the heat released
by the combustion (Equation (1.2)).

Mn =1 — - (1.2)
Where v = 2 is the ratio of specific heats. Even if they are temperature dependent and
different for ‘each species, a common value used to approximate v is 1.3 [2]. 7 is the
Compression Ratio (CR) and is defined by the ratio of the in-cylinder volume at Bottom
Dead Center (BDC) over the one at TDC.

The efficiency is therefore inversely proportional to the compression ratio. As said
earlier, the SI engine operates with lower compression ratios than HCCI and CI engines,
which is the reason for their lower efficiency. The high efficiency of the HCCI engine is
therefore mainly due to its high compression ratio and short combustion.

Then in order to compare two different engines, it is necessary to define a new quantity.
Indeed, considering the diversity of existing engines, from a lawnmower to a boat engine,
the sizes and powers vary considerably. To cope for this, the work produced is normalized
by the displacement volume. This ratio is called Mean Effective Pressure (MEP) since
its units are the ones of a pressure. Moreover, during the conversion of the fuel chemical
energy into mechanical energy at the crankshaft, losses are encountered. It is thus
necessary to define an MEP at each step of the conversion (Figure 1.6).

The diagram starts with the FuelM EP (Equation (1.3)) which is the total energy

contained in the fuel.
meHV

Va
Where LHV is the Lower Heating Value (LHV) and V, the displacement of the engine.
The fuel chemical energy is transformed into thermal energy through the combustion,

Fuel MEP = (1.3)
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Figure 1.6: Decomposition of the initial fuel chemical energy into losses and mechanical
work. The diagram defines the efficiencies at each step of the fuel conversion. [2]

which delivers the Qhr M EP. Their ratio is defined as the combustion efficiency 7coms
(Equation (1.4)). The losses are taken into account with the QemisMEP.

QhrMEP

Fuel MEP (1.4)

Tlcomb =

The combustion efficiency can also be computed from the energy contained in the

remaining exhaust species concentration over the initial energy of the methane at the
intake.

m; LAV

MeH4,mit LH Ve Ha init

Tlcomb = 1— (15)
Where m; and LHYV; are respectively the mass and the LHV of each species present in
the exhaust.

The heat is then converted into mechanical work. There are two categories of losses in
this process. The first one is the Qht M E P which is the heat lost though the wall and the
second one is the QexhM E P which is the heat lost to the exhaust. The thermodynamic
efficiency is the ratio between the heat released by the combustion and the energy that
is effectively converted into mechanical energy, called the gross Indicated Mean effective
Pressure (IMEPgross).

However, this energy is not the one transmitted to the crankshaft because of the pumping
losses (PMEP). They come from the head losses during the intake and the exhaust
stroke. Their work can be expressed as :

Wp = (pout _pm)‘/d = PMEPV;i (16)
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Where p,.; and p;,, are respectively the exhaust and intake pressure. With those removed,
one can get the net Indicated Mean Effective Pressure (IMEPnet) (Equation (1.7)).

¢ pdV
Va
For the sake of simplicity, when not specified, the IMEP refers to the IMEPgross.

IMEP,; = IMEP, s — PMEP = (1.7)

Finally, the final losses before obtaining the useful work are the friction losses (FMEP).
The Brake Mean Effective Pressure (BMEP) can be defined with the mechanical efficiency

(Mmee) (Equation (1.8)).

BMEP FMEP
Nmec = =1- m— (].8)
IMEP,. IMEP,.

For the sake of simplicity, other efficiencies including several steps of the energy conversion
process are defined. For instance, the gross indicated efficiency 7;,4 takes into account the
losses related to the combustion and the thermodynamic efficiency. The net indicated
efficiency takes pumping losses into account (Equation (1.9)) and finally the brake
efficiency corresponds to the ratio between the energy contained in the fuel and the
energy transmitted to the crankshaft.

IMEP

Fuel MEP (1.9)

Nind =

Pollutants

The HCCI engine is renowned for its low Nitrous Ozides (NO,) and soot emissions.
However, its combustion results in a large amount of unburned hydrocarbon and carbon
monoxides emissions [3]. First, the main pollutants will be presented and then their
production in the HCCI engine will be analyzed.

« First, the soot, also called the Particulate Matter (PM) is a very fine compound.
Fine enough to remain in suspension in the air and therefore be inhaled. They can
reach the lungs as well as the cardiovascular system and cause illness. Because
those particles are carcinogenic, they can lead to numerous human diseases such
as cardiovascular disorders, heart attack or respiratory failure [14].

e Then the NO, are dangerous for both human health and the environment. Expo-
sure has shown to lead to asthma condition. These oxides also cause heart attacks
and other deadly hazards. In the environment, they form ground-level ozone layers
that contribute to global warming. They can react with other compounds to form
nitric acid and cause acid rains.

o Finally, another gas that can be found in the exhaust is the carbon monoxide
(CO). It is a product of an incomplete combustion. It is toxic for the human body
and can lead to intoxication and often even death.

11



Note that carbon dioxide (C'O3) is not considered as a pollutant since it is an expected
product of the combustion, just like water. Therefore, its emissions are by definition
impossible to avoid. However, its polluting effect on the atmosphere and the greenhouse
effect it produces should not be overlooked. It is interesting to note that if the fuel
comes from renewable energies, there are no net C'O, emissions.

Equivalence 6 r
Ratio (-)
2 L
1L
oL
L | | |
1000 1500 2200 3000

Temperature (K)

Figure 1.7: Conditions for soot and NOx production. Both are strongly dependent on the
temperature and the equivalence ratio. The different types of engines produce more or less of
those pollutant by their very nature. [1]

The production of pollutants is heavily dependant of the temperature and equivalence
ratio conditions.

The soot appears when the equivalence ratio is high (Figure 1.7). Those levels of
equivalence ratio can be locally reached due to inhomogeneities in the mixture. The
fact that there is no soot production at high temperature is due to their immediate
oxidation. The SI engine, with its homogeneous blend has a really low soot production.
The CI engine conversely, due to the injection of droplets, presents lots of locally rich
zones. Because of the highly diluted charge and the homogeneity in the mixture, the
HCCI engine avoids mostly the production of soot.

The NO,, production is favored at high temperatures, when there is enough oxygen to
bond with the nitrogen and when the combustion is slow (Figure 1.7). In the SI engine,
the temperatures reached are very high and the combustion occurs at stoichiometric con-
ditions, which implicates a high NO, production. However, since the use of a three-way
catalyst is possible, the remaining amount of NO, emitted is negligible. It is different
for the CI engine. Indeed, the temperatures reached inside the cylinder are high enough
to produce NO, and the combustion is slow. The lean conditions make the use of the
three-way catalyst ineffective. Some technologies are currently under development and
deployed such as AdBlue to lower the emissions, but the levels remain significants.

12



In the case of an HCCI engine, due to the high dilution of the charge needed to avoid
uncontrolled ignition and ringing, local high temperature peaks are avoided and the
temperatures remain below the NO, production zone [2].

The CO production is mainly driven by the equivalence ratio. When the mixture is rich,
there is not enough oxygen atoms to bound with the carbon atoms. Thus, instead of
COs, CO is produced. The emissions of CO are also temperature dependent, as it can be
seen in Figure 1.8. For low temperatures, the fuel is not well oxidized. This incomplete
combustion leads to a high CO production [15]. Since HCCI are low temperature
combustion engines, they present high CO emissions. A very high temperature leads to
a dissociation phenomena of the C'Oy which, in turn, increases the carbon monoxide
production [16].

Figure 1.8: Temperature dependency of the CO production. There is an optimal temperature
operating range to limit CO emissions. Adapted from [16].

In this thesis, the choice has been made to run the HCCI engine with methane as a
fuel because of its many advantages. Indeed, its combustion is cleaner with respect to
carbon related substances emissions. It is also the only common fuel to have a relatively
pure, single-stage combustion. Moreover, the molecules of methane are able to resist
decomposition by free radicals during the compression stroke [17].

1.2.3 Limitations

The advantages of the HCCI engine justify the interest that research has in it today.
However, in order to take full advantage of it, there are some limitations that need to
be taken into account. At the moment, these are the ones that limit its widespread
use.

o The first limitation concerns the difficulty to control the combustion. The timing
of the combustion depends on many parameters and a small variation of one of
them can result in a great loss in efficiency and performances.

e The second major limitation is the limited operating range. The working area is
bounded by the risk of misfire on one side and the risk of ringing on the other. The
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latter prevents using high fueling rates and thus reaching high power densities.

This shows that the HCCI engine is not meant for automotive applications in view of the
constantly changing conditions. Furthermore, as the parameters have to be accurately
tuned, the cold start represents an additional difficulty in using this technology. The
HCCI engine corresponds much better to stationary conditions with no or small and slow
variations of the load. When the engine runs for energetic applications such as electricity
production, it is connected to a generator and is set to have a constant rotational speed.

Combustion timing control

On one hand, in conventional engines, combustion can be controlled very precisely :
in the SI engine, the spark plug decides the SOC and in the CI engine it is the fuel
injection. On the other hand, in the HCCI engine, the SOC depends on the self-ignition
of the mixture and is therefore solely dependent on chemical kinetics. This makes the
control of the combustion start very difficult because it depends on many parameters as
shown in Figure 1.4 [18].

However, not all parameters have the same influence on the SOC. Amneus et al. [19]
studied the influence of the inlet temperature T}, and pressure p;, and of the Air-Fuel
Ratio (AFR). They found that to vary the SOC by one Crank Angle Degree (CAD), T;,
must be varied by 0.6%, p;, by 11% and the AFR by 10%, while keeping all the other
parameters constant. This study shows that the SOC depends mainly on T},. This is
explained by the fact that a higher T;, accelerates the oxidation reaction and leads to
an earlier SOC [20]. Figure 1.9 shows the phasing variation for a temperature sweep.
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Figure 1.9: Combustion phasing for an intake temperature sweep. As T;, increases the
combustion occurs significantly earlier (87 octane gasoline, 550 cc). Adapted from [21]

To a lesser extent, combustion phasing is also pressure dependent. Increasing the inlet
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pressure will lead to higher temperatures and has the same consequences as explained
before.

Increasing the compression ratio is another way to influence the pressure in order to get
a higher temperature during the cycle.

In addition, increasing the equivalence ratio will make the mixture more reactive and
thus lead to an earlier SOC. Finally, the speed of the engine influences the phasing.
Since chemical reactions take a certain amount of time, increasing the engine speed will
delay the end of the reaction to a later CAD.

In order to control the timing of the combustion in variable conditions, several control
mechanisms such as Variable Valve Timing (VVT), Variable Compression Ratio (VCR)
and Ezhaust Gas Recirculation (EGR) exist today[12], [22]. The VVT and the VCR are
particularly interesting due to their fast-time response.

Operating range

The HCCI operating range is bounded by the risk of misfire at low load and the risk of
knock at high load. For stationary engines working at constant speed, the load is set by
the equivalence ratio and the intake temperature.

At low load, the SOC is too late to sustain the combustion which leads to a misfire.
One indicator of misfire in ICE is the Coefficient of Variation in IMEP (COViyep). It
represents the variability of the IMEP from one cycle to the other. It is defined as
follows:

COVinpp = MEP 4 100 (%] (1.10)

mep

Where o7y gp is the standard deviation in IMEP. The imep is the mean IMEP over
several engine cycles [23].

In automotive applications the COVryrgp should be limited to 10 % to ensure drivability.
For stationary applications, higher values are allowed [24], [25].

At high loads, in SI engines, knock happens when the unburned or end-gases auto-
ignite before the flame front reaches the cylinder wall [26]. It is occurring due to high
compression ratio or too much spark advance and results usually in engine damage. In
CI engines, the "diesel knock" is not detrimental for the engine, but for the comfort,
since it creates an unpleasant noise for the driving experience. In an HCCI engine
ringing appears at high loads. This phenomenon is characterized by pressure oscillations
that increase the engine noise and might damage the engine [27]. The indicator used
to characterize ringing is called the Ringing Intensity (RI) and is defined in Equation
(1.11).

1 (B )2 MW
RI = va Y RT s [ - } (1.11)

Where,
» 7 is the ratio of specific heats,

« [ is a correction factor for the Mazimum Pressure Rise Rate (MPRR),
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e R is the ideal gas constant,

. <dP> is the MPRR in [

k Pa
dt ’

ms
e P4 is the maximum mean in-cylinder pressure,

o Thae is the maximum mean in-cylinder temperature.

The coefficient [ relates the amplitude of the pressure pulsation to the MPRR. Typically
the amplitude of the pressure pulsation represents 5 % of the M PRR, thus [ is set
to 0.05 [27]. The maximal allowable value of the RI depends on the engine itself, its
stiffness, speed and peak pressure [28]. According to Eng et al. [27] the upper ringing
intensity limit varies from 2 [MW/m?] for an automotive size engine to 6 [MW/m?]
for a larger diesel-based engine. It is reasonable for our small engine to consider an
upper limit of 5 [MW/m?]. Those values correspond roughly to a MPRR of 10 - 15
[bar/CAD)].

In Figure 1.10, the in-cylinder pressure is represented for several ¢ while keeping a
constant phasing. It can be seen that as the load increases, the pressure increases as
well. For an equivalence ratio over 0.22, a higher frequency pressure wave starts to
appear [28]. Note in Figure 1.10 that 0 CAD is equivalent to the intake TDC and thus
360 CAD is the compression TDC.

80 T T T T T
204 a. [cA50=TDC] . i
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[4}] 1
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Figure 1.10: In-cylinder pressure evolution. When the load is too high, ringing characterized
by pressure oscillations starts to appear. (iso-octane, 980 cc)[28]

Figure 1.11 summarizes the operating range of an HCCI engine. If T}, is high and A is
low, the mixture is very rich and very reactive, it will lead to ringing. If Tj, is small
and A is high, the mixture is lean and not very reactive, this would lead to a misfire.
Between those extremums there are intermediate cases. If T}, is high and A is high, the
IMEP will be small due to a small intake gas density. Finally, if T}, is low and A is low,
the mixture will be rich and dense at Intake Valve Closing (IVC) which will lead to an
optimal operating condition. The optimal operating area is small, thus a slight change
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Figure 1.11: Operating regions and IMEP in function of the load. The working region is
small and has a high sensitivity on the load. (Natural gas, 507 cc) Adapted from [23]

in T;, or charge composition will lead to ringing or misfire. The results for a low or high
T;, and A are gathered in Table 1.1.

Tin
Low High
Low | High IMEP | Ringing
High Misfire Low IMEP

Table 1.1: Summary of the HCCI operating conditions.

Decreasing the fueling rate to reduce the MPRR is not a valuable option. Although it
will avoid ringing, it will also lead to a decrease in power density. In order to increase the
power density while avoiding ringing, there are solutions in the literature. For example,
a blend of fuel with different auto-ignition temperatures allows to extend the DOC and
thus have a lower MPRR [1].

Another solution is to add EGR. Because it is adding gases with higher specific heats, the
rate of temperature increase during the compression stroke is smaller which results in a
lower MPRR. Finally, a lower MPRR can be achieved by charge or thermal stratification.
Charge stratification consists in having a broad distribution of ¢ inside the cylinder.
The ignition will thus happen sequentially.
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1.3 Thermal stratification

The chemistry kinetics is strongly temperature dependent. As the temperature increases,
the fuel will be faster oxidized, the intermediate species will be obtained faster as well as
the final products. In order to increase the power density, and thus increase the fueling
rate while staying under the ringing limit thermal stratification can be used.

1.3.1 Natural stratification

The underlying principle of thermal stratification is to create temperature inhomo-
geneities inside the cylinder. In this way, there will be hotter and colder mixture areas.
The hotter areas will be prone to ignite earlier than the colder areas. The combustion
will thus happen sequentially. This leads to a broader Heat Release Rate (HRR) and
thus a lower MPRR which in the end reduces the ringing intensity.

Figure 1.12 shows an analysis of the Pressure Rise Rate (PRR) evolution according
to an equivalence ratio sweep for a standard HCCI engine and a numerical simulation.
In order to counteract the effects of combustion phasing when ¢ increases, the T;,
has been decreased such that the phasing (CA50) takes place constantly at TDC. It
can be seen that for the same load, the experimental PRR is always lower than the
simulated one. Dec et al. [28] state that it is not possible to reach perfect homogeneity
conditions inside the cylinder, both in terms of mixture and temperature. The difference
between the two curves is therefore caused by the natural in-cylinder stratification. Their
conclusion is that the thermal stratification reduces the PRR by broadening the HRR [22].

21 ¢
18
15
12

CA50=TDC

—&— Simulation
—#- Experiment

PRR [bar/CAD]

0 | | | | | | | J
0.04 0.08 0.12 0.16 0.2 0.24 0.28 032 0.36

Equivalence Ratio [D]

Figure 1.12: PRR evolution as the load increases for an experimental and a simulation case.
The temperature distribution is homogeneous in the simulation case and has a higher PRR.
(iso-octane, 980 cc) Adapted from [28]

With tools such as chemiluminescence imaging or single-line Planar Laser-Induced
Fluorescence (PLIF) imaging (such as Figure 1.13), it is possible to observe thermal
stratification with an optically accessible engine. Figure 1.13 shows the change of
temperature relative to the mean temperature of each image (AT). The images are
taken at the combustion chamber mid plane. Note that for Figure 1.13, 1.14 and 1.16
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the 0 [CAD] is taken at the intake TDC, thus the compression TDC is occurring at 360
[CAD].

50
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Figure 1.13: Thermal stratification seen with PLIF imaging. (iso-octane, 980 cc)[29].

During the earliest part of the compression stroke, the mixture temperature seems
homogeneous. Dec et al [29]. justify this by stating that the mean gases temperature is
not so high at that point and that it takes time for the cold near-wall gases to convect
to the cylinder center. It is only in the late phase of the compression, the last 10 CAD,
that a significant stratification is visible.
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Figure 1.14: Temperature distribution in mass PDF. As the cycle advances, the mixture
temperature is less and less homogeneous (iso-octane, 980 cc)[29]

The thermal stratification seen in Figure 1.13 can also be represented as ensemble-
averaged, mass weighted over several cycles (40 cycles in this case). This representation,
as in Figure 1.14, allows to have a clear vizualisation of the deviation of the temperature
from the mean temperature in the cylinder. At 305 [CAD], the temperature distribution
is very narrow, which means that the temperature is nearly homogeneous in the cylinder.
As the piston is going up, the temperature Probability Density Function (PDF) gets
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wider. At 305 [CAD] the temperature standard deviation is equal to 3.3 [K] and at 360
[CAD], it reaches a value up to 15.9[K]. Note that as the compression phase progresses,
the maximal point of the curve is moving to the right. It can be said that it is becoming
slightly skewed. At 305 [CAD], the skewing should be large, because the bulk hot gases
core has not yet been affected by the near-wall cold gases. It is not seen in Figure 1.14
due to measurement noise induced by the PLIF imaging. At 360 [CAD], the skewing is
more visible, this is due to two effects on the skewness. First, the measurement noise
is still present but less noticeable due to the broader distribution. Secondly, the cold
near-wall gases had time to penetrate into the adiabatic core.

1.3.2 Induced thermal stratification

In the literature, there are several ways to control the in-cylinder thermal stratification.
Four of them will be presented here : Water Direct Injection (WDI), wall temperature
control, hot EGR and actively controlled Glow Plug (GP). For all those technologies,
the goal is always the same : extend the operating range in order to increase the power
density. To do so, a thermal stratification is induced to decrease the RI and allows
higher loads.

The principle of WDI is to directly inject water inside the cylinder. The latent heat
of vaporization of the water spray cloud will affect the in-cylinder temperature. With
this technique, Collette and Gatin [10] achieved a 215% increase of IMEP. They also
noticed that as the amount of fuel increases, the amount of water injected has to increase
drastically in order to reach an acceptable ringing intensity.

The effect of controlling the wall temperature to achieve stratification was studied by
Lawler et al. [21]. Since the wall temperature is dependent of the coolant temperature,
they decided to control it. The first conclusion that they reached is that changing only
the wall temperature would lead to a combustion phasing due to heat transfer losses
at the intake stroke. Thus, in order to compare the different cases they had to change
the intake temperature to always keep the same CA50. In Figure 1.15, the first thing
that can be noticed is the change in Tj,; for the sweep in coolant temperature. Then
Lawler et al. [21] concluded that the thermal stratification is surprisingly negligible. The
differences for the different cases are supposedly due to charge variations. Controlling the
coolant temperature might not be an effective solution to achieve thermal stratification.

Adding hot EGR induces both thermal and charge stratification. First because there
is still oxygen in the residual gases, the local equivalence ratio will be affected. Then
because of its high temperature it will act on the mixture temperature.
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Figure 1.15: Temperature distribution in PDF. The wall temperature affects greatly the
intake temperature to keep the same phasing but not the temperature distribution (87 octane
gasoline, 550 cc) [21].

EGR(%) _ T(K)
40 o« 40 o
20 20}
= = @
E £
E £ of
= -
20 20} v
40| 40}
L [ | | 1 | I 1
40 20 20 40 20 20 20 20

x(?’nm) X([Igﬂml

Figure 1.16: In-cylinder EGR and temperature distribution. At -208 CAD, the EGR and
temperature distribution are correlated. (EuroSuper 95, 650 cc) [30].

The implementation of a GP and its effect on thermal stratification has been studied
by Lawler et al. [4] and Pourfallah et al. [3]. The GP is a resistive element whose
original purpose is to preheat the air during cold starts in diesel engines. In this case,
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the GP is used as a continuous local heat source. The level of thermal stratification de-
pends on the amount of power transmitted to the GP and therefore on its supply voltage.

Figure 1.17 represents the evolution of the net fuel conversion efficiency (7;,4) as a
function of the combustion phasing following a temperature sweep or a GP voltage
sweep depending on the case.

First, a T}, sweep is conducted on the case without GP, represented by the blue line.
At late phasing, the low temperature leads to a poor fuel oxidation hence the low net
conversion efficiency. As the temperature increases, the combustion efficiency increases
and so does the net indicated efficiency. At one point, still increasing the temperature
is detrimental for the efficiency since the combustion has reached an optimum but the
heat transfer losses and the blow-by losses keep increasing. The resulting efficiency is
therefore decreasing for early phasing.

Then, a GP voltage sweep is conducted on the case with GP, represented by the red
dotted line. Since the GP brings heat in the cylinder, it is necessary to take a common
reference point in order to compare data. By taking two cases with the same phasing, the
only effects perceived are due to the addition of the GP. It can be seen that going from
low GP voltage to higher ones, the fuel oxidation increases and thus the overall efficiency.
This increase is explained by the fact that the GP induces a longer combustion that
decreases the reached temperatures and pressures and thus decreases the heat transfer
losses to the walls.

Finally, the solid red line is the efficiency when the electrical energy consumption of GP
is taken into account, it can be seen that it is not negligible.
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and Neomp increases, Ning increases [4]. The GP broadens the HHR distribution. [4]
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In Figure 1.18, the solid lines correspond to a T}, sweep and the dashed lines to a GP
voltage sweep. For low T;, and low GP voltage, the curves are very similar. As Tj,
and the GP voltage increase, the difference between the HRRs becomes more and more
noticeable. At high GP voltage there is definitely a difference between bringing heat in
the cylinder by increasing T3, and by using the GP. The combustion duration is longer
for the GP case. Lawler et al. [4] states the hypothesis that the GP is inducing thermal
stratification because the two methods achieve the same phasing but obtain different
results.

Finally those results emphasize that a GP can control the phasing of a combustion
in order to extend the engine’s operating range and that it might induce thermal
stratification.

1.4 Data post-process

In order to perform relevant analyses of the engine operation, data are collected via
different sensors on the experimental bench. One of them gives the evolution of the
pressure and, with the evolution of the volume, allows to calculate the quantity of heat
released thanks to the HRR. This quantity is useful to determine the phasing of the
combustion via the SOC and DOC. It is also useful to analyze the losses to determine
the efficiency of the engine.

1.4.1 Cylinder volume

The volume in our post-processing routine is derived from the theoretical piston position
(Figure 1.19). Using simple trigonometric relations, the equation (1.12) determines the
piston height as a function of the crankshaft angle.

2(0) =R (1 —cos(0) + 5 — /3% — sin(9)2> (1.12)

Where 8 = % is the conrod length over the crankshaft radius. In order to take dead
volume of the cylinder into account, the compression ratio and the displacement are
used to calculate the volume and its derivative in equations (1.13) and (1.14). 7 is the
compression ratio and Vj is the displacement.

Vo) = Y 4 ‘;d (5 +1— cos(8) — /B2 — Sin(9)2> (1.13)

T—1
dV  Vgsin(0) cos(6)
@ (1 i/ sin(ef) .
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Figure 1.19: Piston, connecting rod and crankshaft assembly [2].

1.4.2 Heat release rate

The HRR can be computed from the mean in-cylinder pressure evolution. The first
assumption that has to be made is to consider the cylinder as a closed system from IVC

to Ezhaust Valve Opening (EVO). The blow-by losses are neglected. Then the first law
of thermodynamics for a closed system can be written as :

AU =Q+W. (1.15)

Where AU is the variation of internal energy, ) the heat energy and W the work received
by the mixture. The first law can be differentiated with respect to the crank angle 6 to

obtain :
dT B @ dVv

e " a0 Vae
Where ¢, is the constant volume heat capacity. Then by assuming that the mixture
follows the perfect gas relation and thus that pV = nRT where R is the universal gas
constant (R=8.314 J/K/Mol) and n is the number of moles which changes due to the
combustion :

(1.16)

av dp ar
— 4+ V—=nR—. 1.17
Paop TV~ g (1.17)
Then with Equations 1.16 and 1.17, the Apparent Heat Release Rate (AHRR) or % can
be obtained.

dQ  dV ¢, [ dV dp
@ —p%—i-ﬁ <pd9+Vde> (1.18)
And then : 10 iV p
_ Co\ AV | Gy, 0P
a0 - (1 * R)pde AT (1.19)
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With the ratio of specific heat v = E—Z and Mayer’s relation R = ¢, — ¢, :
d av 1 d
aQ _ v v

I 1A . 1.2
a9 ~—17a9 T 1" e (1.20)

Q is the total heat exchange between the charge and its environment, it is referred as
Qnet- It is composed of the heat released during the combustion ((Qg0ss) and the wall
heat losses (Qjoss)-

Qnet = Qgross - Qloss (121)
Finally, the HRR, also called RoHR, can be obtained from the AHRR.

ngross 0 dv 1 dp dQloss

— I /e 1.22
49 4—17d8 T =1 a0 " de (122)
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Figure 1.20: A typical HRR and its cumulative. From the cumulative, indicators such as
CA10, CA50, CA90 and DOC are defined. [31]

In Figure 1.20a, a typical representation of the HRR is shown. The HRR is the amount
of instantaneous heat released by the combustion reactions. In the Figure 1.20b, the
Cumulative Heat Release (CHR) is presented. This curve gives a clear view of the heat
released at a certain CAD with respect to the total heat that will be released. The
parameters CA10, CA50 and CA90 correspond to the crank angles where respectively
10%, 50% and 90% of the fuel has been burnt. The value of CA50 is also a representation
of the combustion phasing. The combustion duration C'A;q_gg or DOC' is the difference
between CA10 which is considered the SOC and CA90 which is considered the end of
the combustion.

1.4.3 Losses

As mentioned in the previous subsection, the term (.5 represents the amount of wall
heat losses. This term is significant and measuring it experimentally is not an option
since mounting a heat flux sensor would require a lot of maintenance and fine-tuning
[31].

The choice has been made to model the losses term with Newton’s convective law

dQloss
dt

= hA(T = Tyar)  [W]. (1.23)
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Where,
o A is the total mixture-wall contact surface [m?],
« h is the convection coefficient [W/m?/K],
o T is the mean bulk gas temperature [K],
o Tyau is the wall temperature [K].

This choice is motivated by the fact that in HCCI engines, the forced convection from
the bulk gases to the combustion chamber walls is the dominant mechanism of heat
transfer [32]. This equation can be rewritten as the Equation (1.24) to be expressed in
terms of CAD variation.

dQioss 1 { J ]

7 RA(T — Twall); CAD (1.24)
Where w is the engine rotating speed [rpm].

The correlations for the instantaneous heat transfer coefficient (h(6)) that are the most
used are the ones from Woshni [33], Annand [34] and Hohenberg [35]. They were initially
designed for CI or SI engine. Soyhan et al [32] showed that the Hohenberg correlation
might be the most suited for HCCI engines and the easiest to use. The Hohenberg
correlation is given in the Equation 1.25.

_ 04/~ w
hHohenberg = a/scalingv O.OGPO.ST 0'4(’0:0 + 01)0.8 |:m2K:| (125)

Where,
« V is the cylinder volume [m?]

 p the mean pressure |[bar],

o T the mean gas temperature [K]
* v, the mean piston speed [m/s],
* Qealing and Cy are constants.

Hohenberg determined the coefficient C) to be equal to 1.4. The cqiing coefficient
depends on the combustion chamber shape, the intake swirl and thus the engine itself.
For his study, Hohenberg determined oveqiing to be equal to 130 [35]. Bhaduri used the
original Hohenberg scaling factor for the UCLouvain HCCI engine.

Since the scaling factor depends on the operating conditions is usually determined from
the @, trace.
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Figure 1.21: Cumulative heat release with its different contributions. From the initial energy
contained in the fuel (Qfyer) only a part is released (Qgross). Then some of this energy is lost
through the walls (Qoss). The remaining energy is called Qpnet. Obtained from our simulation
model.

Figure 1.21 shows the contribution of the terms in Equation (1.21). The Q55 term
only takes the heat released during the combustion into account. Since the combustion
ends around 0 CAD in Figure 1.20a, it is expected that its value remains constant until
the end of the cycle. The )., on the other hand, takes the losses into account and is
the value computed from the pressure. The (;,ss term should thus be adequately tuned
through the cseqing factor in order to observe the flatness of Qg,0ss before and after the
combustion. The figure also shows the fuel energy contained in a cycle (Q fyer)-

27



Chapter 2

Experimental setup

2.1 Test bench specifications

The test bench was designed in order to perform tests on the combustion in HCCI
engines. The bench was used by Bhaduri [31] for his research with syngas. Then Pochet
[1] studied the effects of electrofuels blends with it. It is also worth mentioning that
WDI was performed by Collette and Gatin [10] and that the possibility of oxy-fuel
combustion was introduced by Hosselet and Van de Putte [9].

The bench itself is located in the LEFT laboratory at the UCLouvain (see Figure
2.1).

Y W

== Brake/Dyno =

Figure 2.1: UCLouvain HCCI experimental bench. Note that the installation is not yet
finished [9]
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2.1.1 Test bench components

The experimental bench can be divided in four parts : the intake, the exhaust, the
engine itself and the brake/dyno. A scheme of the bench setup is shown in Figure 2.2
and its P&ID is available in Appendix A.1. The test bench components are presented
successively :

The fresh gases coming from the gas bottles passes through the Mass Flow
Controllers (MFC) located in the basement.

The gases pass through a 2 kW electric heater before flowing into a surge drum
that will make the mix fully homogeneous. This description is simplified, for
instance there is a bypass to mix the fuel and the oxidizer after the surge drum in
order to obtain an inhomogeneous mixture for studies on that particular subject.

The mixture pressure and temperature is checked with sensors.

The exhaust will be collected thanks to a flexible hose under the engine. The
exhaust gases from the three benches in the casemate will be sent in an unique
pipe to the outside.

Finally, the engine is coupled with a 55kW three-phase induction motor (WEG
W22 [E2). As soon as the engine starts, the motor turns into generator mode and
induces a braking torque to the engine. A frequency inverter (Mitsubishi FR-1741-
55k) controls the electric motor/generator by controlling its rotational speed and
delivering the generated power to the grid. The choice has been previously made
to set a speed of 1500 [rpm)].

Exhaust
Exhaust gas
analyzer
. [COIVICO, MO, MND, ]
Brake / Dyno
Engine

Figure 2.2: Schematic representation of the UCLouwvain HCCI test bench

In 2019, the IMMC laboratory has built a "casemate", which is a protective room that
isolates three benches including the HCCI from the rest of the laboratory hall. The goal
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of this ventilated casemate is to protect the users of the laboratory from toxic gases,
noise pollution, the risk of mechanical parts breakage and explosions.

2.1.2 Engine specifications

The engine is a modified Yanmar L100V
(Figure 2.3). This one was originally an
industrial 4-stroke diesel engine. It was
selected because it is a mono-cylinder air-
cooled engine, which makes it simpler to
modify. Also being an industrial engine
it has a more rigid construction, which
is ideal for high compression applications.
The piston head shape was changed from
a deep bowl to a low turbulence shallow
bowl shape. Then Pochet [1], modified
it to reach a geometric CR of 23:1. This
CR is the maximal attainable with this
engine since the piston head is now flat
and the minimal clearance to allow valve
lift (3.2 [mm]) is now almost reached. For
our experiments, since methane needs a
high CR, it will not be changed on the
engine. Figure 2.3: Modified Yanmar L100V

The engine specifications are available in
Table 2.1.

Table 2.1: UCLouvain HCCI research engine specifications

Air-cooled
Engine type 4 stroke
Mono-cylinder

Geometric compression ratio (7) 23.0:1
Effective compression ratio (7.ss) 21.65: 1
Displacement volume (V) 436 [cm?]
Clearance 3.5 [mm)]
Cylinder bore (B) 86 [mm]
Piston stroke (S) 75 [mm]
Crank radius (R) 37.5 [mm]
Connecting rod length (L) 120.5  [mm]
Intake valve closure (IVC) -127  [CAD]
Exhaust valve opening (EVO) 127 [CAD]
Rotation speed (w) 1500 [rpm]
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2.2 Glow plug

A glow plug is a heating element used to preheat the air for cold start in diesel engine.
For our study it will be used as a hot spot in the cylinder to achieve thermal stratification.
In order to see the time needed to warm up the glow plug and the range of temperature
attainable, experiments were conducted on a GP.

. . . . Metal housing
Heating coil Regulating coil ’

Insulating powder  Heater tube Central electrode Connector

Figure 2.4: Glow plug see through view [36]

In the Figure 2.4, the anatomy of a sheathed GP can be seen. First there is the metal
housing which is used to hold the GP in the cylinder head. Then there is the heater tube
which is the part in contact with the in-cylinder gases. It is usually made of Inconel
310/310S stainless steel for its high resistance to oxidation at very high temperatures
(1300 [°C]).

Inside the heater tube there is a powder and two coils connected to each other. The
heating coil is usually made of Kanthal D which is an iron-chrome-aluminum alloy,
known for its high resistivity and good oxidation resistance. This is the coil that would
create the largest amount of heat. The regulating coil is usually made of Vacon CFS8.
This alloy is used for its specific properties : as the temperature increases its resistance
increases sharply. Its purpose is to protect the GP from overheating. The Kanthal
resistance does not change significantly while the Vacon resistance will increase linearly
with the temperature [37]. Then a powder of magnesium oxide is used as an electrical
insulator and for its resistance to high temperatures.

To supply the GP, a voltage needs to be applied between the metal housing and the
connector.

2.2.1 Characterization

The experimental setup is presented in Figure 2.5. To characterize it, a 12 V variable
DC voltage source was used to supply the GP. A thermocouple was then placed on the
tip of the GP.
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Figure 2.5: Ezxperimental setup of the GP characterization

Voltage, current and temperature relations

In order to determine the temperature reached by the GP during its operation, the
relationships between current, voltage and temperature must be known.

When the voltage increases, the current passing through the GP also increases. The
evolution, visible in figure 2.6, is the characteristic of a non-ohmic element. Thanks to
the Joule effect, the current in the heating coil will generate an increase in temperature
which is dependant of its resistance. The relationship between the temperature and the
resistance of the GP is described in Equation (2.1).

Rwire = Ro(l + OZ(T — T())) (21)

Where,
e Ry = 0.6 [Q] is the resistance at room temperature,
o T} is the room temperature,
o T is the GP temperature,
e « is the temperature coefficient.

According to Abate [38] and Endiz et al. [37] the GP resistance is directly proportional
to the temperature. This effect is confirmed by the data obtained during the charac-
terization shown in Figure 2.7. It represents the GP resistance as a function of its
temperature. From this relation it is straightforward to predict the GP temperature in
the engine only by measuring its resistance.
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Figure 2.6: Voltage-Current curve of the GP. This trace is characteristic of non-ohmic
elements.
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Figure 2.7: GP resistance in function of its tip temperature. The relation between temperature
and resistance is linear. As the temperature increases the GP resistance increases as well.

As previously mentioned, the GP temperature increases with the GP voltage. However,
the temperature is not a good indicator of the power flowing through the GP. The GP
temperature depends a lot on its environment. For the characterization experiments
the GP was surrounded by air, at room temperature with a low amount of wind. In
the engine, the GP will face high temperatures with turbulences and a myriad of gases.
Furthermore the environment will continuously change during the engine strokes.
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From the Figure 2.6, the maximal power can be computed, it is equal to 60.9 [W]. This
power can be normalized by the engine size and be expressed in MEP. A new quantity
can be defined: the Glow Plug Mean Effective Pressure (GPMEP) (Equation 2.2). The

Glow Plug Power (Pgp) consumption represents around 3 % of the engine power.

120FPgp
wVqd

GPMEP = = 0.112[bar] (2.2)

In order to analyze the thermal distribution along the GP, a thermographic camera was
used. It is important to mention that the goal was not to obtain absolute values but a
representation of the thermal distribution. In Figure 2.8, it can be observed that the
heat is dissipated along the whole length of the GP tip. However, from this image it is
difficult to predict the amount of heat that will be dissipated in the cylinder head.

2294 °C A o

Figure 2.8: Thermal image of a GP

Transient analysis

Since the GP has a significant heat capacitance, it can be seen in Figure 2.9 that it
takes around 10 seconds for a 50°C temperature increase. Since the GP is an old model,
those results are not surprising. Also because the voltage source power was limited, the
highest temperature reached is not as high as the one expected once inside the cylinder.
In a typical diesel engine, the GP reaches very high temperatures (around 1000 °C) for
only a few seconds. The goal of this experiment was to prove that a lower temperature
can be obtained for a longer period of time without damaging the GP. In Figure 2.10,
it can be seen that even for the latest GP model, a certain time is needed to reach its
working temperature. Turning on the GP only for a part of a stroke is excluded. If
the engine is running at 1500 [rpm], a full cycle takes 0.08 seconds and the GP would
not even have the time to turn on. This is the reason why in our study the GP will be
powered continuously. It can be expected that a continuous GP operation will reduce
the GP lifetime.
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Figure 2.10: GP temperature over time for
Figure 2.9: GP tip temperature evolution several GP models. Adapted from [39]
over time. The time response of the GP is
slow compared to an engine cycle.

2.2.2 Mounting on the engine

The engine was originally a diesel engine. The injector was removed to install a spark
plug and then a water injector to perform Collette and Gatin [10] experiments. The
threaded hole in which they were could be used to fit an adapter that will hold the GP.

Regarding the penetration of the GP in the cylinder, there are different options.

o The first one, allowing the most heat transfer, is to make the GP go deep into the
cylinder. Given the low clearance of 3.5 [mm] at the TDC, it will be necessary to
modify the piston head. Since the engine is required for other experiments, the
piston head will not be modified.

o The second option is to make the GP shorter than the clearance but create a
cavity in the cylinder head to increase the exposed surface as in Figure 2.11. This
is the choice made by Lawler et al. [4] and seems to be the best trade-off between
the deepness and the heat transferred.

o The last and simplest option is to flush mount the GP such that the tip does
not protrude beyond the clearance. However, the amount of heat transmitted is
severely limited since only the very far tip of the GP is exposed.

It is also important to mention the effect of the swirl on the GP. If it is set in the
middle of the cylinder, its effect will be less than if it is placed off-center. Indeed, the
gas velocities increase along with the distance from the center which will increase the
convection effect.

2.3 Safety aspects

Since the installation of the casemate the HCCI bench was dismantled. Due to some
modifications on the design to allow oxy-fuel combustion, a new safety validation had
to be made. Three documents were necessary to allow the bench to be operational.

First the DRPE (Document Relatif a la Protection contre les Explosions, in English :
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Figure 2.11: Possible configuration of the GP mounting in the cylinder head.

document concerning the protection against explosions), then a risk analysis and finally
the "canevas de sécurisation" (caneva of securisation in English).

If the risk analysis reveals that some aspect of the bench is dangerous, measures have to
be taken in order to prevent incidents.

2.3.1 Safety documents

The purpose of the DRPE is to point out every possible source of gas leakage and
ignition to prevent them. Risky zones are defined and in those zones only ATEX certified
equipment can be used. Three zones were detected : the gas bottles heads, the NG
arrival and the outlet of the safety valve pipe (see Appendix A.2). Then a study on the
casemate ventilation was made. One of the goals of the ventilation is to prevent the
creation of an explosive atmosphere in the case of a leakage. To assess that ventilation
is sufficient, the fuel dilution was calculated based on the fuel and air mass flows if a
line happens to break entirely. With those data the minimal ventilation air flow was
computed.
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2.3.2 Safety precautions

For some experiments the wall temperature
has to be a parameter on the HCCI bench.
For water-cooled engines, changing the coolant
temperature is sufficient to tune the wall tem-
perature. For air-cooled engines such as the
Yanmar L100V, a system that restricted the
airflow around the engine was mounted as it
can be seen in Figure 2.12. In the past, during
the warming up of the engine this flap was
closed, then when it reached the right wall
temperature it had to be manually opened.
Since the variation of the wall temperature
is a slow process, the flap had to be moved
several times before reaching the desired wall
temperature in steady state.

Now the casemate prevents having an easy
access to the engine for safety reasons. It is
thus inconceivable to get in and out of the

casemate every time this flap has to be moved.
This is the reason why an automated intake Figure 2.12: Cooling intake mechanism

flap was needed.

The best solution found for this problem is to use an electrical linear actuator (Figure
2.13). Indeed, this one offers an ease of control because it can be controlled via an
analog signal of 0-10V and an ease of assembly because it requires only few adaptations

compared to what already exists.

The specifications of this actuator are gathered in Table 2.2.

Table 2.2: Actuator required specifications

Travel distance
Tensile/Compressive force
Supply voltage

Command voltage
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Figure 2.13: Solution proposal for the cooling intake flap automation. The actuator model
comes from [40].
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Chapter 3

Simulation

The final goal of this thesis is to show that a GP would increase the power density of an
HCCI engine. Since mounting a GP would affect several parameters on the combustion,
performing a simulation beforehand was necessary. Indeed the intake temperature
and the equivalence ratio have to be adjusted because the GP will bring heat and
change the mixture reactivity. The amount of energy brought by the GP has to be
defined. Furthermore since the UCLouvain HCCI engine is not optically accessible,
a simulation would allow to have a clear and visual representation of the in-cylinder
thermal stratification. Finally, the HCCI model would allow to predict the amount of
pollutant emissions in the exhaust.

First, the simulation setup is presented. Secondly, this simulation will be compared with
an experimental study to validate the order of magnitude of the results. Finally, the
numerical results will be presented.

3.1 Setup

3.1.1 OpenFOAM generalities
OpenFOAM

The simulation tool used for our HCCI combustion simulation is OpenFOAM (Open-
source Field Operation And Manipulation). It is an open-source Computational Fluid
Dynamics (CFD) numerical simulation software. The versions used are OpenFOAM-7
and OpenFOAM-dev. It is a C4++ object-oriented library. It is able to solve complex
problems such as complex fluid flows involving chemical reactions, heat transfer, solid
mechanics, electromagnetics, etc. [41].

OpenFOAM comes with a myriad of tutorials that allow the user to familiarize with the
solvers, the pre- and post-processing utilities. The first model of the UCLouvain HCCI
engine was developed by Hosselet and Van de Putte [9] based on the freePiston tutorial.
Our model is based on the one they used for oxy-combustion.

OpenFOAM structure

The structure of OpenFOAM is composed of the solving processes and of the pre- and
post-processing environments. First the pre-processing allows for instance to set initial
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fields. The post-processing environment allows for example to use the ParaView tool. It
allows to visually analyze the simulation results and retrieve various data.

The structure of an OpenFOAM case is composed of three directories : system, constant
and time directories.

First the system directory contains all the settings associated with the solution procedure.
It is composed of three sub files.

o controlDict sets the start and ending time of the simulation. It also defines the
solver, time precision, the time step, etc. This file allows as well to call post-
processing functions that allow to compute data from the fields that were computed
during the simulation. For instance Qdot and dpdt compute respectively the heat
release rate and the pressure derivative.

o fuSchemes contains the numerical schemes. For instance derivatives in the equations
that are solved during the simulation.

o fuSolutions contains the equation solvers and their tolerances.

There are also other files such as topoSet, createPatch and extrudeMesh containing
parameters to modify the mesh, create faces, etc. For instance, the blockMeshDict
defines the main nodes of the geometry.

The constant directory contains the description of the mesh in the polyMesh sub-
directory which is generated by the blockMesh utility. This directory contains also
physical and chemical properties of the fluids such as their turbulence properties or their
chemical reaction. For the specific case of engine simulation, this folder contains the
engineGeometry file. It specifies the conrod length, the stroke, the engine speed, etc.
Then a motion solver determines the motion of the piston based on those parameters.
It can also be used to define swirl in the cylinder with the engineSwirl utility.

Finally, the other directories are time directories. Before launching the simulation,
the case should contain at least the initial time directory. In this file, the initial and
boundary conditions are defined for every field. The fields defined for our specific case
are the pressure p [Pa], the temperature T [K], the flow speed U [m/s]. There are also
the fields required by the turbulent solver : the turbulent kinetic energy s [m?/s?], the
dissipation rate € [m?/s3], the thermal diffusivity a; [kg/m/s] and the turbulent viscosity
v, [m?/s]. There is a field for each species concentration and a file Ydefault used for
unspecified species. During the simulation, files are created every time step. For the
particular case of engine simulation, the time directories are expressed in CAD.

3.1.2 Case setup
Axi-symmetric geometry

The simulation covers the compression and expansion phase of the engine cycle. As the
piston is going up, the mesh is moving and the aspect ratio of the cells is continuously
changing. To save computational time, the mesh is axisymmetric. Open FOAM allows
that kind of simulation by defining a wedge boundary condition. The mesh is one cell
thick and one face maps to the opposite face of the same cell. This wedge geometry, that

40



will be called a "slice" to avoid any confusion with the name of the faces, can be seen in
Figure 3.1. The slice faces are called patches which is a general name for boundaries.
There are several types of patches for axisymmetric meshes such as wedges, wall and
empty.

First, the Front and the Back are called wedges. Then the CylinderHead, the Piston
and the Liner are walls. Finally, the Axis is of an empty patch type since it is a one
dimension patch. The slice is a 2 degree portion of the entire cylinder.

The mesh used in this axisymmetric simulation is presented in Figure 3.2. A mesh with
50 cells between the axis and the liner and with 20 cells between the piston and the
cylinder head has been chosen. It is a good trade-off between accuracy and computa-
tional time.

The aspect ratio of a mesh can be defined as the ratio of the longest length of the cell
over the shortest one. It is used to quantify the quality of the mesh. If the cell has
ideal proportion, the aspect ratio would be equal to one. At BDC the cells in the mesh
presented in Figure 3.2 present an aspect ratio of 3. And at TDC the aspect ratio
is equal to 7.5. This is a good trade-off since satisfying results can then be obtained

without a remesh.

The solver used for this engine simulation is called engineFoam. It is a transient solver
for compressible, turbulent engine flows with a spray particle cloud [41].
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] . . Figure 3.2: Mesh used for the axisymmetric
Figure 3.1: Axisymmetric geometry. Only ) . o
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Computational time optimization

For the purpose of reducing the computational time, Hosselet
and Van de Putte implemented a Tabulation of Dynamic
Adaptive Chemistry (TDAC) in the simulation [9]. As it can
be seen in Figure 3.3, during the simulation, the CFD which
takes care of the thermodynamic aspect, exchanges data with
the chemistry which is very computational consuming. The
add idea behind TDAC is to optimize the chemical computation
requirement. In other words, to use the chemistry solver
the less possible. Actually, TDAC is the combination of two
methods. First, the In Situ Adaptative Tabulation (ISAT),
is used to retrieve previously computed results. Then the
Dynamic Adaptive Chemistry (DAC) is used to remove from
the chemistry computation the unused species. With those
methods it possible to use as little as possible the chemical
computation and thus reduce the computational time.

grow

Figure 3.3: TDAC struc-
ture. [42]

It is possible to decrease furthermore the computational time by changing the time
step from fixed to variable. The variable time step is limited by the maximum Courant
number (Co number). The Courant number is determined for every cell by Equation 3.1

and is usually set around 0.2.
_ atu]

Co S

(3.1)
Where,

e 0t is the time step,

o Oz is the cell size in the velocity direction,

« |U| is the magnitude of the velocity through that cell.

A maximal Courant number corresponds to the largest flow velocity through the smallest
cell of the mesh. In a variable time step mode, the ¢t is chosen according to the maximal
Co number.

Qdot

OpenFoam comes with a series of useful tools called function objects, those helps
extracting data easily from the simulation. A function object of interest is the Qdot.
It computes the heat release rate for each species, in each cell at each time step. Its
computation is given in Equation (3.2).

Qdot[cell;, t2,Y;] = Qdotcell;, t1,Y;] — h[Y;] * RR[cell;, Y] (3.2)

In Equation (3.2),
Y] is the concentration of the species j ,

e cell; is the cell number i,
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J
 hlY;] is the enthalpy of formation of the species j in [kl ,
g
k
o RR|cell;, Y]] is the Reaction Rate (RR) of the species j in the cell 7 in lg]
m3s

This gives a value of Qdot in J/m?/s.

In order to have the HRR for the whole cylinder, it is necessary to integrate this value
over the whole volume of the wedge and then multiply it by 180 to obtain the HRR
of the cylinder in [J/s]. In ICE simulations, it is common to express these values as a
function of the crankshaft angle, so it is necessary to make a conversion between the
time rate and the CAD rate.

Boundaries and initial conditions

The initial temperature will change in function of the simulation purpose. For air-
methane combustion, it varies from 460[K] to 500[K] to observe normal combustion.

Then the equivalence ratio is set by specifying initial species mass percentage. To find
the mass percentage from the equivalence ratio, first the stoichiometric fuel-air ratio
has to be determined from the basic complete and stoichiometric reaction (Equation

(3.3)).

0.21 0.21
Then the FAR,; is defined as the Equation (3.4).

CH, +2 (02 4 0'79N2) L COy 4 2H,0 + 22N, (3.3)

Mo + AMy

2(2Mo + 238 My)

FARSt —

(3.4)

Where My is the molar mass of the species X. Then the actual fuel-air ratio can be
determined with the equation 3.5.

FAR = ¢F AR, (3.5)

Finally, the mass fractions can be found with the Equations (3.6).

1 1 1
=021 —079——
I %o, o, 1+ FAR

e e (3.6)
1+ 7ip 1+ FAR

%CH4 =

The intake pressure, the wall temperature and the swirl ratio were determined by
Hosselet and Van de Putte [9]. A quick summary will be presented here.

e The pressure boundary conditions are Von Neumann zero gradient conditions set
on each wall. Those conditions imply to set the value of the derivative at the
boundaries. The UCLouvain HCCI engine is naturally aspirated, thus an intake
pressure around 1 bar is expected. Hosselet and Van de Putte [9] determined it to
be equal to 1.025 bars at IVC.

o The wall temperature is set as a Dirichlet condition. After measurement on the
experimental bench, the cylinderHead and Liner temperatures were set to 380[K]
[9]. While the liner and cylinder head are cooled by forced convection, the piston
is mainly cooled by oil. The piston head temperature was set to 430[K] [9].
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o The eventual presence of swirl has to be modeled in the simulation. The Yanmar
L100V is a CI direct-injection with a flat cylinder head and in-piston bowl. It is of
common practice that the intake ports are designed to induce in-cylinder air motion.
In CI engine, it is used to optimize the air intake and the fuel motion during the
injection. In the case of an HCCI engine, since the mixture is homogeneous this
swirl will have a great impact on the wall losses and the thermal stratification. It
is thus important to implement swirl in our model.

engineSwirl in an OpenFOAM pre-processing utility that is used to set an initial swirl
motion. It requires three parameters : the engine speed, the swirl ratio and the swirl
profile.

According to Ferguson [26] : "The swirl ratio is defined as the ratio of the solid body
perpendicular rotational speed of the intake flow w, to the engine speed 27 N". Its
expression in given in equation 3.7. Hosselet and Van de Putte [9] determined it from
experimental results and settled for a value of 2.1.

Ws

Sk = 2rN

(3.7)

The swirl motion is not constant in the azimuthal direction, the wall affects the gas
motion. The swirl profile can be modeled by a Bessel function [43]. It contains a
parameter « that will affect the azimuthal velocity. Hosselet and Van de Putte [9] used
a value of 3.11. The Figure 3.4 shows that the mixture velocity is lower near the axis
and the liner. The simulation wall losses are convection based. They depend mainly
from the swirl and the wall temperature.
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Figure 3.4: Velocity field in the Y direction at -146 CAD. It corresponds to a 8.11 swirl
profile.
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Note that since Open FOAM considers the cylinder as a closed volume from the begin-
ning to the end of the simulation, the pumping losses are not considered.

3.1.3 Glow plug implementation

The glow plug is a heating element. In a simulation it can be modeled by a heat
flux coming from a determined area. There are only few references in the literature
that model a GP for CFD applications. Pourfallah et al. [3] modeled it as a cylinder
penetrating through the combustion chamber, see Figure 3.5.

Figure 3.5: Pourfallah GP model for a CFD simulation. The GP penetrates deeply in the
combustion chamber. Adapted from [3]

Since our model is axisymmetric, the only possible location for the GP is at the very
center of the cylinder. Even if on the actual engine it is not perfectly centered (see
Figure 2.11).

During the simulation phase, the mounting of the GP on the bench was not known
beforehand. Two models of the GP were thus created.

First, a flush mounted GP was modeled (see Figure 3.6). To do so, a patch was created
on the cylinder head, using a set with topoSet which is then converted into a patch with
the createPatch pre-processing tool.

Then a deep GP was modeled (see Figure 3.6). After several attempts that resulted
in a shrinkage of the GP as the piston was going up, a solution to this problem was
found. First a patch is created on the cylinder head next to the future GP placement.
Then this patch is extruded with extrudeMesh in order to create a cavity in the mesh
with two new patches. These patches names are very important, the motion solver is
looking for the names "piston", "cylinderHead" and "liner" to create the engine mesh
between those boundaries. The lower part of the GP has to be called "cylinderHead'"
so that the area on the right of the GP will not be a part of the engineMesh and thus
will not shrink with the GP. Finally, since the mesh was extruded, the clearance was
adapted in order to keep the same compression ratio for both models.
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Figure 3.6: The flush GP patch is located next to the axis. The deep GP increases its contact
area with the gases.

The heat flux was then applied in the T file in the initial time directory. In this file
it is possible to specify the temperature as a gradient. According to Fourier’s law, the
thermal gradient is linked to the heat flux (Equation (3.8)).

q=—kVT (3.8)

The flux in [W/m?] is equal to the Pgp divided by the contact area between the mixture
and the GP. And k is the thermal conductivity [W/m/K] directly obtained from the
simulation.

3.2 Validation

The purpose of this validation is to prove that the simulation model is accurate enough
to predict the trend of experimental results. First, a study concerning simulation
inaccuracies will be presented followed by a comparison between our simulation and
experimental results.

3.2.1 Oscillations

In the process of designing an OpenFFOAM model that reflects the reality, issues in the
simulation were found. Oscillations in the pressure and in the function object QQdot have
been observed. The oscillations in the pressure trace are shown in Figure 3.7. They
can be acceptable for maximal pressure or the IMEP computation. However when the
pressure derivative is needed, as for the MPRR or the HRR, the derivative is marred
with random oscillations.
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Figure 3.7: The pressure trace shows erratic oscillations.

Then waves in the velocity field can be observed in Figure 3.8. A fast gas motion is
going back and forth between the axis and the liner. The magnitude of those velocities
can reach up to 50 [m/s]. Since the pressure and the velocity field are linked to each
other and that the timing of those oscillations matches the noise apparition, it can be
stated that those two events are linked.
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Figure 3.8: Velocity field in the X direction at -3 CAD. Strong waves can be seen.

Then those oscillations can also be seen on the HHR retrieved from the function object
Qdot as it can be seen in Figure 3.9.
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Figure 3.9: HRR computed with Qdot. The trace shows erratic oscillations around TDC.

The variation in the Qdot comes from variations in the species concentration and in the
reaction rate (see Equation (3.2)). It is a difficult issue to tackle since the origin of those
fluctuations is unknown. If the assumption is made that the initial fluctuation comes
from the pressure. Those pressure fluctuations induce fluctuations in local temperatures,
which acts on the reaction rate which then acts on the species concentration and the
heat release and then again on the pressure.

However the effect of this noise on the CHR is limited. Even if the species concentration
fluctuates, the mass is conserved. The hypothesis is made that if the HRR increases
rapidly, a decrease of a similar amount is expected just after. This would result in a
correct mean value. Further investigations should be made to confirm that hypothesis.

To find the source of those oscillations, several tests have been done by investigating the
effect of some parameters.

Time step

First, in order to see if the fluctuations come from a physical phenomenon or from the
simulation itself, a study on the time step was pursued. If by reducing the time step,
the fluctuations are similar (similar period), this means that the simulation depicts
well a physical phenomenon occurring. If not, the problem comes from the simulation
itself.
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Figure 3.10: Pressure trace and pressure rise rate for different time steps. A pattern of
oscillations for a time step reduction cannot be observed.

In Figure 3.10, two simulations with a fixed time step are compared with one with
a variable one. The fixed time steps are of 0.01 [CAD] for the first one and of 0.02
for the second one. It can be seen that the pressure curves and the fluctuations are
different in all three cases. In Figure 3.10, the pressure derivative is shown and confirm
the difference between the three cases. This means that the fluctuations are simulation
related. In the following analysis, only cases with variable time steps are compared so
it will not have an impact on the conclusions. It has been done to save computational
time.

Chemistry mechanism

Secondly, since the oscillations are stronger during combustion, it is reasonable to think
that they can find their origin in the chemistry mechanism.
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Figure 3.11: Pressure trace and pressure rise rate for different chemistry mechanisms. They
affects greatly the pressure evolution. However the oscillations do not seem to depend on the
mechanism.

Three mechanisms are analyzed : AramcoMech3.0, GRIMech3.0 and USCMech2.0.
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Those three mechanisms are suited for HCCI combustion simulation [1]. In Figure
3.11, it can be seen that the mechanism has a significant impact on the pressure trace.
To cope for that, tolerances exist in OpenFOAM and should be determined but their
study is out of the scope of this thesis. The main message of this analysis is that,
as seen in Figure 3.11, the fluctuations do not disappear by changing the chemistry
mechanism.

Mesh

Thirdly, having a mesh with a high cell aspect ratio could lead to simulation instabilities.
The ideal case is to change the mesh in order to have a square cell shape at TDC, where
the fields gradients are the largest. However due to the long piston stroke, if at TDC the
cells are squared, at BDC they will be very elongated. A remesh during the compression
stroke is thus necessary to cope with that. It has been chosen to use from -146 to -50
[CAD] a non-graded mesh. This mesh was constituted of 50 cells between the axis and
the liner and 20 cells between the piston and the cylinder head. From -50 to 50 [CAD]
a mesh with 100 cells between the axis and the liner and 10 cells between the piston
and the cylinder head (see Figure 3.12, bottom). This mesh will be compared with the
mesh presented in Section 3.1.2 (see Figure 3.12, top).

| .
D S S Y N

Figure 3.12: The aspect ratio of the cells at TDC is better for the remesh case (bottom) than
for the reference case (top).

In the Figure 3.13, it can be seen that the pressure traces are very similar. However the
oscillations in the PRR are still present in both cases. The poorer aspect ratio at TDC
is thus not the reason of the fluctuations.
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Figure 3.13: Pressure trace and pressure rise rate with different meshes. The mesh affects
slightly the pressure trace but does not remove the oscillations.

TDAC

Finally, the impact of the Tabulation of Dynamic Adaptive Chemistry on the oscillations
has been investigated. TDAC acts between the CFD and the chemistry solver. Since
the issue affects the chemistry species as well as the thermodynamic state, the TDAC
could be the origin.

In Figure 3.14, it can be seen that the results with and without TDAC are almost identical.
Even the oscillations have the same behaviour. This means that the TDAC is not the
origin of the oscillations. Note that TDAC reduces considerably the computational time
at the cost of negligible result variations.
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Figure 3.14: Pressure trace and PRR with and without TDAC. The presence of TDAC does
not affect significantly the results or the oscillations.

3.2.2 Comparison with an experimental case

Ideally, the validation of our simulation should have been done based on experimental
results from the UCLouvain HCCI engine. However, due to its recent dismantlement,
the engine did not run on methane yet. The latest results using hydrogen are too
different to be used in this validation. The choice was therefore made to compare the
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simulation with experimental results found in the literature. The experiment with the
closest characteristics to the UCLouvain engine is the one performed by Wang et al.
[20]. Indeed, it is an HCCI engine of similar displacement running on NG. Their engine
specifications and parameters are provided in Table 3.1.

Table 3.1: Wang et al. engine specifications and experimental parameters. [20]

Engine Specifications
Water-cooled
Engine type 4 stroke
Mono-cylinder

Geometric compression ratio (7) 19.5: 1
Displacement volume 402 [em?®]
Cylinder bore (B) 80 [mm]|
Piston stroke (S) 80 [mm]
Rotation speed (w) 800 [rpm]
Parameters

Intake pressure (p;,) 1 [bar]
Intake temperature (7},) 220 [°C]
Equivalence ratio (¢) 0.416 -]
Fuel Natural gas

Although relatively close to our simulation, the experiment of Wang et al. differs in
several points.

Despite the two fuels being relatively similar, they show different characteristics. The
NG has a higher auto-ignition temperature and octane number than methane which
makes it more resistant to auto-ignition.

Also, their ratio of specific heats is different which, following an isentropic compression
hypothesis, will lead to a lower pressure increase for NG.

Then, regarding the engine characteristics, some parameters are unknown such as the
conrod length, the IVC timing, the volumetric efficiency and the swirl.

Finally, the simulation does not take into account all types of losses such as blow-by
losses or pumping losses. For the unknown parameters the values provided in the Table
3.2 were chosen.

All those considerations contribute to explain the differences obtained between the
simulation and the experiment. The validation performed here is therefore more a
comparison to acknowledge the order of magnitude obtained.

Simulations were performed with different chemistry mechanims to see which one fitted
the best Wang et al. experimental results. Two mechanisms are investigated, Aram-
coMech3.0 and USC2.0. In Figure 3.15, the pressure traces for the two chemistry
mechanisms are compared with the experimental result. It can be seen that Aram-
coMech3.0 fitted the best the experimental data in terms of combustion duration and
phasing. It is the reason why it will be used for all the simulations of this thesis.
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Table 3.2: Hypothesis on Wang et al. experiments

Conrod length 120.5 [mm]
IVC timing -146 [CAD]
Volumetric efficiency 1 ]
Swirl profile 3.11 ]
Swirl ratio 2.1 ]
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Wang et al.

-30 0 30
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Figure 3.15: Pressure trace with different chemistry mechanisms compared to experimental
results. The AramcoMech mechanism gives a pressure trace which has the closest behavior to
the experimental pressure trace.

The IMEP is then computed from the p-V diagram as explained in Section 1.2.2. An
IMEP of 2.61 bars is obtained while Wang et al. obtained an IMEP of 2.62 bars. Those
values are very close.

As mentioned in Section 1.4.2, the SOC and DOC can be computed from the CHR
which is itself computed from the HRR. Their traces are represented respectively in
Figures 3.16 and 3.17. The difference between the maximal value of the HRR traces can
be justified by the fact that there is no late combustion phase in the simulation unlike
the experimental case.
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Figure 3.16: Filtered HRR comparison be-
tween the simulation and the experimental re-
sults. The HRR simulation results are of the
same order as the erperimental ones.

Figure 3.17: Simulation CHR. sharp in-
crease near TDC can be seen. Qpyue 15 the
total fuel energy contained in the cylinder.

The comparison of the SOC and DOC is provided in Table 3.3. The difference between
the values are small enough to conclude that the simulation SOC and DOC make sense.
The combustion efficiency has been computed as explained in Section 4.2.2. A 7.omp of
93.2 % has been computed from the simulation. Wang et al. states a nepmp of 94.7 %
which is close to the computed value.

By comparing the simulation and experimental results from Wang et al., it can be
concluded that the results from the simulation are of the same order than the experimental
results.

Table 3.3: Comparison of SOC and DOC between Wang et al. [20] (experimental) and our
validation (simulation).

Wang et al. Simulation
CA10 -2.9 -2.48
CA90 1.12 1.22
DOC 4.02 3.7
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Chapter 4

Results

This section presents the main results obtained from this model. First, the simulation
losses will be compared with the Hohenberg model. Secondly, the impact of the Glow
Plug (GP) on the combustion phasing, the IMEP and the thermal stratification will
be investigated. Thirdly, being the main goal of this thesis, the increase of the engine
performances, its power density, will be covered. Finally, a brief overview of the pollutant
emissions produced by the engine will wrap up this analysis.

4.1 Simulation losses

As mentioned in Section 3.1.2, Qdot gives the heat released by each reactions, so the
wall heat losses are not considered. The pressure curve, on the other hand, takes these
losses into account. By subtracting the HRR computed from the pressure and the Qdot
(Section 1.4.2), it is possible to obtain the losses at the walls over the cycle.

In the framework of an experimental analysis, it is not possible to obtain directly the
heat released. To compensate for this, the Hohenberg correlation is used to easily model
the losses. Those losses depend on a scaling factor, scqling, s explained in the Section
1.4.3. In the Figure 4.1, the simulation losses and the Hohenberg model are displayed
for two temperatures. The coefficient cveqiing has been tuned (@seqaing=375) to fit the
simulation losses at 460[K].
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Figure 4.1: Simulation losses compared with the Hohenberg losses model (Hbg) for a Ty, of
460[K] and 490 [K]. The simulation losses are very sensitive to an increase of Ty, compared to
the Hohenberg model.

When the inlet temperature increases, it can be seen that the increase in losses differs
between the simulation and the model. Indeed, the increases are significantly different
with 5% for the former and 44% for the latter. The share of losses represents 35% of the
total heat released when T, = 460[K] both for our simulation and for the Hohenberg
model. When T, = 490[K], this value increases to 39% for the Hohenberg losses model
and rises to 53% for our simulation.

The amount of the losses and their increase in our simulation are too high compared to
the total heat released. It would therefore be preferable to confirm the losses influencing
parameters, such as the swirl ratio, via an experimental campaign on the HCCI bench at
UCLouvain. In view of this observation, the following results should only be compared
with each other. The goal pursued is to analyze the different effects and trends to
observe the underlying physical and chemical effects of the GP.

4.2 Glow plug effects

The glow plug is a heating element exactly like a heater that would be placed before
the intake manifold to increase the intake temperature. The main differences between a
heater and a GP is their location, power and shape. The main question is the following
: how is the combustion affected by the type of heat source? This is the reason why an
increase in Glow Plug Power(Pgp) is compared with an increase in Tj,. In this Section
the power of the GP will always be expressed in percentage of the maximal power. The
maximal Pgpwas determined in Section 2.2.1 and is equal to 60.9 [W].
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4.2.1 Effect on the phasing

To analyze the effect of the GP on the combustion phasing, several simulations were
performed. Those simulations start from the same reference case : T;,=450 [K], ¢ = 0.38
and without GP. For one half of the simulations, there is no GP and only the intake
temperature is increased. For the other, the intake temperature is kept the same and
the Pgp is increased.

In the Figure 4.2, for the T;, sweep, as T}, increase, the combustion starts earlier. For a
6 [K] increase in Tj,, the CA10 advances of 1.3 [CAD].

For the Pgp sweep, the same trend can be seen. Setting the GP at full power has the
same effect on SOC as increasing Tj, of 6 [K]. This effect can be attributed to the fact
that the GP is a heating element that will raise the mean in-cylinder temperature. It
can be concluded that a GP can control the SOC to some extent.

-
r 10.2

F Reference 11.9

- Reference 11.9

CAD
Figure 4.2: Effect of a Ty, and a Pgp sweep on the SOC and the DOC (CA19—9p). Increasing

T;n and the Pgp advance the SOC. The DOC shortens for the Ty, increase. However for the
GP case, it increases and then slightly decreases.

Then, still in Figure 4.2, as T}, increases, the combustion gets shorter of 3.1 [CAD]
because the combustion happens closer to TDC. Indeed a CA50 closer to TDC means
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Figure 4.3: Filtered HRR for a T;, sweep. As Ty, increases, the SOC advances and the DOC
decreases.

that the combustion is occurring in a smaller volume. This leads to higher pressures
and a shorter DOC.

For the Pgp sweep, the combustion is longer and then gets slightly shorter. This is a
first difference that can be noticed between the T}, and the Pgp sweep. To understand
why the DOC is getting longer with the GP, the HRR, from which the Figure 4.2 is
obtained, has to be investigated.

In Figure 4.3, the HRR is shown for a Tj, sweep. It can be seen that as Tj, increases,
the HRR is narrower and move to the left closer to TDC. This trend was already covered
previously.

Then in Figure 4.4, the HRR is shown for a Pg;p sweep. The trend is less obvious than
for the T;, sweep. As the Pgp increases, the combustion start slightly earlier. However
from this figure, it cannot be concluded anything on the DOC. It should be noted that
the HRR curves have been smoothed using a high order median filter. In this process,
the noise has been reduced to facilitate the comparison between the curves.

In order to compare properly the HRR trace between cases and neglect the effect of the
phasing with and without GP, they should be compared at the same CA50. In that way,
comparing two simulations with the same phasing but with the heat brought with two
different ways (with T}, or with a GP) could highlight the GP effect. A T;,, of 452 [K]
has to be set to obtain the same phasing as a T}, of 450 [K] but with a GP at full power.
In Figure 4.5, two cases, with and without GP, that have the same phasing are compared.
It can be seen that the increase of HRR is smoother and less abrupt than in the case
without GP. Even if this trend is not obvious in the Figure 4.5, it is confirmed by the
Figure 4.2.
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Figure 4.4: Filtered HRR for a Pgp sweep. As the Pgp increases the SOC advances.

It can be assumed that as the Pgp increases, the thermal stratification increases which
broadens the HRR and thus extends the DOC. This effect is counteracted by the fact
that as Pgp increases, the SOC advances which reduces the DOC.

At high Pgp the second effect is getting larger than the first one. In the end, this results
in a higher DOC with the GP which decreases as the Pgp increases. The GP effect on
thermal stratification will be investigated in Section 4.3.

Tin=452 K
Without GP

HRR [J/CAD]

10 + \\'

CAD

Figure 4.5: Filtered HRR comparison between a case with and without GP at equivalent CA50.
The reason why the DOC is longer with the GP might be due to the thermal stratification.
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4.2.2 Effect on the IMEP

It is well known in the literature that the intake temperature influences greatly the
IMEP [20]. The comparison between a T, or a Pgp increase can be done for the IMEP.
Before studying the effect of the GP on the IMEP two preliminary analyses have to be
made.

The first one is the effect of a T}, and a Pgp sweep on the combustion efficiency. In
the Figure 4.6, as T}, increases, the combustion efficiency increases as well. At high
temperatures the conditions are more suited for a better fuel oxidation. For the Pgp
sweep, the same trend can be observed. The combustion efficiency is similar between
the GP case and its equivalent CA50 case without GP. An increase of 1.6 % in 1.omp
can be observed from the reference case at 450 [K]. The combustion efficiency will be
detailed in Section 4.5.

The second analysis is related to the intake charge density. As T;, increases, the density
of the mixture decreases. Since ¢ is kept constant, the amount of fuel decreases which
leads to a Fuel MEP reduction as seen in Figure 4.7. The FuelMEP shows a decrease of
roughly 0.2 % every Kelvin.

For the GP case, the T;, is constant during the Pgp sweep. The intake density is not
affected during the sweep and thus the Fuel MEP is constant. However this should be
tested experimentally. The amount of heat transferred from the GP to the mixture
during the intake stroke is unknown. It might affect the FuelMEP.
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Figure 4.7: Fuel MEP for a T;, and a Pgp
sweep. The Fuel MEP decreases with the intake
density. Since the density does not decreases
with the Pgp sweep, the Fuel MEP is not af-
fected by the Pgp sweep.

Figure 4.6: Combustion efficiency for a T;,
and a Pgp sweep. For both cases, the com-
bustion efficiency increases due to better fuel
ozidization. Computed from Eq. (1.5).

The variation of combustion efficiency and FuelMEP lead to variation in IMEP. For an
intake temperature sweep, the IMEP is expected to be optimal for a certain phasing. In
the Figure 4.8, the reference case is taken at 7;,=450 [K].

At low temperatures, the combustion efficiency is low and the combustion happens late
which leads to a low IMEP.

At high temperatures, the combustion efficiency increases and the SOC moves closer to
TDC. However, the FuelMEP shows a decrease and the losses increase. Overall, this
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leads also to a low IMEP.
Between those extrema, there is an IMEP optimum just after TDC. It means that it is
more interesting to delay slightly the CA50 to get the best IMEP possible.

The Pgp sweep shows a strong increase in IMEP. Increasing the Pgp at 100 % will
advance the SOC. This leads to a combustion happening closer to TDC. Also, the
combustion efficiency is increasing.

However since the GP is in the cylinder, the intake charge density is independent on
the Pgp. Which means that the FuelMEP is not affected as in the T}, sweep case.
Furthermore, the GP is located on the axis of the cylinder, the near-wall gases are thus
not affected. The wall heat losses are thus unchanged. Those effects lead to an overall
increase of the IMEP.
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Figure 4.8: IMEP for a T}, and a Pgp sweep. For the T;, sweep the, the IMEP is mazximal
slightly before TDC. For the GP case, the IMEP is higher because the GP heat does not affect
the near wall gases temperature which limit the parietal losses.

To summarize, the GP can control the combustion phasing only to certain extent. Indeed
at full power the GP moves the CA50 only of 1 [CAD]. Then a GP can increase the
IMEP of 5.36 % compared to a case without GP with a similar phasing. The main
differences between the case without GP at 452 [K] and the case with GP at 450 [K] are
the FuelIMEP and mainly the reduction in wall heat losses. This leads to an 7;,q with
the GP of 40.3 % compared to only 38.6 % without.
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4.3 Glow plug thermal stratification

The slower increase in the HRR is the result of thermal stratification. Indeed the hotter
areas in the mixture ignite first and the colder areas ignite later. This results in a longer
DOC.

A way to confirm that the GP induces stratification is to look at the temperature
mass PDF of the unburned gases. It represents the mass that are within a specified
temperature range. It is then divided by the entire volume to obtain the units of a
density.

In the Figure 4.9, it seems that the GP does not affect the temperature mass PDF.
There are two reasons for that. First the GP is fairly small and does not affect the
entire in-cylinder mixture. Second, the GP is placed right above the thinnest part of
the wedge. The weight of the gases in this area is small compared to the rest of the
volume where the mixture is less affected. From the Figure 4.9, it cannot be concluded
that there is no thermal stratification. It can only be concluded that the GP does not
affect the entire in-cylinder temperature.
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Figure 4.9: Thermal mass PDF at -10 [CAD]. No significant difference can be observed
between the two cases. The GP does not affect the entire in-cylinder mass.

To understand the effect of the GP, one can use paraView to see directly the evolution
of the combustion. In the Figure 4.10, several fields are depicted for a case with a GP
at full power and a T}, of 450 [K].

First, it can be seen that the temperature at -10 [CAD] close to the GP is very high.
This temperature is the result of a very local combustion happening around the GP.
This local combustion can be seen by a decrease in the methane concentration and an
increase in the carbon dioxide concentration near the GP. This local combustion starts
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very early, around -50 [CAD]. At -10 [CAD] only 1.12 % of the methane has burned.
This early combustion barely affects the CA10. This kind of local combustion around
the GP can also be observed in Pourfallah et al. [3]. The main combustion happens
only at 1 [CAD] where the thermodynamic conditions are prone to auto-ignition not
only around the GP but in the entire cylinder.

A hypothesis can thus be made on the effect of the GP on the stratification. In the
early stages of the compression, the GP heats up the charge very locally. Since the swirl
velocity at the axis of the cylinder is null, the heat is not convected. Then the heat
brought by the GP is large enough to allow a local combustion. But since at -10 [CAD]
only 1.12 % of the mixture has ignited, the rise of pressure in the cylinder due to this
combustion is not sufficient to ignite the entire mixture. Until 1 [CAD] (CA10), where
the compression heating is sufficient for the rest of the mixture to be prone to ignition.
At that point, since the combustion has already started close to the GP, it will extend
very quickly. And unlike a traditional HCCI engine where the fuel molecules break all
at once, the combustion is smoother and less spontaneous but still very fast.

The thermal stratification obtained is different from the one obtained by WDI or EGR.
In this case it is a more local stratification. Its beneficial effect on the PRR will be
studied in the next section.
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Figure 4.10: FEwvolution of the temperature, the CHy, CO and COs concentration in the
cylinder. Before the main combustion, around 1% of the fuel has already burned near the GP.
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4.4 Power density increase

HCCI engines have a low power density. Indeed, the amount of fuel per cycle has to be
limited in order to keep an acceptable MPRR and thus a low ringing intensity. Since
the GP has the effect of broadening the HRR, it reduces the MPRR. Thus, with the
GP, the charge could be richer while still reaching reasonable MPRR.

As the charge equivalence ratio increases, the heat released increases as well. A higher
pressure is thus reached which leads to more work produced and thus a higher IMEP.
This trend can be observed in the Figure 4.11. Both cases have the same initial CA50.
For the reason explained in Section 4.2.2 the GP has always a higher IMEP.

The increase of ¢ leads to a higher MPRR. In the Figure 4.12, the pressure trace of the
case without GP suddenly increases when the combustion strikes. This effect is even
more pronounced with a greater ¢. However, in the case with the GP, the pressure curve
is not a broken line. The curve is much smoother due to the pre-combustion that has
already occurred near the GP. This results in lower MPRR and thus in lower ringing
intensity. This smoothing effect increases with the fueling.
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Figure 4.11: Evolution of the IMEP for a ¢ sweep. An increase of ¢ increases the IMEP
which is always higher for the GP case.

64



98 +
92
sSwee
= 81} . ¢ sweep
B. S e,
()
= =
2 73.5 +
8 .
& With GP
Pp=100%

Tin=450K

aut

50 - Tin=452K

-5 0 5 10 15
CAD

Figure 4.12: Pressure trace for a ¢ sweep. The GP reduces the MPRR by smoothing the
combustion. The smoothing effect of the GP increases with the fueling.
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Figure 4.13: Onset of the combustion on the pressure trace. The smoothing effect of the GP
starts very early, around -10 [CAD].
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Looking more closely at the pressure trace, the difference at the onset of combustion
becomes more noticeable (Figure 4.13). The early combustion of a fraction of the
methane mentioned in the section 4.3 releases a small amount of heat that causes a
slight increase in pressure. This earlier increase results in a smoother transition from
this pre-combustion to the combustion of the rest of the methane.

In Figure 4.14, two cases are compared. A reference case with a Tj,, of 452 [K] where a
¢ sweep is applied and a case with a GP always set at full power but with a lower T}, of
450[K]. The two starting points where, ¢ = 0.38, have the same CA50. It can be seen
that the one with the GP has already a larger IMEP.

In the reference case, the gray line, it can be seen that the RI increases exponentially
with the equivalence ratio. The limit of ringing for the UCLouvain experimental bench
is set at 5 [MW /m?] which would allow a maximal ¢ around 0.45.

The GP has the effect of decreasing the RI and increasing the IMEP. It means that
higher values of IMEP can be reached while staying under the ringing limit. The amount
of fuel cannot be increased significantly, but a maximal increase of 12 % in IMEP can
be achieved. This is due to the smoothing of the combustion done by the GP and the
fact that the Pgp increase does not affect much the parietal losses.
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Figure 4.14: Ringing intensity for a load sweep. The GP can increase the IMEP while
staying under the ringing limit. However the fueling cannot be significantly increased.

4.5 Emissions

As previously mentioned in Section 4.2.2 and especially in Figure 4.6, a T}, or a Pgp
sweep has an impact on the combustion efficiency. The exhaust gas composition is
related to the combustion efficiency. If there is a lot of unburned methane at the exhaust,
it is directly a loss of fuel that could have been used to achieve more power. Since
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carbon monoxide is also a fuel, its presence at the exhaust also reflects a decrease in
the overall efficiency. This is the reason why their concentration in the exhaust should
be investigated. Unfortunately, a study regarding the NOx was not possible since their
mechanism was not embedded in the Open FOAM simulation.

First, it is necessary to define a coefficient that would represent the remaining fraction
of unburned methane. It is defined as follows:

T CHA4,exhaust

ko =1 — (4.1)

L CHA4,initial

If this coefficient is equal to one, it means that there is no more methane in the exhaust
gases.

In the Figure 4.15, the same two cases are compared as in the Section 4.2.2 (¢=0.38).
As T, increases, the fuel is better oxidized. The same trend can be seen for the Pgp
sweep. The GP brings heat inside the cylinder which reduces the amount of residual
methane. It can be concluded that both the T}, sweep and the Pg;p decrease the amount
of residual methane.
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To quantify the amount of CO in the exhaust gases, the CO coefficient can be used [44].
It is defined in equation (4.2) and quantifies the completeness of the combustion. If it is
equal to zero, the combustion is fully complete. In other words, all the methane has
been converted in CO2 instead in CO.

Tco

keo = (4.2)

Tco + Tco2
In Figure 4.16, it can be observed that the koo decreases for the T;, sweep and increases
for the Pgp sweep.

As explained in Section 1.2.2, the production of CO is temperature dependent. As the
temperature increases, less CO is produced until very high temperatures are reached
where the CO production starts to increase again.

For the T;, sweep, the DOC becomes shorter. In other words, the same amount of heat
is released over a shorter duration which leads to a higher T,,,. The production of CO
and therefore koo are decreasing with Tj, [45].

The GP has the effect of increasing the DOC. The T},,,, thus decreases and the production
of CO increases. As the Pgp increases, the near-GP gases face very high temperatures.
This creates a local source of CO. Those two reasons lead to an overall higher CO
emission with the GP.

The trend of the combustion efficiency is very similar to the remaining methane concen-
tration. It means that the increase of CO, for the GP case, is marginal compared to the
decrease in unburned methane. The mass fraction of CO and methane in the exhaust
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gases is similar but the CO LHV is lower. This also explains why the combustion
efficiency seems to be led by the unburned methane concentration.
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Conclusion

The present work has tried to contribute to the energy transition by proposing an
improvement in HCCI engines. By using a glow plug, it is possible to enhance their
combustion behavior in order to increase their IMEP and their power density.

In the first chapter, the HCCI engine principle was presented as well as its advantages
and drawbacks. The pollutant emissions have also been analyzed in order to highlight
the low emissions from the HCCI engine. Particular attention has been paid to thermal
stratification, since it is the key principle implemented in this work. Finally, the different
theoretical developments have been detailed to allow the reader to understand the origin
of the subsequent results.

The second chapter focused on the experimental part of the thesis. Although the results
are derived from numerical simulations, they are based on the geometry and parameters
of the research bench of the UCLouvain. The intrinsic functioning of the glow plug was
explained to understand the consequences of its use. Finally, the safety aspects of the
use of a prototype such as the HCCI engine were briefly explained.

The third chapter was composed of two parts. The first one focused on an explanation
of the functioning of the numerical simulation and its environment. The second part
presented a validation of the simulations which was conducted by comparing experimen-
tal and simulation results. Eventhough some differences were noted on the experimental
parameters, the obtained results were considered close enough and consistents enough
to validate the simulation.

The fourth chapter presented the obtained numerical results. In terms of combustion
efficiency, similar results were obtained with and without the glow plug but the effect
on phasing resulted in a 5% increase in IMEP. By increasing the load, the rise in IMEP
reached 12% while staying under the ringing limit. The effects of thermal stratification
were found to be strongly local, but the glow plug was able to generate an early burn
of 1% of the methane, making the total combustion smoother. In terms of emissions,
an increase in CO production was observed but remains marginal. Regarding parietal
losses, the obtained results did not follow the used correlation. Therefore, it would be
preferable to carry out an experimental campaign to confirm the values and the trend
obtained with temperature variations.

It has been proven in this work that a glow plug can enhance the HCCI combustion.
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However the practical implementation of a glow plug reveals new constrains and and
nuance the choice of its use. First, in this study, the electrical consumption of the
glow plug has been ignored. Considering the chosen glow plug model and without
taking the conversion to electrical energy, it would consume around 3 % of the engine
power. Knowing that the glow plug increases the power of 12 %, its consumption is not
negligible.

Second, the reaction time of the glow plug is slow which limit its use to stationary
operations.

Third, glow plugs are not made to be continuously powered. Their life-time will therefore
be reduced which will increase the engine maintenance costs.

Finally, besides affecting the mixture temperature, a glow plug will also heat up the
cylinder head. The cooling system should then be revised to avoid overheating problems.
Those practical considerations moderate the positive effect of the glow plug on the
combustion.
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Outlook for future work

The use of a glow plug allows to control the combustion, as demonstrated in this thesis.
However, the results were affected with simulation noise. Further investigations should
be pursue to determine the origin of those oscillations. The objective would be to have
a fully reliable model that could predict experimental outcomes.

Since the results of this work are exclusively numerical, it would be interesting to
compare them with experimental results. Indeed, the values obtained for the amount of
heat losses seem very high and therefore need to be confirmed by experimental results.

To go further, the influence of the position of the glow plug could be investigated. It can
be expected that placing the GP off-center will affect more in-cylinder gases. Indeed,
the higher off-center gases velocities due to the swirl profile induces a higher convection
effect. Setting the GP deeper will increase the heat exchange area. The quantity of
in-cylinder gases affected by the GP will also be increased.

Finally, increasing the swirl could increase the convection of the heat provided by the
glow plug. A study combining the glow plug and a swirl flap for swirl ratio tuning might
complete this study.
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