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Abstract

Abstract

There is a considerable body of work based on observations and measurements
obtained from optically accessible high pressure reactors, such as piston engines
and constant volume combustion chambers. However, there are still important
aspects of design and relevant information regarding optical access that are
missing or are insufficiently explored or not readily accessible in the existing
literature. A comprehensive review of requirements for optical access to such
high-pressure, high-temperature systems has been conducted. It is presented in
a readily navigable format, with data and technical correlations hitherto not
found in a ‘user-friendly’ style, along with a comparison of optical materials,

relevant properties and guidelines for application.

It was found that optical materials often have sufficient mechanical strength, but
that there were limiting factors of design, namely: working temperature, required
electro-magnetic (EM) wave range and cyclic loading. It is especially difficult to
carry out accurate design with cyclic loading as in a running engine, as the relevant
data for optical materials is lacking in the literature. As a result of the significant
uncertainty arising from inconsistency of design data, it is found that a safety
factor is required, between two and five, depending on the probability of failure
and associated risk. The opto-mechanical design process of pressure vessels is

shown in detail for two real case- studies: a high-pressure steady-flow combustor



Abstract

and the combustion chamber of a spark ignition engine. The latter system is then

adopted and utilised for further diagnostic analysis.

Utilising the optical access, a high-speed imaging system was used to record the
ignition and flame kernel formation in the internal combustion engine. A range of
fuels were investigated, including gasoline, isooctane, and a few alternative
renewable fuels: E85, M85, and hydrogen. The experiments were conducted at
stoichiometric conditions for the liquid fuels and ¢ = 0.67 for hydrogen at

various engine speeds and compression ratios.

A novel analysing method was proposed to process the acquired raw optical data,
where ellipses, rather than conventional spheres, were fitted onto image
projections of the visible light emitted by the flames. A cross-comparison of the
results with the available data from the literature was also conducted. The large
amount of optical data allowed the statistical evaluation of the flame area, flame

speed and a flame-shape descriptor.

The image analysis showed that the ellipse fitting method provided a 50—-100 %
better fit and thus allowed a more accurate description of the flame propagation
properties. The results indicated that gasoline and isooctane had similar flame
propagation behaviour, but a significant difference was observed between these
fuels and E85, M85 and hydrogen. Similarities were found between the

propagation characteristics of M85 and hydrogen, showing the fastest
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propagating flames among all the fuels. The statistical analysis found that the
precision of the flame speed measurement and the roundness of the flames
increase with the engine speed, compression ratio, and time elapsed after

ignition.

Vi
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Introduction: literature review and motivation

1 Introduction: literature review and motivation

1.1 Environmental issues

Over the past two decades, the issues with our hydrocarbon-based economy and its
effects on climate change and human life have been well-documented. Growing
concern about global warming and the depletion of the ozone layer has driven
researchers to find better alternatives to meet the high energy consumption demand
[1-8]. Recently, the Intergovernmental Panel on Climate Change published a
Summary for Policymakers, and reported that cumulative emissions of carbon
dioxide were the main driving factor behind the average global surface warming, and
suggested a rigorous scenario that aims to keep global warming below a 2°C rise in
the average global temperature in comparison to the temperature in the pre-
industrial era [9]. At present, there is a contradiction in policymakers’ position with
regards to the increased unconventional oil production, and the suggested target of
2°C throughout the twenty-first century [10]. In order to have at least a 50% chance
of meeting the 2°C target, the carbon budget between 2011 and 2050 should not
exceed 1100 gigatonnes of carbon dioxide; however, current estimates of
greenhouse gas emissions resulting from the use of global fossil fuel reserves are
above this value by a factor of three [10]. A modelled solution to maintain the 2°C
limit is shown in Figure 1. The International Energy Agency has forecasted that
carbon dioxide emissions are expected to increase from 29 gigatonnes per year to

36 about under the current policies [5]. Figure 2 shows a statistical review of world
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energy reserves and consumption, which demonstrates that 86 % of the world’s

main energy consumption is of the fossil fuel type [5].

With the combustion of fossil fuels and the subsequent production of carbon dioxide
being accounted for as the main contributors to the current release of greenhouse
gases into the atmosphere [11, 12], and taking into consideration that a solution to
the current energy supply problems remains as yet distant, improvements in the
understanding of the chemical reactions and flame-propagation processes and
reduction of the emissions of these engine-fuel combinations should be
implemented as a short-term solution [13, 14]. These environmental and socio-
political issues are among the most motivating research drivers, providing an
impetus for research into renewable energy and design-to-specification fuels.
Nevertheless, both developed and developing countries still rely heavily on
conventional fuels powering conventional engines [15] and it is highly probable that
the internal combustion engine using liquid fuels will continue to be a relevant
transportation tool over the next few decades [5]. There is still plenty of room for
considerable improvement in the understanding of the chemical reactions and
flame-propagation processes, reducing the emissions of these engine-fuel
combinations, and increasing performance. One of the important ways to analyse
combustion processes in engines is to employ three-dimensional computational fluid
dynamics simulations, with the incorporation of various well-refined fuel oxidation

and flame propagation mechanisms [16-18]. The models and codes need validation
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with experimental work, in order to accurately describe the exact nature of these in-

cylinder processes.
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Figure 1. Global production of oil, gas and coal over time, within the 2°C-limit scenario,

separated by different kinds of oil and gas, retrieved from [10]
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1.2 Optical research on flame speed measurements and flame

kernel formation

1.2.1 Flame structure, propagation and its relation to the work done

Although the flame is defined as the luminous part of the burning gases, caused by
highly exothermic, rapid oxidation [19], for the sake of simplicity in this study, the
earliest and relatively short plasma state of the glowing charge is also considered as
a flame. For both moving and standing flames, the flame front is the indicator of
where gases heat up and start emitting light [20, 21]. This front is considered to
consist of two regions: the preheat zone and the reaction zone. For instance, Figure
3illustrates the top view of the reaction and the preheat zone in the chamber of the
optical-access engine used in this paper. The combustion process in Sl engines can
be divided into four main stages: spark and flame initiation; initial flame kernel
development; turbulent flame propagation; and flame termination [22]. The first
two stages are of high importance in terms of in-cylinder pressure development [23-
27]. The four stages are influenced by: spark energy and duration [28]; spark plug
design and orientation [29]; in-cylinder flow field [30]; cyclic cylinder charging [31];
in-cylinder composition [32]; and other related factors. A detailed literature survey
on the effects of these parameters on the four stages of combustion is presented

[26].
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Figure 3. lllustration of the flame structure and temperature distribution of a flame,
identifying the reaction and preheat zones (the image was taken at 1200 rpm, compression

ratio: 5.00, with isooctane)

Turbulent flames in a spark ignition engine can be assumed to be an array of laminar
flamelets with simple or non-turbulent structures, [33, 34]. The flame speed S,, is not
a unique property of the given mixture but a sum of the burning and expansion
velocities. The flame speed can be measured from images of the spatial-temporal

development of the flame and it is given by [21, 34]

Spn=v5 +uy, (1)
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where, v, is the gas expansion velocity immediately adjacent to the flame front and
u, is the burning or transformation velocity, [21]. u,, was termed as the stretched

laminar burning velocity of combusting air fuel mixture by Bradley, [35].

In contrast to flame speed, the laminar burning velocity is an intrinsic property of a
combustible fuel, air and burned gas mixture. That is defined as the velocity, relative
to and normal to the flame front, with which unburned gas moves into the front and

is transformed to products [36].

The turbulent burning velocity equals the laminar velocity with the added effect of
the flow field, geometry; wrinkling of the flame front; pressure effects on flame
thickness; and the history of the flame [37]. The effect of the turbulent flow field is
crucial for the first and second stage of combustion. It has been demonstrated that

the smallest flame kernels are distorted shortly after ignition [38].

Turbulent burning velocity plays a prime role and directly effects the in-cylinder
pressure development, i.e., engine performance. Turbulent burning velocity and
laminar burning velocity are important physical properties of fuel air mixtures. It is
essential that both of these velocities are derived experimentally from flame speed
and in-cylinder pressure measurements [21, 22, 24, 34]. The work produced by an
engine is related to the flame speed as can be inferred from the following. The

burned mass of charge is given by
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where, S,, g and S,are the average flame speeds in the x; y; z directions. These can
be determined by dividing the flame radius along an axis by the elapsed time from
ignition. Sf is a shape specific function. The burning of fuel releases energy to the

working fluid in the cylinder, given by [21, 36, 39]:

myLHV — (mc,dT) — Zh;dm; — dQ,; = pdV (3)

The rate of burning of the air—fuel mixture affects the chemical energy change of the
fluid, and this directly affects the indicated work and power output. In Equation ( 3)
the work done on the piston pdV equals the energy released from the burning fuel
my, LHV, minus the energy required to heat up the charge mcy,dT, minus the heat
transfer to walls dQy;, and adjusted by the masses leaving or entering the chamber
Yh;dm;. Note: term Zh;dm; can be positive (during fuel injection) or negative (flow
to crevice volumes or blow by). Therefore engine performance is highly dependent

on flame propagation characteristics within the cylinder.
1.2.2 Visualisation of initial flame kernel growth in SI engines

Previous engine research images of flames in cylinders showed a significant

enflamed volume, but the pressure measurements were not accurate or sensitive
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enough to indicate the evolving flame kernels [25, 32]. Therefore, optical
investigation of combustion is preferred to pressure tracing at the early combustion

stages.

The practical realisation of visual access to a combustion chamber of a working
piston engine is not easy, with any of the visible, ultra violet spectra or laser radiation
approaches [40-44]. The fluctuating pressure at high temperature, the limited
strength of transparent materials and the geometrical constrains kept investigators
from studying optical engines at real working conditions. In most cases, the engine
speed and CR were kept low in order to observe the propagating flames. In previous
investigations, the effect of changing engine speeds and equivalence ratios were
studied. However, because of the tight cylinder geometries, there has been no
optical data recorded in the same engine at different compression ratios. Another
major difficulty is the time scale of rapid oxidation. The average of temporal
resolution that can be found in the literature is about 0.2-0.4 ms. Only one paper
included data at higher temporal resolution, which could potentially provide insight
to the earliest and faintest flames [45]. It has also been reported that fouling of the
optical ports limits the length of operation time [29]. The experimental conditions
and a general summary of the most relevant work on flame speed measurements
and other investigations in optical engines can be found in Table 2. A comprehensive
review of experimental investigation techniques used in reciprocating-piston

engines is presented in [46].
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It has been shown that combustion or combustion related measurements taken in
any internal combustion engines would have a relatively large standard deviation
and therefore low precision. This is caused by a number of processes which are both
global and local, low- and high-dimensional; these include the air-fuel mixture,
turbulent flow field, and combustion instability variations. The high level of
uncertainty introduced by these phenomena in the thermal efficiency — and thus in
the engine performance —is called cycle-by-cycle variation or cyclic variation. Cycle-

by-cycle variation in engines is a widely studied phenomenon [26, 29, 47, 48].

It has been proved that the position and shape of the flame kernel and flame speed
significantly affect cycle-by-cycle variation and thus the overall engine performance,
[25, 40, 47]. However, previous studies have assumed that the propagation of spark-
initiated oxidation is isotropic, i.e. spherical flame propagation [25, 27, 29, 32, 38,
45, 49-58], i.e. isotropic propagation was assumed. Beretta [32] investigated flame
propagation and used circles to calculate the flame speed, as seen in Figure 4 (a). As
indicated in Figure 4 (b), isotropic propagation was predicted by a combustion model
applied by Rakopoulos [16] on hydrogen combustion. The three images indicate
three different moments before top dead centre as shown. Keck [25] investigated
cycle-by-cycle variation, and concluded that the flame shape has a significant effect;
but the measurements and evaluation was carried out by using circles, as shown in

Figure 4 (c).

10
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Figure 4. Spherical propagation assumption and prediction. (a) and (c) spherical

propagation assumption; (b) isotropic propagation predicted by combustion model

Only a few studies have mentioned different flame-front geometries [24, 25, 51, 54]
or looked into the implications arising from the assumption that the flame front
surface has a spherical geometry. However, these shapes have not been described

mathematically and detailed analyses have not been carried out. No attempt has

11
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been made to check the spherical propagation assumption. Thus, a validation of this

accepted method is required.

There is notably little data available on the properties of in-cylinder flame
propagation and combustion rate, and even less work has been published examining
such flames using alternative fuel types (alcohols, their mixtures, and hydrogen).
Moreover, the work so far done targets fully developed flames, little attention has
been paid to flame kernel development and propagation. However, these data are
essential for engine-combustion modellers, for validation purposes [59, 60] and to
enhance the understanding of the fundamental mechanisms governing real-life
engine combustion. Even though the in-cylinder flame front is a three-dimensional
flame, in most studies flame-speed measurements are measured from two-
dimensional projections of the images. Applying the isotropic propagation
assumption, the two-dimensional projected contours of spherical flames can be
digitised and their various geometrical properties determined. Actual flame speeds
and flame shapes were measured in a small number of studies, where the flame radii
were calculated using the “equivalent radius”’ (EQR) method [25, 27, 29, 38, 45, 51,

52, 58, 61, 62] which determines the radius from the measured area:

r= |— (4)

12
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where r is the flame radius and A is the area of the projected region. There has been
no attempt to refine this assumption. Many of the early investigators (who
established the fundamentals of optical engine work) used hand tracing methods,
due to limitations of available tools to delineate the boundaries and/or had low
number of samples (3—6 measurements averaged) [30]. Later papers do have a larger
number of measurements, but the statistical distribution of their findings was not

documented [63].

In previous studies with optical-access engines, the main choice of fuels was pure
hydrocarbons (HC) such as propane and isooctane. Less attention was paid to
practical fuels such as gasoline and alcohol blends. It is a usual practice to use
isooctane as a surrogate of gasoline in engine-related research purposes as these
two fuels have similar physical properties. Moreover, gasoline is a mixture of
hydrocarbons with a composition that is not guaranteed, whereas isooctane is an
easily available pure chemical. Previous flame-propagation studies in optical engines
did not compare flame propagation characteristics of gasoline and isooctane to
verify that the two fuels behaved in a similar fashion. Alcohols and blends with
gasoline (or isooctane) have been used in piston engines since the engine itself was
invented. At present, bio-alcohols are among the proposed candidates for future
fuels. Many studies have investigated their emission and performance qualities [7,
61, 64-66], but the literature is lacking the relevant optical, engine data. Usually each

published study concentrates on one engine geometry (e.g. one compression ratio)

13
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and one fuel. There is very little optical data available on comparison of different

fuels in the same engine operating conditions. Table 1 lists some of properties of the

fuels tested in these engines, [17, 36, 67-70]. Laminar burning velocity is a function

of pressure, temperature and the air fuel ratio (A/F). In Table 1 the data corresponds

to 100 kPa of pressure at 298 K but instead of choosing a fixed A/F for each fuel, the

maximum values are shown. These maximum values occur at different A/F ratios but

typically for slightly rich mixtures.

Table 1. Selected fuel properties

Max.
L ic. .
‘ | Molecula o . h ovJ\[/.er StAc;ch laminar Flammability limits
ormula ¢ weight ensity eating . burning i air
value ratio .
velocity
(V %)
- (8) (kg/m3)  (MJ/kg)  (kg/kg)  (m/s)
lower upper
Gasoline CaH187n 110  720-780 442  14.60 . 1.0 8.0
(approx.)
Isooctane CsHis 114.23 692 44 .3 15.13 0.34 1.1 6.0
Ethanol C2HeO 46.07 785 26.9 9.00 0.41 3.3 19.0
Methanol CH4O 32.04 792 20.0 6.47 0.44 6.0 36.0
E85 CnH2.88n0 56.29 771 29.6 9.92 - 3.0 17.1
M85 CnH3.7an0 44.37 777 23.6 7.77 - 5.3 31.5
Hydrogen H2 2.02 0.08 120.0 34.20 2.90 4.0 75.0

14
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Table 2. Summary of prior related publications

Research ID Imaging details Engine conditions
Frame Speed Fuel FAR CR
o . rate
Method description (frame/s (rpm)
)
Rashidi [48] Luminous  H.sp.c.images 2000 1096 Isooctane  1.08 -
H.sp imaging, 1.13-
Berreta [32] Luminous hand traced, 5000 872,1233 Isooctane ) 7.86
. 1.08
NaCl seeding
Each picture is Propane
Heywood [49]  Schlieren from different 1380 1380 pane, 1.00 7.00
hydrogen
cycle
Gatowski  [50]  Schlieren H.sp. c. images 2000 740,1400 Propane 0.90 5.75
Laser
. scattering, 1.00
L - - .
zur Loye [38] uminous Ti02, 7r02 300-3000 Propane 0.50 8.00
seeding
H.sp. c. images,
Keck [25]  Schlieren 2000 1400 Propane 0.87 5.75
Hand traced
1.00
Pischinger ~ [27]  Schlieren H.sp. c. images 25000 1400 Propane 0.77 6.70
0.71
. Multi exposure
Bates [24]  Luminous . 30 500, 1000 Propane 0.75 9.10
in one frame
Nakamura [54] Luminous  H.sp. c.images 10000 1500 Gasoline  1.00 9.30
Flash
Herweg [53]  Schlieren 'Images from light, 800-2000 Propane 0.77 7.30
different cycles pulse
40 ns
Multi
Bates [23] Luminous ,Utl exposure 30 500, 1000 Isooctane  0.75 9.10
in one frame
H.sp. c. images, 1.00
Shen [45]  Schlieren 20000 500, 1000 Isooctane 7.70
Hand traced 0.91
. . Double-
Aleiferis [29] Luminous . 25 1500 Isooctane  0.68 7.90
exposed images
Double- 0.68
Aleiferis [58]  Luminous ou .e 25 1500 Isooctane ' 7.90
exposed images 1.00
Laser . . .
L
deflection ' comparison 1200, 1500, ~-quefied
Lee [57] and between the 2 3000 1800 petroleum 10.00
Schlieren methods gas

15
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Optical Mapping (no Gasoline
Conte [55] and ion image - 2000 andgas 1.00 8.70
sensors processing) mixtures
i Comp. 036
Gerke [56] P?H . H.sp. imaging 10000 Hydrogen 45
chemi. machine 2.50 bar)
Isooctane 1.00
Lumi Sp.i i ! ’ 950
Tahtouh [63] uminous H.sp. imaging 6000 1200, 2000 methane  0.80
H.sp. c. images, 0.65
Baritaud [52]  Schlieren 6000 50, 1040 Propane " 6.00
Hand traced 0.85
Tagalian [51]  Schlieren 5 cycles 1400 1400 Propane  0.90 -
H.sp. c. images,
Aleiferis [61] Shadowg. 9000 1500 E.85' 1.00 1115
100 cycles gasoline
H.sp. c. images,
Aleiferis  [62]  Chemi. 9000 1500 Aleohols g 00 s
100 cycles other HCs
300, 500, 1.00,
Herweg [71]  Luminous Side chamber - 750, 1000, Propane 0.77, 7.30
1250, 0.67

H.sp. c., high speed consecutive

1.2.3 Flame structure analysis

Databases of in-cylinder turbulent flame characteristics and flame front propagation
rates are essential for further understanding of combustion fundamentals. This study
covers the evaluation of the isotropic propagation assumption and contribution to
the flame speed database for flame kernels of conventional and alternative fuels.
However, additional measurements would be required to see a more complete
picture. In order to describe and understand the turbulent behaviour of the flame,
the level of wrinkling and flame front distortion needs to be measured with respect
to the integral length scales and flow-field properties. This can be done by means of
laser-light based optical velocimetry methods (Laser Doppler Velocimetry or

Particulate Image Velocimetry). The author had no means to carry out these tests

16
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during this research. However, the combustion propagation rate data collected and
presented in this work contributes to the combustion database and verifies the

finding of others. Moreover, it supports the work of modellers.

The first step to model in-cylinder flames (i.e. turbulent combustion) is to consider
turbulence. Three different approaches to turbulence modelling include: direct
numerical simulation, Reynolds-averaged Navier-Stokes and large eddy simulation.
All of these approaches are accepted, and certain studies have compared their
advantages and shortcomings [72, 73]. Large eddy simulation works well for non-
reacting flows and seems to be the favoured method to model premixed turbulent
flames. However, the chemical kinetics is confined in a thin reaction zone, Figure 3,
and this zone is typically difficult to get resolved. This problem can be dealt with an
assumption where the turbulent flame speed is considered to be equal to the
laminar flame speed corrected for the stretch and flame wrinkling. In one of the
interesting methods considering flame wrinkling, the wrinkling is assumed to have a
self-similar geometry. Then, the surface area of the wrinkled — turbulent — flame

front can be calculated as follows:

Ap = (Lm‘”‘) AL (5)

17
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where, Ay is the area of the turbulent flame front, 4, is the laminar flame front, L is
the integral length scale and D5 is the fractal dimension in the three-dimensional

space [74-76].

The aim of this work was not detailed combustion analysis and investigation of the
underlying fundamentals, but to measure and compare the overall characteristics of
flame kernels for various fuels at the spark-assisted stage. However, the
aforementioned short introduction and references cited provide a bridge between
the experimental work presented here and the more theoretical side of combustion

science.

1.2.4 The necessity of optical research and measurement methods

A major advantage of optical engine instrumentation is its fast response. In general,
EM waves travel at the speed of light and sensors recording them have a high
response rate - which is crucial when fast combustion related processes are
investigated. ICEs have been developed significantly in the past few decades as a
result of active research. It is known that a significant mass fraction of air-fuel
mixture burns before any pressure rise or temperature change can be detected [36].
It has also been shown that the properties of the evolving flame kernel at the earliest

stages of ignition have a major effect on the in-cylinder combustion processes [24].

One of the main processes that play an important role in the working of an ICE is the

fluid flow. Volumetric efficiency, in-cylinder charge motion, residual gas content and

18
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so on have a fundamental effect on every aspect of the performance of an ICE. These
flows have been studied by using optical methods, visualising the flow field or
pressure boundaries. These methods provide vital information and cannot be

replaced by any other instrumentation.

Other areas of engine research where visualisation is important are:

e injection, spray and mixture development

e flame propagation and combustion

e pollutant formation studies

There are a number of optical methods that can be used to investigate the processes
listed above. It is not the aim of this study to detail and describe these rather complex
measuring techniques. In order to provide an overview, a comprehensive list of these
methods is shown in Table 3. A couple of exhaustive review books have been
published on the background and findings of the relevant measurement techniques

[46, 77].
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Table 3. Optical measurement methods in relation to ICE

Engine process

Measurement type

Technique

Fluid flow

Laser Doppler Anemometry (LDA)

Particle Image Velocimetry (PIV)

Injection, spray
and mixture
development

Droplet sizing and
atomization

Fuel vapour concentration

Mixture composition

Direct back lit imaging

Fraunhofer diffraction

Phase Doppler Particle Analyser (PDPA)
Two-dimensional visulaisation by Mie scattering
Laser sheet droplet sizing by Mie scattering

Laser-Induced Exciplex Flourosence (LIEF)

Planar Laser-Induced Flourescence (PLIF)
Laser Rayleigh Scattering (LRS)

Spontaneous Raman Scattering (SRS)

Flame propagation
and combustion

Mixture composition

Visualisation of
combustion species

Flame geometric
properties and speed

Temperature
measurement

Spontaneous Raman Scattering (SRS)

Planar Laser-Induced Flourescence (PLIF)

Spectroscopy: Light Emission and absorption

Chemiluminescence: optical emission from the
oxidation process (this technique was chosen for
the flame analysis in this work)

Chemiluminescence: optical emission from the
oxidation process enhanced by emission from
additives

Schlieren method and shadowgraphy

Radiation thermometry

Laser Rayleigh Scattering (LRS)
Spontaneous Raman Scattering (SRS)
Coherent Anti-Stokes Raman Scattering (CARS)

Planar Laser-Induced Flourescence (PLIF)

Pollutant
formation

Soot concentration and
temperature

Soot concentration

Soot distribution and size
measurement

Two-colour method

Light-extinction

Laser-induced incandescence
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These techniques can be applied on a number of different optical rigs that are able
to provide insight into the combustion process. A more detailed review of the
different experimental procedures, and a comparison among them, can be found in
the literature, [78] Results acquired from optically accessible internal combustion
engines (OAICE) provide the closest simulation to the in-cylinder processes in real
engines, Figure 5. On the other hand, the combustion chamber of a real engine is
surrounded by all the necessary auxiliaries (cooling, mechanisms, injection and

ignition systems), making the physical realisation of the access to be a complex task.

When the investigation focuses on a particular aspect of an in-cylinder process and
a larger access is required, then some of the aforementioned auxiliaries can be
removed to provide the required space. This way the OAIC becomes a rapid
compression machine (RCM), as illustrated in Figure 6. RCMs are not heat engines
anymore; it is not possible to maintain the cycles of ICE strokes by them. Usually, the
power stroke is tested only with a RCM with thermal convection, mixture distribution
and flow characteristics that are dissimilar to the ones found in production engines.
However, the better access to these processes in time and space provides an

opportunity to take more accurate measurements.
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Figure 6. A typical structure for a RCM used for PLIF, retrieved from [79]

High pressure constant flow devices (HPCF) were developed to model and test the

working of industrial furnaces, external and internal combustion engines and gas

turbines, Figure 7. These rigs can accept virtually any combustible substance with a

high accuracy of air-fuel ratio and a control of residence time. Moreover, the internal

flow pattern can be set to the specific requirements. HPCF experiments usually

acquire data for emission, fuel spray and soot formation related studies. The flames

are usually accessed by probes and by optical instrumentation. The illustrated rig

was developed by the author, and a summary of this design process is presented in

Appendix A. The findings and details of that design work will be published, as was

detailed in the Statement of Originality section. The actual optical access for this

HPCF rig is shown in detail in Figure 8.
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Figure 8. The optical access for the HPCF rig shown above, the design and development of

this rig was conducted by the author

The constant volume test rig (CVTR) was used to support similar research as the HPCF
test cells. They are extensively used to determine laminar and turbulent burning
velocity; a large number of studies were published based on the data collected from

CVTRs. The author also contributed to the design of an optical CVTR, Figure 10. The
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research carried out on this rig was led by Emberson and investigated a number of

aspects of the spray formation of diesel, bio-diesel and emulsion fuels [84].
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Figure 9. A schematic of a typical set-up of a CVTR, retrieved from [85]
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Figure 10. CVTR at the Queen Mary University of London; optical access via three circular

sapphire windows (blue)
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1.3 Design of optical access: materials; practical solutions;

mechanical and optical performance

1.3.1 High temperature optical materials: mechanical, optical and

chemical properties

There are a large number of materials that can be considered for sight windows on
pressure vessels, from ordinary plastics to exotic ceramics. In this work, only the
most common and most practical optical materials, which are suitable for high

temperature operation, were chosen for comparison.

The underlying design criteria for selecting the optimal optical material type are:
useful transmittance range, operating temperature and mechanical load. In Table 4,
only high-operating-temperature materials are listed. It is important to note there
are other choices available for specialised tasks, such as silicon or germanium, but
their availability is limited and they are costlier. In low-temperature environments,
plastics like acrylic and polycarbonate can be used. During design, it is essential to
consider the working temperature and obtain a good estimate of it from simulations

or experiments.

Although unusual in mechanical engineering, it is important to choose the right
material for the required electromagnetic band. It is also vital to consider the ratio
of the electromagnetic energy falling on a body to that transmitted through it. This

ratio is called the transmittance of the material [86]. Transmittance values for each
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wavelength vary significantly among material. For example, a larger selection of
materials can be considered if the investigated radiation is in the visible or in the
near infra-red (NIR) regions. Due to the availability of a wider range of materials, the
implication is that sight windows for high speed imaging or laser-aided
measurements can be designed more easily, and more complex shapes with larger
dimensions are therefore possible. Choosing an optimal material is more complex
when longer wavelengths have to be captured for both spectroscopy and thermal
imaging. For wavelengths over 2500 nm, the transmittance curves start fluctuating
or becoming discontinuous. If this, then, is the electromagnetic wave band region of
interest, careful planning will be needed to select the right material type. The
transmittance of common optical materials for wavelengths under 200-250 nm falls
rapidly. Yet, it is an important region in combustion science as some radicals have
their peak emissivity in this electromagnetic band. Researchers and designers are
practically left with fused silica and a number of fluorides (MgF,, CaF,, BaF,) to use.

Figure 11 shows the transmittance curves of selected materials.

Once the material candidates are shortlisted by wavelength transmittance, the more
conventional design process follows this when further mechanical, thermal and

chemical resistance properties are of interest.

Finally, the cost analysis needs to be taken into account when the material type

providing the optimal solution is chosen.
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Table 4 summarises some of the most related properties of a selection of practical
optical materials. As expected, all of the listed properties are functions of
temperature, size and shape, exact composition, heat treatment, surface finish, and
other manufacturing processes. It is important to note that there are significant
differences (10-15%) between the claimed values by different manufacturers and

textbooks.

Soda lime glass is the common glass type that can be found everywhere. It is mass-
manufactured by floating the hot raw material on a bed of molten tin. It is the least
expensive material of all, and being softer than other glasses, it is easy to make a
complex part out of it. It is a hard material with good scratch resistance, but is
significantly softer than other glasses or sapphire. It is not resistant to many
chemicals, and its higher coefficient of expansion makes it sensitive to uneven

temperature distribution [87-91].

Borosilicate glass is 2-3 times more expensive than soda lime glass but still
considerably less expensive than fused quartz or silica. It has the same easy
manufacturing properties as soda lime but usually has a lower thermal expansion
coefficient, hence making it more resistant to thermal shock. Leaching can occur but

it is more resistant to chemicals [87-90, 92, 93].

Fused quartz and silica have very similar properties as they have an almost identical

composition. The main difference between them is in the amount of contamination
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caused by the different manufacturing processes. Quartz is made from melted and
cleansed naturally occurring quartz sand with larger amount of contamination in the
product, while fused silica is a pure version of quartz synthesised from various gases.
However, their mechanical and electrical properties are identical. The only
contrasting (and significant) advantage is that, silica has an excellent transmittance
in the ultra violet (UV) region. This property makes it unique among silicon oxides. A
major advantage of quartz and silica, when compared to cheaper glasses, is their
increased stability. Their mechanical properties are significantly less sensitive to
temperature changes than borosilicate or float glasses. For instance, for a
borosilicate, the linear thermal expansion at 500 °Cincreases its ambient value a few
hundred times; silica, however, faces an increase of about 40 times and then stays
constant with further increase of the temperature. This makes the evaluation of
thermal stresses a lot easier when implementing quartz and silica. Nevertheless,
their excellent properties come at a price: the material cost is significantly higher
than the aforementioned glasses and their higher temperature resistance makes
fabrication more complex. They have a reasonably good resistance to chemicals but

break down with some caustics, fluorinated acids and plasmas [87-90, 92-95].

Sapphire is a single crystal and a very versatile material. It is the second hardest
material on Earth, which makes it best choice of material whenever wear and
abrasion are the main constraints. Its high mechanical strength and modulus of

elasticity provides good resistance against impacts. It is virtually impervious to all

31



Introduction: literature review and motivation

corrosive materials and its thermal stability outperforms all other optical materials.
Yet, sapphire raw material is not significantly more expensive than fused silica. On
the other hand, its extreme hardness and a high melting point make the
manufacturing process challenging and costly. In conclusion, sapphire is not suitable

for large windows and for complex shapes [96-100].

Magnesium fluoride is an excellent material choice for application in the UV
bandwidth (the cheaper CaF2 has similar properties but with slightly reduced useful
transmittance range). Larger size crystals can be grown, and it is possible to machine
it with standard diamond tools as this material can be polished well. Thus, complex
shapes and geometries can be achieved. It has a wide range of transmissitvity but it
is not as wear-resistant as the other materials, and its surface will degrade in a humid

environment at elevated temperatures (over 500 °C) [92, 98, 101-103].
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Table 4. Optical material properties

. Soda Lime . Fused Sapphir  Magnesium
Unit Glass Borosilicate Quartz Silica o Fluoride
General
Chemical Si0,:74, Si0,:80+,
(Weight Na20:15, B,0s:7- [ . . . .
Formu.la., %) Ca0:5, 13%, Naz0, Si0,:99 Si02:99  AlL,03:99 MgF;:99
Composition
others others
Density (g/cm3)  2.2-2.52 2.2-2.4 2.2 2.2 3.98 3.18

Optical
Useful 200- 180- 150- 110-
Transmission (nm) 320-2300 3252100 5 2200 5000 7500
Refractive index 1.52 1.47 1.46 1.46 1.76 1.38
(588 nm)

Mechanical ! 0
Young's Modulus  (GPa) 72 64 73 73 335 138
Tensile Strength (MPa) ~41 27-62 50 50 275" 140

. 1000- 1000-
Hardness, Vickers - 550 520-580 1200 1200 1940 400
Poisson’s ratio - 0.23 0.21 0.17 0.17 0.25 0.27
Weibull
variability of - 6! 30V 8.82V 10.2V 5 5
strength
Weibull stress (MPa) 129 71V 115V 180V 485 96

Thermal
Softening Point (°C) 1450 800-850 1730 1600 2300 WM 1255
Max. Continuous

. o 950- 950-
Operating (°C) 260 280-350 1150 1100 1200 500
Temperature
Thermal
Conductivity at (W/mK) 0.96 1.1-1.2 1.38 1.38 27.21 11.6
300 K
Coefficient of (106/K)  3.5-9 3.25-4 0.55 0.55 8.4 8.9

Expansion

properties perpendicular to optical axis

materials are birefringent for exact refractive indexes see references

' mechanical and optical properties are dependent on fabrication method and surface finish; " fractural
strength; "' Kimble R-6; 'V BK-7; Vstandard polish; V! “super polish”; V' melting point
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1.3.2 Optical access on ICE

In a typical production, ICE every side of the combustion chamber is utilised. On the
top, the cylinder head provides space for the ports for gas exchange, fuel injection,
sensors and for the ignition system (Sl only). At the bottom, the moving piston-crank
mechanism assembly borders the chamber. At the side, the barrel and its cooling

channels/fins are the simplest part of the engine, as shown in Figure 12.
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Figure 12. Four stroke overhead valve engine
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To gain access to the combustion, at least one of these three components of the
engine has to be significantly modified. Certain types of laser-based techniques

require multiple access points, [104].

1.3.2.1 Optical element placed in the cylinder head

Undoubtedly, the most complex assembly of components on an ICE is the overhead
valve cylinder head. It is nearly impossible to fit a large enough window in here. If an
optical passage is required through the head then the only option is to modify the
number or size of gas exchange ports. Clearly, this would greatly affect the in-
cylinder flow, mixture formation and combustion chamber volume geometry. The
validity of data obtained from such an engine would of course be limited. On the
other hand two—stroke engines have a relatively simple cylinder head design. The
intake and exhaust process take place in the crank case and engine block. This
permits the modification of the head without having to pay major penalties.
Combustion studies have been carried out in this type of research test engines for a

long time for compression and spark ignition (SI) studies [105-107].

A two-stroke optical engine is shown in Figure 13. This engine has been developed
by the author and has a circular window on the top the side of the combustion
chamber is made out of a transparent quartz rig. The shape and size of the volume

enclosed by the piston, ring and top flat is nearly identical to the engine’s combustion
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chamber keeping the in-cylinder flow realistic and closely comparable to the

unmodified version.

A ture th h the t
Transparent flat perature fhreug & o

Clear view through the ring

Transparent rin
! - M T

Attachemnef through the ring
(sensor, injector, spark plug)
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|
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Figure 13. Fully accessible combustion chamber on a two - stroke engine

Another suitable cylinder head design for optical modification is the so called L-head.
Where, the valves not above the piston embedded in the head but next to the piston
fitted inside the cylinder block. These types of test rig have been used for engine
research since permitted by advancements in photography and optical data

recording — Withrow and Rassweiler made the whole combustion volume visible and
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recorded movies of the flame propagation in 1936-38 [108, 109]. In this study, the
data was also taken in an optical L-head engine. A cross-section of this engine is
shown in Figure 14. This image describes the structure of other L-head engines well.
The optical element is placed above the piston and potentially can cover the whole
combustion volume. The valves are placed on the side; therefore the flow patterns
inside the overhead valve production engines are not closely simulated by the ones

in an L-head engine.
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Figure 14. L-head optical ICE constructed from a Briggs and Stratton engine
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In optical research carried out on compression ignition and diffusion flames, a swirl
chamber is usually used as a tool. A swirl chamber in usage and research capabilities
is similar to a RCM, but it is mounted on an ICE and the working fluid passes between
the ports and the chamber via a connection throat. Spray interaction, ignition delay

and flame lift studies have been published using this test rig, [80].

Injector

Side chamber )
Appeture AN

Connecting passage ' T - - %7

Figure 15. Four-stroke engine equipped with a side chamber
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1.3.2.2 The Bowditch type engine: access via the piston

The extensive use of overhead valve engines required an optical engine where the
in-cylinder flow structures were less disrupted by the modifications. In the sixties,
Bowditch at General Motors improved the optical engine design by placing the
optical element inside the piston, [110]. Since then, the method has been grown to
be well-established and popular among engine researchers, [111]. The basic
structure of the Bowditch engine is illustrated in Figure 16. The window is fitted
inside the crown of an elongated piston. The EM radiation emitted from the
combustion passes through the window and is reflected by a mirror mounted at 45°.

The reflected rays then leave the elongated piston via a cut out to the optical sensor.

Real-engine conditions are well-simulated by the Bowditch type optical engine as
long as the piston geometry is simple. Completely flat top pistons can only be found
in @ small number of engines. Modern Cl and S| engines usually have complex
geometry supporting fuel mixing and recesses to permit higher valve lift values.
Therefore, in the mixture formation of these engines cannot be investigated by using
the Bowditch type engine. Another problem is the quick deposit formation on the
surface of the window when the direct injection system spays the fuel straight on

the hot optical piston.
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CMOS camera

Pressure

Intake Valves

Figure 16. A Bowditch type OAICE used to investigate the influence of butanol addition to

gasoline, retrieved from [112]
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1.3.2.3 Optical access gained through the liners

Viewing access
~ for camera

Transparent ring

Laser sheet

Figure 17. Four-stroke engine with side access and small viewing opening fitted in the head

As mentioned before and demonstrated in Figure 13, certain laser-based
measurements require multiple access to the combustion —therefore, a transparent

side is required. The easiest design option is to place the optical elements above the

42



Introduction: literature review and motivation

top dead centre (TDC) to make sure that there will be no contact between them and
the working piston, as indicated in Figure 13. The design becomes challenging when
a large view is required, so that the full stroke, or a significant part of it, has to be
visible. The main design consideration is the possible contact between the brittle
window and the moving piston. The piston trajectory has to be carefully designed

with the piston slap and thermal effects taken into account.

Lubricants cannot be used between the piston ring and the liner as their film on the
window would obstruct the view. Self-lubricating a polymer rings, polyamide-imide,
were used to overcome this problem by Lee [113]. Polyamide-imide has high
strength: 192 MPa (tensile) and high working temperature 260 °C (continuous) which
make it a versatile material, especially suitable for environments with elevated

temperatures.

When large pieces of ceramic or glass are used in a heat engine application, the
uneven temperature distribution needs to be considered — which can lead to high
thermal stresses. A more thorough work on the specifics of design and installation

of a large sized sapphire was published by Bates [114].

Image distortion by the curved liner is also a difficulty to overcome. A complex
optical set-up was employed by a couple of researchers to correct the results
obtained from transparent liner engines [115, 116]. Another approach for recording

distortion free images is to use flat liners. A square piston engine was designed and
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built at MIT. The engine is indicated in Figure 18; it was the base of a number of
optical studies related to laser based and Schlieren combustion measurement and
flow visualisation studies [25, 50, 117]. The drawback of this arrangement, when

compared to the curved liner engine type, is the less realistic in-cylinder flow pattern.
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d @ L  standard head
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F . J;,g combustion chamber
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o8 kLo
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] g il 1] e
sIE | :0 window
2l sl B
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£l | standard piston
x|l
o/ .
! standard single

/ cylinder engine
‘\\assemblv

Figure 18. The schematic of the MIT optical engine with flat windows and a square piston,

retrieved form [25]

1.3.2.4 Validation of measurements form optical engines

In addition to the issues caused by the obvious macro geometry differences, namely
piston and combustion chamber shape design, a detailed comparison of OAIC and
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production engines was made by Kashdan [118]. It was concluded that higher surface
temperature occurs on glass engine parts as a result of the lower thermal
conductivity. So, in optical engines higher in-cylinder pressures can be measured as
a result of the increased heat flux to the charge caused by the higher surface
temperature. Indeed, glasses have thermal conductivity coefficients that are lower
by one or two magnitudes than steel and aluminium, respectively. The effect of this
was demonstrated by showing in-cylinder pressure curves, with higher pressure
values for engines equipped with glass parts. Skip-firing was suggested as a solution
to keep the temperature at the level that is normally found in production engines.
Unfortunately, there was no detailed analysis included for cases where the optical
element was sapphire — which has the same range of thermal conductivity as steel
and cast iron. The value of thermal conductivity of magnesium fluoride is also
comparable to some steel grades, and is somewhat lower than cast iron. Therefore,
when achieving similar thermodynamic conditions in an OAICE to a production
engine is one of the main concerns, sapphire or magnesium fluoride material should

be chosen as the optical element.

It was also pointed out that a correction factor should be applied to the engine
geometry to compensate for the effects of the deflection of parts under pressure
and for the effects of geometry change due to thermal expansion. This concern
mainly applies to Bowditch type engines where the elongated piston can suffer from

the aforementioned phenomenon.
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As the “key challenge”, the issue of the limited operating range of OAICEs was
identified. It was suggested that the future development of these OAICEs should aim
to achieve closer load and engine speed levels to the ones in standard production

engines.

1.3.3 Mounting methods of optical element

There are a number of different ways to hold the optical element within an optical
apparatus. A particular mounting method can be selected considering the geometric
constraints, the sealing requirements, position accuracy, the orientation of optical
axis, stress and the deformation caused by pressure difference, and birefringence. In
this work, sight optics is investigated only; their mounts are less complex than lenses

that need more degrees of freedom.
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1.3.3.1 Optical element kept in place by clamp.

NI

s

Fitted surface

1 TTT1]

Figure 19. Fixed volume combustion chamber with circular window that is positioned by a

guided clamp [80].

Figure 19 shows the usual clamping method where the retainer is fitted and guided
in the direction of the displacement of the window. The radial position of the retainer
is fully defined by the contact forces. The advantage of this solution is the simple
tensile load on fixing bolts, and simplified dismantling and re-assembly. Details of
loaded bolted joints can be found in the literature [119]. The disadvantage here is
that the larger the size in the direction of the optical axis, the more complex is its

design and the more difficult is the manufacturing [120].
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1.3.3.2 Optical element kept in place by a free sitting clamp

Window not guided,
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Figure 20. Four-stroke optical engine, the rectangular window is sandwiched by the clamp

and soft gaskets [13, 14].
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Figure 21. Special sodium chloride free sitting window for a high-temperature, high pressure

difference, infra-red (IR) spectra [121]
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The simplest design solution is illustrated in Figure 20 and Figure 21. The clamp is not
guided but constrained by contact in one axis and constrained by friction along the
other two axes; its position is defined by fixing bolts. Its advantages are: a simpler
design, easier to manufacture, smaller in size along the optical axis, and that its
position along the optical axis can easily be varied. Its disadvantage is that a greater
amount of mechanical (bending) load on bolts is required; since the window can

freely move, bringing the assembly together can also be problematic.

1.3.3.3 Adhesives

Groove filled
Threaded part with selant
cell -
Cell . < | . [}
Retainer locks with o
Sealant S ; compound / : .
Optical element / ZBE Window \\ 2
7 5 b g
< ~ o
/f .
-'ff, :
a,

b,

Figure 22. a, Using adhesives for a low pressure application [122]; b, Using
adhesives for a moderate pressure application [123].

Fixing an optical element in a carrier frame using adhesives, as indicated in Figure 6
is a convenient solution for lower pressure and temperature environments. In both
cases, the window sits against a shoulder which provides an accurate positioning. All
mechanical loads rising from the pressure differential are taken by the adhesive. In
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the second case, the adhesive acts as a sealant and retainer; only, the stress is
induced, but the pressure difference is taken by the shoulder on the frame cell. The
main advantage of this solution is the modest space requirement. Its only
disadvantage is that the performance of the assembly is proportionally dependent

on the properties of the adhesive, which are usually limited.

1.3.3.4 Fitted inside the shell of the vessel

0-ring Aperature X 15

;. N/
Mount Aperature Retaining ring

Mount Aperature | Window
[l

R '

&
Soft gasket \</\>/ Retaining flange

Figure 23. Window integrated in the vessel body, O-ring and tapered methods [124, 125]

The optical element can be fitted inside the housing, a typical application area is the
deep submergance vehicles, Figure 23. There is no need for bolts as the major load-
bearing element. Its advantage is that this setup can take large pressure differences,

while the vessel geometry can also be made more simply. Its disadvantage is that the
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window can only be dismantled from the pressurised side, and more complex

window geometry is required.

1.3.4 Allowable or design stress in pressurised vessels and in the optical

element, safety factors

The estimation of the allowable or design stress is among the most important and
sometimes challenging tasks, especially at elevated temperatures [126-128]. The
data of mechanical properties can be found in the literature for the more common
materials; however, there often is no consistency in the given values. It becomes
even more difficult to find information when practical issues are being considered,
such as the effects of temperature, humidity, manufacturing technology, surface
finish, and loading rate. Pressure vessel codes provide suggestions for high strength
alloys which can then be taken as a first guidance for optical materials. According to
BS EN 13445-3 [127] and ASME Boiler and Pressure Vessel Code Section VIII [128],

the design stress should be calculated as:
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R R
e = min (2021 B

SF ' SF
(EN) (6)
— min (RpO,Z/T _ Rm/ZO)
1,5 ' 24
— . (Rpoz/r Rmn/20
S Tdes = MM\ TgF—* ~5F (7)
g — min (RpO,Z/T _ Rm/ZO)
1,5 ' 2,14

where, 04, is the allowable design stress; SF is the safety factor; Ry, »/¢ is the 0,2%
proof strength at T temperature; R,, is the tensile strength at 20 °C [129]. As optical
materials discussed in this work have brittle characteristics, it is only the safety
factors that are associated with the tensile strength that are applicable. It is
suggested that the safety factor for optical design should always exceed 2. The
general value for a well-designed system is between 2 and 3, when failure is not
expected to cause major damage. When, there is more uncertainty in the design the
value exceeds 3, the usual and conservative safety factor value is 4. The value can be
as high as 5 for non-optimum or possible unplanned conditions (manufacturing or

usage) or when failure can cause a significant damage [122, 130].
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1.3.5 Deflection and stress

1.3.5.1 Plane-parallel circular window

Table 5, Classical mechanics of plane-parallel circular elements

Non supported case

Supported case

P
& Y ¥ & L T Y 1 L 2 B | & '
Ap=pi =p2 -
/ ﬁ p2 % S 1/
Do = 2r l
_3@+wapr? Apr? (g
T s the 7 th
K,,=0.125 (10)
3 Apr*
=—(—u® —4u+5
x = (@ —4u+5) B,
(12)
_ Aprt
*Et3,
K,=0.96 (14)

Ap=pop || |P,

1 ¥

A D=2 M7

— e

3 Apr*
—(1 — y?
A=}

X =

_ Aprt

=K, ——
*Et3,

K,=0.17

(9)

(11)

(13)

(15)

Equations relating deflection to the applied pressure difference can be found in the

literature for a number of shapes and support modes [131, 132]. A summary of the

most closely related relations is peresneted in Table 5. Where, K,,, is a generalised

constant suggested by textbooks [122, 123, 130]. In these works, K,, is choosen
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conservatively to cover a wide range of optical materials. This conservative method
was chosen in this study to make a suggestion for values of K,. In the rest of the
equations, ( 8)-( 15) o is the stress; u is the Poisson ratio; Ap is the pressure
differential; r is the radius which is half of the aperture or diameter Dy; x is the
defelction; t.; is the thickness of the optical element; E is Young’s modulus. If the
the stress equations are rearranged and the safety factor, the diameter and design
stress are inserted, then the minimum required thickness of the optical element can

be calculated.

1 K,, SE, Ap1/? (16)
tekjo min = EDO T
es

where, togjmin is the minimum thickness of the circular optical element; Dy is the
diameter of the aperture; SF, is the safety factor; Ap is the applied pressure
difference on the optical element; o4, is the allowable design stress. Using
Equations ( 12) and ( 13), the deflection can be calculated or the rearranged version
with the maximum allowable deflection can be used to find the minimum required

thickness:

1
SE, K, Ap Dgr

Lek|x min = l 16 E xpos (17)
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where SE, is the safety factor. In general, as SF, is associated with complete
breakdown and failure and SE, has an effect on only the quality of the image
produced by the optical element. SE, can have a significantly lower value than the
SF;. Equation ( 80) provides results for a simple case of a mechanical load. When,
there is a combined load from thermal and mechanical loads, the deflection needs
to be calculated using Finite Element Analysis (FEA). The result of the simulation can
be used to calculate the outer radius (R) of the window that turned into a divergent
meniscus lens under the loads (assuming the same deflection on both sides of the

window):

x% + D¢
R=—"2¢ (18)
8x
Then with the known thickness the lens power (P.,) can be calculated:
—Lek
Pens=n—1) 5——7—
lens = (N )RZ ¥ Rtug (19)

The maximum deflection of a window is a function of allowable image distortion. In

an optical system with lens and sensor, the lens focusing error usually gives the
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tolerance in dioptres. It is hard to find tolerances published, but as a rule of thumb

some values are summarised in Table 8, [133-136].

1.3.5.2 Plane-parallel rectangular window

Equations relating deflection to the applied pressure difference can be found in the
literature for a number of shapes and support modes [131, 132]. The detailed
analysis of bending of rectangular plates is not the aim of this work and it can be
found in the literature, [137, 138]. Similarly to the case of the circular plates, if the
Poisson ratio is assumed to be a conviniant and conservative constant then, the
equations can be presented in a simpilfied form that is easier to apply. It is worth
noting that all the equations have similar forms regardless from window shape or

support type.
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Table 6, Classical mechanics of plane-parallel rectangular elements

Non-supported case Supported case

TN

\

|

|

|

\

\
o

\x
|
N
|
-

L _ 4 |
K, Apb? K, Apb?
= (20) wp (21)
tck tck
KxAp KxApb4
¥ = (22) X = 3 (23)
Et3 Etck
ck

where, a and b are the length of the sides of the rectangle, with b being the shorter

side.
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Table 7. Constants for rectangular window geometries

ab/ 1.0 1.2 1.4 1.6 1.8 2.0 3.0 4.0 5.0 oo
. k. 0287 0376 0453 0517 0568 0610 0713 0741 0747 0750
g v 4 2 0 2 8 2 4 0 6 0
=]
5 g 0044 0061 0077 0090 0101 0111 0133 0140 0.141 0142
= = 4 6 0 6 7 0 5 0 7 1
« 0307 0383 0435 0468 0487 0497 0500 0500 0500 0.500
3 Vo8 4 6 0 2 4 0 0 0 0
S
S , 0013 0018 0022 0025 0026 0027 0028 0028 0028 0028
wv X

8 8 6 1 7 7 4 4 4 4

Similar equations can be used to derive the minimum thickness of a rectangular

window as a function of maximum allowable stress and deflection.

K,, SE, Ap b?]"* (24)
tek|o min = T
es
K, SE, Ap b*]*> (25)
Lek|x min = T

The calculated or simulated deflection can be used to estimate the curvature of the

deformed window.

R_x2+b2
T 8x

(26)
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The power can then be calculated in the same way as it was introduced for circular

windows, Equation ( 19).
1.3.6 Failure estimation by statistical tool, variability in strength

It is a common practice to implement Weibull statistics to estimate the probability

of failure (P; ) when a given o load is applied on a brittle material.

Pr=1-—exp [— (%)mw] (27)

where my, is a constant describing the variability in strength; their values having
been experimentally determined and published. g is a stress level at which 63 % of
the samples fail, my, is the so-called Weibull modulus and indicates the scatter of
fracture stress around o, [122, 139-142]. The acceptable values can differ
significantly and they should be determined for each application individually. Some
suggested examples: for a cheap easily replaceable cutting tool — 102 for an
expensive part that upon failure can cause serious damage — 10%; when personal

injury is at risk — 10°%; when the outcome of a failure could be fatal then — 10?%.
1.3.7 Cyclicloading

It is well-known that repetitive or fluctuating mechanical loads lower the strength of
materials. Steady state reactors are less affected, but ICE parts — by nature — are

cyclically loaded machine components.
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There are a number of design methods explained and procedures suggested in
standards and text books to handle these load cases, [127, 128, 143-145]. The effects
of cyclic loading for metals are well-investigated. Test results, strength—life diagrams
and modification factors are readily available in the literature, [127, 143]. The design
task becomes more complex when unconventional materials such as transparent
materials have to be used. There is data available for glass and ceramic materials
that describe their cyclic fatigue behaviour at room temperature. However, when
the mechanical load is applied at elevated temperatures, the estimation of
permissible design stress becomes guesswork as the result of limited data on specific

materials, [146, 147].

Numerous publications that aimed to investigate the fatigue behaviour of ceramics
and glasses were reviewed here, [145, 148-151]. Interestingly, the conclusion of
experimental work was that the test failure stresses showed good agreement with

the prediction of equations of slow crack growth, described by:
KI Ner
Ver = Vg (—) (28)

where, v, is the rate at which crack propagates, vy and n., are constants describing
the environment, K] is the stress intensity factor and K is the critical stress intensity

factor. A detailed introduction of fracture mechanics was made by Hertzberg [152].
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The aforementioned good agreement shows that the assumption of slow crack
growth is valid. This suggests that, unlike many other materials, sapphire and glass
have no additional cyclic loading characteristics that need to be taken into

consideration during design, at least for temperatures close to ambient.

1.3.8 Birefringence and maximum optical path difference (OPD)

It is usual for most practical optical materials to have two indices of refractions. Their
refractive index is a function of the propagation-direction and polarisation of the
incident electro-magnetic wave. Furthermore, it is a function of the mechanical
stress in the medium. Optical substances having this property are called birefringent
materials [19]. The level of birefringence is expressed as a difference in the optical
path of two perpendicular states of the polarised wave. This inequality in distance is
called the OPD and it is measured in nanometres. The OPD has been previously
investigated for plane-parallel circular plates with a pressure differential applied on

them; Sparks et al., [153] derived an approximate relation:

_ Ap®D°® (29)
OPD =8.89 x 10 3(71 — 1)E2—t5

where, OPD is the optical path difference; n is the refractive index of the material;
Ap is the pressure difference applied across the planes of the optical element; D is
the aperture, the unsupported diameter of the optical element; E is Young’s
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modulus of the medium; and t is the thickness of the window. This OPD caused by
an applied stress called the stress birefringence. It is measured as OPD per unit travel
path; its unit is nm/cm. The details of the maximum allowable tolerances on
birefringence for some applications are given in ISO 10110-8 [154] and Kimmel and
Parks [155]; a summary is presented in Table 4. Equation ( 29) can be rearranged to

find the minimal required thickness:

5 Ap2D6

tck|0DP min = [8.89 X 10_3(71 — 1)m (30)

Table 8. Maximum allowed OPD and deflection for windows

Maximum power
Precision Application of a deflected
window (dioptre)

Maximum OPD per unit
path length (nm/cm)

Polarisation and interference

Extreme instrumentation, deep-space no data 2
instrumentation

Photolithography optics and

High . no data 5
astronomical telescopes
Photographic and microscope optics,
Good . 0.01 10
visual telescope
Low Eyepieces, viewfinders, magnifying 01 20
glasses
. N . No .
Commercial Illumination optics, condenser lenses No requirement

requirement

It is important to note that there are always some residual stresses in optical
materials, depending on the quality of the manufacturing processes. More details
relating the manufacturing process to stress birefringence can be found in the

references.
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There is no analysis available in the literature on OPD in rectangular windows.

Therefore, Equation ( 30) was altered to make it suitable for a rectangular geometry:

5 Ap2a6

tcklopp min = 8.89x1073(n—1) OPD - E2 (31)

This is a conservative approach, when ODP becomes crucial in a design procedure a

more detailed analysis can be carried out refine Equation ( 31).
1.3.9 Other design considerations

In this section further design considerations are listed and referenced. They are not
of interest to this study, but they can be potentially important for other designs, for
instance, in applications where the pressurised chamber is used with high accuracy

polarisation or interference instruments or deep space applications.

e Compressive stress caused by sharp edges on the surface of an optical element
[156, 157]

e Transmittance change as a function of material thickness [86]

e Effect of a temperature gradient on adhesive bonds [123, 158]

e The tensile stress in a brittle material due to a compressive load on its surface
[123, 132, 159]

e Focus shift in thick parallel plane optical elements [160]

e Distortion caused by a temperature gradient [141, 161, 162]
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1.4 Research aims and objectives

1.4.1 Summary of flame propagation literature review

There is notably little data available on the properties of in-cylinder flame
propagation, and even less work has been published examining such flames using
alternative fuel types (alcohols, their mixtures, and hydrogen). However, these data
are essential for engine-combustion modellers, for validation purposes [59, 60] and
to enhance the understanding of the fundamental mechanisms governing real-life

engine combustion.

The existing literature also lacks data for the comparison of flame propagation as a
function of engine speed and compression ratio, with different fuels tested in the
same engine. In the vast majority of the previous studies, the temporal resolution is
not sufficient to provide an insight into the earliest stages of kernel formation. A
large number of optical studies have been carried out on ICEs, but there are only a
handful of experiments in which a statistically sufficient amount of flame
propagation data was collected. Detailed statistical analysis has not yet been carried
out on flame behaviour. Flame propagation can be quantitatively described in terms
of the rate of propagation: flame speed or flame growth speed. In previous studies,
despite the asymmetric in-cylinder flame photos, the propagation has been assumed

to be isotropic. Further, this assumption has not been checked or validated.
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1.4.2 Summary of opto-mechanical design literature review

In order to address the aforementioned gaps in the literature, and to observe and
evaluate processes of combustion, optical access had to be designed for an engine.
During the review of literature, in the survey of related opto-mechanical
publications, it was found that the design methods and procedures used in industrial
pressure vessels are well-documented, with comparisons of the methods and
standards available for industrial applications [163-170]. These provide good
guidelines even for an unconventional design task; but of course they do not provide
comprehensive data for one-off special cases like experimental rigs. Thus, the
available literature lacks data and case studies regarding optical access to
pressurised vessels. Information on design practices and material properties is

scattered in the literature, and is hard to find and often inconsistent.

There do exist a limited number of works examining the design procedures [50, 51,
110, 171], but to the authors’ knowledge, there is no detailed design study on
optically accessible pressure vessels at elevated temperatures and/or where fatigue

failure is to be considered.

1.4.3 Aims and objectives

1.4.3.1 Aims

One of the main aims of this study is to contribute to the existing data on the subject

of combustion, by adding flame speed data acquired from various types of fuels at
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different engine operating points. Moreover, the widely used assumption of

spherical flame propagation needs to be verified and quantified.

This work also aims to provide a comprehensive overview of the design standards,
procedures and databases relevant to the design of an optically accessible pressure
vessel. The study intends to show the application of the compiled information in the
solution of a couple of practical problems, and interprets this information in a novel
way that provides guidelines for opto-mechanical design. Furthermore, some
additional constants and relations need to be derived in order to complete these

guidelines.

1.4.3.2 Specific objectives

Collect a statistically satisfactory amount of flame speed data for standard fuels
(isooctane, gasoline) and for some proposed future fuels (alcohol blends, hydrogen)
at different engine operating points. The sample needs to be large enough to keep
the precision at an acceptable level. The operating points need to be chosen as
stoichiometric mixture, 1500 rpm, and CR of 8.14 — these are similar to the operating
points usually chosen in existing research, in order to facilitate cross-comparison.
Furthermore, some combinations of the standard conditions with a lower engine
speed and CR values should be tested, to provide an insight into the effect of the

engine conditions on combustion characteristics. The collected data should be
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presented in a way that allows an easy comparison between the chosen engine

operating points.

As an addition to the accepted method (circle fitting), a more advanced flame
boundary analysis (ellipse fitting) is to be applied, in order to evaluate and verify the
assumption of isotropic flame propagation. The evaluation should be carried out
guantitatively as a function of time after ignition, and the results should be discussed

for all the tested fuels.

A detailed literature review needs to be carried out on the topics of industrial
pressure vessel design standards and procedures, case studies on the design of
optical access, and optical material properties. The findings should be compiled and
presented in a way that is relevant to the procedure of designing optical access for
pressure vessels. Recommendations for the necessary design criteria should be
provided; for example: safety factor values, allowable stress, deflection and OPD.
The mechanical, thermal and optical properties of the selected materials need to be

presented in a table to allow direct comparison.

Some complementary material should be provided in order to make the design
procedure straightforward. Explicit equations are to be derived for calculating the
minimum required material thickness for an optical element as a function of the
design criteria. Especially, to address the gap in the literature, the relations and

constants need to be shown for rectangular window geometries.
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2 Design of optically accessible internal combustion

engine and experimental setup

2.1 Design requirements

The aim of the research activity was to investigate the earliest stages of in-cylinder
combustion, i.e. the ignition and early flame kernel formation at various engine

speeds and compression ratios with different fuels. Therefore:

It was essential that the spark was visible. The spark plug was placed at the

centre of the field of view.

e As further beneficial feature, it was requested that a significant part of the

piston and the valves can be seen on the recordings.

e Asusual, the largest possible field of view was necessary while maintaining

the highest possible compression ratio.

e The window had to perform sufficiently for only the visible EM range.

e The optical power of the distorted window must stay under an acceptable

level.
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e The optical element had to withstand a reasonable amount of loading cycle
of mechanical and thermal loads with — preferably — no modification to the

cooling impeller.

e The rig had to be equipped with general engine instrumentation in order to
measure and record the produced torque, engine speed, in-cylinder
pressure, air intake flow, fuel flow, and temperature (multiple points on

head and block, intake and exhaust).

69



Design of optically accessible internal combustion engine and experimental setup

2.2 The engine and its general instrumentation

Transmission via SPA 125 V-belt Mirror
and Pulley

Oprical SI Engine

In-Cylinder Pressure Measurement
Device
Basic Engine Module Pressure Tran, Kistler 6052C
Measurement Device Charge Amplifier, Kistler
Fuel Flow Pressure Tra., Huba 680 i
Air Flow Pressure Diff. Tra., Huba 0-50mbar Optical $ef up
Temperature Thermocouple, K-type Device

High Speed Camera, Phantom V4.3
Lens, Nikon 60mm f2.8
Window, Fused Quartz

Speed, Torque AC Motor, Rodbug D63110 3-PH
Speed, Torque Frequency Converter, Toshiba VF-ASI

Torque Load Cell, Flintec ZLB-100 ™ .
Crank Angle Shaft Encoder, Hengstler AC58 Mirror, Enhanced AL First Surface
Scale 175

Figure 24. Optically accessible engine setup for liquid fuels
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Fuel Flow Pressure Tra., Huba 680 Charge Amplifier, Kistler

Air Flow Pressure Diff. Tra.,, Huba 0-50mbar - T
Temperature Thermocouple, K-type OPhi;elv::e; Up |
Speed, Torque AC Motor, Rodbug D63110 3-PH Figh Speed Camera, Phanfom V&3
Speed, Torque Frequency Converter, Toshiba VF-ASI Lens, Nikon 60mm f‘28 :
Torque Load Cell, Flintec ZLB-100 Window. Fused Quarfz |
Crank Angle Shaft Encoder, Hengstler AC58 Mirror, Enhanced Al First Surface ‘

T Gas Fueling System
Device

| High Pressure Hydrogen Tank, BOC
‘ Pressure Regulator, BOC
|

Flame Arrestor, BOC
Digital Flow Meter, Icenta 0-30 [/min
SS High Pressure Line, RS 6mm

Figure 25. Optically accessible engine setup for hydrogen fuel
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Table 9. Some engine data for the Briggs and Stratton engine used for the

research

Attribute Unit Value
Make - Briggs and Stratton
Model no. - 093432
Type ) 4-Stroke, Air Cooled,

Wet Sump
No. of valves, head arrangement - 2-Valve, L-head
Bore; stroke (mm) 65.1;44.4
Connecting rod ratio: % - 2
Displacement (cm3) 148
Intake valve diameter (mm) 28
Intake valve lift (mm) 4.5
Intake valve opens; closes (mm) 0.4 BTDC; 40 ATDC
Exhaust valve diameter (mm) 25
Exhaust valve lift (mm) 4.5
Exhaust valve opens; closes (mm) 39 ATDC; 0 TDC
Field of view (mm) 19X 50
Compression ratio - 5.0...8.14

Experiments were carried out in a modified single-cylinder four-stroke Briggs &
Stratton engine. Some parameters of the engine are shown in Table 9. Many
properties of this research engine are comparable with commercial engines. The
engine’s original lubrication and cooling systems, the valve train, and timing were
not modified. The exhaust muffler was taken off and the exhaust port was connected
straight into a laboratory extractor. The nozzle of the original carburettor was
replaced with a variable area nozzle, so that any air-fuel mixture could be set by
varying the fuel and/or air flow. The fuel flow and air flow were measured
electronically. The volume change of the fuel stored in a small tank above the
carburettor was measured, and the fuel flow rate was determined with known fuel

density. The air consumption was measured using an orifice plate based on the
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Bernoulli’s principle, Figure 24. In case of the hydrogen, the fuel was supplied from
a standard K-type cylinder via the usual safety, pressure and mass flow regulator
system. The stainless pressure line fed the gas to a digital flow meter calibrated to
hydrogen, as indicated in Figure 25. The measurements were taken every half
second, and the air/fuel ratio was calculated subsequently and stored on the data
acquisition computer. During the whole operation period of the engine, the air/ fuel
ratio was monitored to keep constant. The rig had a 12 V ignition system containing
a BOSCH K12V TCI coil to supply high voltage to the NGK CHSA spark plug. The
geometry of the plug had to be modified so as fit in the cylinder head. The thread,
sealing mode and electrical connection had to be changed, however, the electrodes
and their gap of 0.7 mm were not altered. The ignition timing was kept the same (20
CA degree BTC) for all fuels and operating conditions. Therefore, at the time of
ignition, the flow field adjacent to the spark was similar for the tested fuels at a given
operating point. The position and orientation of the spark plug is illustrated in Figure
27, and the azimuthal orientation of the spark-plug gap was kept constant in all the

experiments.

It is a complex task to obtain accurate values for residual gas volume, so it was
estimated by using valve timing and clearance volumes. It can be seen in Figure 26,
that there was only a short period of valve overlap. Moreover, the low volumetric

efficiency (at wide open throttle) and positioning of the valve with respect to the
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head walls suggest that the effect of short-circuiting was not significant. The dynamic

effects of the oscillating working fluids could be neglected.

%

Figure 26. Valve timing diagram of the modified Briggs and Stratton engine

The optical access was gained by a specifically designed cylinder head. The chosen
Briggs & Stratton engine had an air-cooled and side-valved configuration, which

resulted a simpler head design.

One of the main design goals was to keep the compression ratio close to ones that
real engines have. This restricted the maximum achievable size of field of view. The
location and size of optical access was found by ensuring that some portion of the
valves and piston were visible and the spark plug placed in the middle. Finally, the
required grades of materials, minimum wall thickness and cooling surface were
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determined by Finite Element Analysis. The final version of the research head had
similar internal and outer geometrical design to the original one, but the
compression ratio grew variable using spacers from 5.00 up to its maximum value

8.14. The detailed in-cylinder geometry is illustrated in Figure 27.

Window H\
d
Section View “.‘

(spark plug position) |

: /
Max Flame Size in z-y Cylinder Head

Direction
z |
T aok Cylinder Bore  — ——
Seal ylin er‘) oc AN —
- — 1 +— 0. Yo
e \_,_, L Spark
Angle between ‘ %o ¥
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SA,y and y Spark
-~ \/} . / I
Exhaust Valve
Ehastvabe v 5
Intake Valve ~{\ / SAnn
- Minor Axis
Top ViE_W Fitted Ellipse
(camera view) SAL on Flame
Major” Axis / a
y \
\ _ Piston
| _ ‘ '
Field of View 19X50 \

| J

Figure 27. Section and top views of combustion chamber with fitted ellipse to the flame

front

At this stage, only a qualitative characterisation of the engine can be provided. This
engine resembles the production engines more than the rapid compression
machines or fixed volume combustion chambers. Moreover, it is believed that the

quality of description of real engine processes, at least for the investigated time
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range, is on the same level as in square piston engines, side chambers or direct

injection engines with a Bowditch-type piston.

Detailed information on specification and properties can be found in the appendix
for the equipment and fuels that had a direct effect on the results, the references

are provided in Table 10.
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Table 10. List of measurement related devices and fuels

Measurement Device Appendix
/ Ref.
Flame speed Optical cylinder head B
Briggs and Stratton original engine block and head C
High speed camera, Phantom V4.3 D
Lens, Nikon 60 mm 2.8 E
Window material, Fused quartz Table 4
Mirror, Enhanced Al first surface F/[172]

In-cylinder pressure
measurement

Pressure transd., Kistler 6052C G
Charge amplifier, Kistler
Shaft encoder, Hengstler AC58 |

Fuel flow-liquid

Pressure trands., Huba 680 J
Fuel flow-hydrogen
Digital thermal mass flow meter, Icenta Redycompact K
GCM
Air flow
Pressure differential trands., Huba 0-50 mbar L
Fuels
Isooctane, Chromasolv- >99% [173]
Ethanol, Fluka- >99.8% [173]
Methanol, Sigma-Aldrich >99.9% [173]
Hydrogen, BOC- >99.9% [174]

2.3 Design of the optical element

2.3.1 Geometric design and compression ratio

Based on the literature review (summarised in Table 2), an overall average flame

speed value — 10 m/s — was assumed as the design base input. This work aimed at
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studying the early flame kernel formation and the ignition process. Therefore, it was
assumed that the first 1750+£250 us after time of ignition (Tol) would be investigated
— meaning that the expected flame travel, i.e. the design distance, was around 15-
20 mm. From the requirement of valves and piston being visible, it was decided that
the most suitable shape for the aperture was a rectangular one (a X b). It was also
given that the spark should be visible at the centre of the field view. Therefore, based
on the design distance and the spark plug position, the field of view had to be at least
40 by 20 mm. In order to capture the possible largest portion of the valves and

piston, the length of the field of view was increased to 50mm.

a = 50mm (32)

Then, utilising the accurately made 3D solid model including the crevice volume
around the piston, spark plug and pressure sensor, iterations with Boolean
operations were carried out, see Figure 28. The width of the field of view was varied
to find the optimum solution for a low clearance volume but having large aperture
(width) window geometry. Then, using the clearance volume values from the CAD
analysis and the known displacement/swept volume the compression ratios (CRs)

were calculated:
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(33)

where, V; is the displacement or swept volume and V. is the clearance volume.

After a number of trials, the width of the aperture was chosen to be

b = 19mm (34)

Thus, the maximum achievable CR in the engine was limited to 8.14.

CR =8.14 (35)

The height of the main combustion volume and the chamber under the window,
were variable. A series of spacers was manufactured that could be placed under the
window to increase the height of the chamber and, thus, lower the CR. The CR as
function of spacer height is shown on the manufacturing drawing of the spacer in

Appendix B, drawing number: ONE-02-04-00.

All computer aided design work was carried out with Inventor by Autodesk under an

educational licence [175].
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Head gasket Spark plug and p sensor

Intake valve

Exhaust valve

Variable height

Figure 28. An isometric view of the lowest clearance volume achievable with the chosen
window geometry; larger clearance volumes were achievable by the means of spacers placed

under the window

2.3.2 Material and determining the design stress and temperature

The minimum required thickness is a function of the mechanical and thermal
properties of the chosen material. As the required EM range was limited to the
narrow visible spectra, any of the reviewed optical material would have been

suitable. The evident cost-effective solution was to choose the optical material to be
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guartz. An example for a design of optical element for a wider EM range is outlined

in Appendix A.

After determining the geometry, sealing method and mount type, the necessary
thickness of the window can be calculated as a function of loads. The mechanical
load was an evenly distributed, repeated pressure. Furthermore, there was a thermal

load applied on the window, namely a heat flux originating from the burning charge.

The magnitude of the maximum pressure was determined by measurements. The
averaged pressure curve of 120 cycles is shown in Figure 29 along with the
corresponding error bars. From Figure 29, the maximum in-cylinder pressure can be

predicted to be 30 bar. Therefore, the design pressure was

Ap = 3MPa (36)
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Figure 29. A typical pressure curve of in-cylinder pressure measurement as function of crank
position (0° is start of inlet), high load setup CR: 8.14 at 1500 rpm with gasoline fuel, ignition

time 20° BTDC

It was more challenging to get a prediction of the temperature distribution. In order
to get a reasonably accurate estimation, CFD studies were run on the engine model.
The rotation of the air-cooled engine’s impeller was simulated in the study to provide
the cooling flow, as shown in Figure 30, and an averaged heat flux was applied to the
cylinder head. In order to prevent failure, it was necessary to obtain the temperature
distribution. As well-known, the mechanical properties are functions of the
temperature. Moreover, in order to prevent failure, the maximum permitted

operating temperature of the optical material must not be exceeded. All simulation
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work was carried out with SolidWorks by Dassault Systems under an educational

licence [176].

The theory of heat transfer in ICE to the engine parts has been well-described in
experimental and computational studies, [177, 178]. The initial heat flux data was
taken from published papers where the authors collected data from a very similar
sized L-head engine [179] and from another study that used a Briggs and Stratton L-
head engine [180]. Temperature measurements were taken from the cylinder head
during normal operation. This experimental data was used to support and correct

the simulation results.

The simulations were carried out with engine speeds ranging from 1000 to 2000 rpm.
A set of samples of results is indicated in Figure 31 and Figure 32, where the
temperature distribution of the window is shown. It was expected, but still

interesting to see the temperature drop around the areas of contact.
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Air swirls above the Ambient temp. air entering the volute
window and heats up through the fingerguard

Temperature distribution en
the front surface of the
head

The contact constrain forces
the air out of the housing in
between the cooling fins

Volute and cooling house
drawn  semi-tarnsparent in
arder to show air flow inside

Impeller not shown but the
swirling air flow pattern is
visible

Figure 30. Cooling air flow around and inside the modified research engine (engine block and

impeller not shown)
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Figure 31. Temperature distribution in the middle plane of the window parallel to side b,

CR:8.14 at 1500 rpm
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Figure 32. Temperature distribution of the outer surfaces of the window

In Figure 31, the bottom shows the local maximum as it is in direct contact with the
flame, the top corners were cooler where the clamp provided cooling. Regardless of
the engine conditions, the maximum temperature difference was found to be about
35-40 °C. Based on this temperature gradient, and considering the relatively low
coefficient of expansion of quartz, it was concluded that the design was not under
high thermal stress. There was no risk of destructive thermal shock for any operating
point. In Figure 32, an isometric view of the window is shown. The heated bottom
surface showed the peak temperature and a cooler band can be seen around the
edges where the window was fixed to the cylinder head. The temperature difference
was smaller than the one estimated inside the window — therefore, this was not a

concern.
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Figure 33. CFD simulation results: maximum temperature found (discrete data points) in the

window as a function of engine speed; trend line was also added

The summary of the temperature simulations can be seen in Figure 33. From this, it

was concluded that the maximum design temperature of the window was 203 °C.
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2.3.3 The design stress

Design stress (MPa)

Figure 34. Design stress as a function of the operating temperature of selected materials

In Figure 34, the permissible design stress is indicated for some of the most common
engineering materials based on the literature review. The maximum possible
temperature of the window was determined to be 203 °C. This value was used to

trace the maximum design stress for quartz for static loading. The permissible stress
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was estimated to be 47 MPa.

As previously mentioned, the ICE parts are under cyclic loading. This also applies to
an optical element; therefore, fatigue needs to be considered. In the literature

review it was found that there were no additional cyclic loading characteristics that
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needed to be taken into consideration during the design for glasses. Therefore, the
stress can be simply obtained from a stress-number of cycles curve. Experiments
investigating the fatigue behaviour of glass was carried out by Sglavo et al., [150].
This obtained data was plotted in Figure 35 along with a prediction line for higher

number of loads.

It was a clear requirement that the optical element needed to operate safely for a
satisfactory number of tests. On the other hand, a part of an experimental rig is not
expected to last for an infinite number of times. Thus, it was decided that the
window should survive at least 200 flame speed measurement tests at the average
load frequency. The average load frequency occurred at the middle of the engine
speed range, at 1500 rpm, and each test took about two minutes to complete. Since
the engine used a four-stroke engine cycle, it can be calculated that the required
number of load cycles was 3 X 10°. Finally, the design stress was found to be 26 MPa

using the logarithmic prediction curve in Figure 35.

It is important to note that the experimental data was collected at an ambient
temperature of the test room; therefore, the prediction is only valid for that
temperature. Ideally, this analysis should have been carried out with experimental
data collected at elevated temperatures, but such data is not available in the
literature. However, the design temperature, 203 °C, is about the one-fifth of the
maximum operating temperature of glass. It was an educated guess that for this

relatively small temperature rise, a brittle material — like quartz — would lose some
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of its stiffness, but its fracture toughness would actually increase. Based on this the

chosen 26 MPa design stress was an acceptable and conservative estimate.

The permissible design stress was estimated for static loading at elevated
temperatures, and for a cyclic loading case at room temperature. Out of the two

values, the more conservative 26 MPa was finally chosen for this application.

Oges = 26MPa (37)
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Figure 35. Failure stress at a number of cycles for glass on a linear and a logarithmic scale,

experimental data adapted from [150]

2.3.4 Minimum required thickness

The minimum required thickness was estimated by substituting the data into

Equation ( 24). The dimensions of the base of the rectangular-shaped window were
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determined earlier, Equations ( 32) and ( 34). Their ratio was used in Table 7 to find

a value for K,,,.

K, = 0.65 (38)

Based on the careful design and optical grade manufacturing, it was concluded that
there was no need to take any unplanned condition into consideration. As explained
earlier, the design stress was determined in a conservative way. Moreover, a
possible failure would not have caused personal injury or serious damage. Thus, a

for the safety factor a relatively low value was chosen:

SF, =21 (39)

The design pressure was defined in Equation ( 37).

K,, SF, Ap b?]"/? ( 40)
Lekjo min = T
es
6 -3,..4211/2
0.65-2.1 - 3-10°Pa- (19-107°m)
tekljo min = 04 (41)
es
tck|amin = 19.84mm (42)
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In order to determine the minimum thickness for OPD the relevant values were
substituted in Equation ( 31). High-speed imaging can be considered to be a relatively
low-precision measurement among the optical techniques. Thus, 20 nm/cm was

selected as the design criteria from Table 8.

ODP = 20nm (43)

The Young’s modulus and refraction coefficient were found during the literature
review and were listed in Table 4. The Young’s modulus is a function of temperature
for all solids. In the case of high quality glasses such as quartz and silica the change

in the value of the Young's is negligible, [181, 182].

terionp min = 889 X 10-3(n — 1)% (44)

tcklopP min = (45)
= °/8.89 x 10-3(1.46 — 1) (3'110§ff)2(50 107m)°
20 102nT'(73'109Pa)2

tek|opp min = 6.41mm (46)
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As

tck|a min = tck|0DP min (47)

the required thickness of the window was decided to be

tex = 20mm (48)

Then, with the known temperature distribution in the window, FEA was carried out

on the geometry to determine the maximum deflection. The result is shown in Figure

36, from which the deflection was estimated to be

x = 0.005mm (49)
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Figure 36. FEA deflection result for an a X b — t, rectangular window, maximum distortion

occurred in the centre
2.3.5 Optical power of the distorted window

The radius of the lens can be calculated by inserting the geometry and deflection

values into Equation ( 26).

R_x2+b2
T 8x

(50)
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R - (5:107°m)? + (19 1073m)? (51)
B 8x5-10"6m
R =9.03m (52)

Then, the power of the lens was calculated by using Equation ( 19).

—lek
Piens = (n_l)R2+thk (53)
P = (146 —1) —20-10"3m (54)
lens = A5 (9.03m)2 + (9.03m)(20 - 10~3m)
Pions = —1.13 X 10™* dipotre (55)

This value is well below the power tolerance of the photographic range, 0.01 dioptre,
as shown in Table 8. Therefore, it was concluded that the design was satisfactory.

The manufacturing drawing of the window was added to Appendix B, drawing

number: ONE-02-03-00.
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3 Imaging system and data process

3.1 Experimental procedure

Figure 24 shows a schematic representation of the engine test bed. The optical
assembly is at the top right corner. Fused quartz was chosen for the optical window
as it has the appropriate mechanical, thermal and optical properties. An adjustable
first-surface Aluminium mirror passed the emitted light to the Nikon f2.8 Macro lens.
The lens had the maximum diameter aperture setting to allow as much light into the
camera as possible. With the given focal length, the aperture setting, the subject
distance and circle of confusion, the estimated depth of field (i.e. sharp region) is 6

mm.

Prior to image recording the engine was heated up using a metal blank instead of the
window. It was found that when a heated window was used the obtained image
quality was significantly better. The better image quality was a result of the notably
less amount of condensation of liquids on the window. Therefore, prior to
installation the optical elements were preheated by a blower torch at the beginning
of the research, and then a more sophisticated temperature controlled furnace was
used. The design of the window clamp allowed swapping the blank to the window in
a few seconds, preserving the temperature of the system. Then, the engine was run
an additional five minutes to reach steady operating conditions. For statistical

analyses, over 100 sets of data were obtained at each engine operating point. The
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camera memory could only store about 30 sets of data at a time. Therefore each
time about 30 sets of data were recorded, and while the engine was running at the
same operating point the camera memory was copied to the computer over about
30 seconds. Then a subsequent set of about 30 data points was obtained, and the

process was repeated four times at each operating point.

The Phantom V2.3 camera was set to record at 15 kHz. At this rate the exposure time
was 65 ps and the flame image was recorded in a 256 x 128 pixel array. The spatial
and temporal resolution was found to be 0.19 mm/pixel and 67 pis respectively. From
the camera’s internal memory the images were sent to a PC in 24-bit bitmap format.
These images were fed into a C language code for analysis, which after some filtering
and noise reduction determined the position of useful combustion cycles. The
following geometric properties were then calculated for each picture that contained
useful data: area; perimeter; mass centre coordinates; X=y terminal points
coordinates; best fit circle; best fit ellipse; circularity; roundness; solidity; ratio of

perimeters; and different shape factors.

3.2 Quality of collected optical data

The overall quality of the images was evaluated by calculating the signal-to-noise
ratio (SNR). As described in [183-185], the SNR can be determined using the

following equation
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SNR = l(m mdgd)l o (56)

Osig

where, in is the mean signal intensity; T, 44 is the mean intensity for background;
NOpix is the number of pixels in the region; gy, is the standard deviation of the
intensity of the signal. The images taken closer to ignition time were found to have
a SNR of approximately 80, i.e., at this contrast level the signal could be detected by
the computer with small uncertainty. For well-developed flames, the SNR was found
to be between 150 and 200; when the values of SNR exceeded approximately 130,
the flame region had a high contrast, even to the naked eye. A detailed discussion

and explanation of the SNR can be found in the literature [185].

A raw image was inserted below to illustrate noise distribution, Figure 37. In order
to make the noise visible, the value of the pixels of the two rectangular shapes on
both sides of the flame was multiplied by a factor of 10. The image processing started
with reducing the areas where systematic errors were likely to occur. Firstly, the top
edge was removed where some reflection of the spark was visible. Then, both sides
were cropped (a five pixel wide region each side) where there were vertical lines of
noise. This systematic uncertainty was on all images, probably caused by the CMOS

sensor
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Figure 37. Noise distribution on a recorded image

3.3 Pixel errors or optical aberrations

The errors in an image can be defined as a distortion formed by the imaging system
used. They can be caused by a number of faults or as their combined result. It is
important that even a perfect or faultless set up introduces a measurable amount
aberration to the image due to the wave nature of the EM radiation. The design and
evaluation of the current system was carried out with the assumption that light
propagates as a ray. This approximation does not take into account a number of
sources of error. However, the measured physical phenomenon: combustion in an
ICE, is affected by number of other non-optical uncertainties. The errors arising from

these uncertainties (for example: the random behaviour of spark onset or turbulent
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flow field) are likely to be significantly higher than the errors introduced by the
optical system. Therefore, only aberrations that are the most relevant or have the
most direct effect on the measurements were analysed in details. Others are only

listed in Table 11 to provide a full overview, [186, 187].

Table 11. Optical aberrations

Name Caused by Result
Tilt Wavefront tilted relative to reference plane Incorrect magnification
Spherical Spherical geometries in the system, increased  Static blur
refraction
Coma Imperfections Distorted shape
Astigmatism Multiple focal points Static blur
Filed curvature Non-uniform power or power distribution of Image is only perfect on a
optics curved image plane
Distortion Extremely short focal distance, Deviation of the

rectilinear projection

Edge position variation  Variation in latency in the acquisition of the Incorrect edge display
image

Defocus, Motion blur and Reflection are analysed in details

3.3.1 Defocus

It is important consider the properties of focal range of an imaging system that
attempts to record boundaries (could be solid edges or fluid) that move in space. The
aberration, defocus occurs when the moving target edge leaves the field that is in
focus. The sharpness and contrast of these edges (or SNR) in defocus reduces as a

function of distance along the optical axis away from the plane of best focus.
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The region between the nearest and farthest planes in the scene where the image is

acceptably sharp is called the depth of field or focus range. It is estimated as,

- 2Fy, Coc dobj (57)
oF ¥ 7
flens
where, D, is the total length of the depth of field, Cy is the circle of confusion
which describes the smallest image element that has identifiable features, d,p; is

the object distance and f.,s is the focal length of the lens, [188].

The successful high-speed imaging of the low light intensity, early flame kernels
requires a high-sensitivity camera coupled with a fully open aperture and low f-
number lens. These properties of the elements of the current optical set up make
the system to be a shallow focus type; i.e. depth of filed is expected to be relatively
short. In order to capture the flame boundaries with an acceptable sharpness it is
required that the size of the focus range is comparable to the combustion chamber
depth. The total depth of field of the used imaging system was estimated by using
Equation ( 57), it was found to be 12 mm. Then, estimated size of the depth of field
was compared with the thickness of the combustion chamber, 13mm. The difference
was found to be less than 10 % which suggests that the edges of propagating flames
were expected to be in focus for the measurements; no errors introduced by

defocus.
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3.3.2 Motion blur

One of the main concerns when one designs or evaluates a high-speed imaging
system is the possible error caused by trying to capture a still image of a moving
object or fluid. If this process of “freezing” of the motion is not carried out sufficiently
well, then non-sharp edges form on the images with low SNR. This effect is called
blurring, and it makes the image processing and analysis more complex and less
accurate. Figure 38 shows two images of a spray development of the same
conditions. However, the two images were taken with different exposure times. The
relatively low exposure time of 222 us on picture (a) resulted in blurred image; edge
detection or similar image processing techniques cannot be applied. Picture (b) was
recorded with a significantly reduced exposure time of 25 ns. The effect of the short
exposure time can be seen as frozen motion, the structure of the spray and droplets

can be observed with good SNR.
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(a) (b)

Figure 38. Nozzle and spray, (a) blurred image with low SNR, (b) sharp image with good

sharpness and contrast edge detection possible, retrieved from [189]

The magnitude of the possible blur depends on the rate of part motion, exposure

time, and the size of the field of view [190], and it can be calculated as

npixels (58)

BLR = vparttexW

where, BLR is the image blur in pixels, vy, is the velocity of the object (part or
fluid), t.x is the exposure time, 1,55 is the number of pixels spanning the field of

Npixe

view, and FOV is the physical size of the field of view. The term Tls is the inverse

of spatial resolution. It is suggested by the literature that for high-precision
measurements, the effect of the blur is negligible if its magnitude less than one pixel.
If the value is over one, then further analysis is required. According to Whybrew

[189]; an acceptable level of blur is when the object moves less than 10% of the
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characteristic linear length during the exposure time, in this case the axes of the

ellipse i.e.:

lch ( 59)

t < —
T 10Vpare

where, 1.}, is the characteristic length.

The blur evaluation analysis was carried out for the optical system used in this study.
It was found that the slower propagating flames, typically less than 3 m/s, satisfy the
one pixel criterion. These slower propagating flames usually occurred in the setup
with a low engine speed and low CR along the minor axis. The analysis showed that
in the case of flames traveling faster than 3 m/s but slower than 6 m/s, the
magnitude of the blur was over one pixel. However, the 10 % criterion — detailed in
Equation ( 59) — was satisfied from about 200 ps after ignition, for these flames. The
results obtained for the first few images had an unsatisfactory amount of blurring,
and therefore further analysis was required. In the case of the fast flames, those
travelling at 6 m/s and above, typically the first seven data points were affected by
blurring, but from about 500 s after ignition, the level of blurring dropped to an

acceptable level.

Additional evaluation was carried out for a selection of the images that did not satisfy
the criteria outlined above. It was found that the maximum blur was about 25 % of

the characteristic length, but most of the pixels of the blurred area had significantly
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higher intensity values than the noise. Therefore, those were easily detectable as
flame. Only 3=5 % of the blurred area was found to have low intensity values close
to the level of noise, and these pixels were considered as noise and were removed

during analysis. A summary of this analysis is shown in Table 12.

Table 12. Summary of pixel error analysis

Flame Boundaries at condition Criterion satisfied Result of error analysis
of:

Flame speed < 3 m/s one pixel negligible

3 m/s < Flame speed < 6 m/s 10% acceptable

Flame speed > 6 m/s and TAI > 10% acceptable

500 ps

Flame speed > 6 m/s and TAI < none BLR = I, - 0.25
500 ps

As a result of the properties of
the imaging system less than 5%
of the blurred area was removed
as noise.

Flame speed >> 6 m/s none Error caused by these
conditions is investigated in
Section 3.3.3

An example of the analysis is shown in Figure 39. The image shows an M85 flame
recorded at 1500 rpm with a CR of 8.14, 402 us after the spark onset. The black,
saturated area was considered as flame and the scattered grey spots as noise. The
grey ragged band around the flame could have been noise or part of the flame, due
to blurring. The resolution of the current imaging-analysis system was not able to
distinguish between noise and flame for this band, which was approximately 3.5 %

of the whole flame area.
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+
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Figure 39. Noise and blurring of a M85 flame at CR: 8.14, 1500 rpm; image was taken 402 ps

after ignition.

3.3.3 Reflection

Preliminary analysis showed unexpectedly high initial flame speeds, only occurring
at the first data point. These high values could not be explained solely by the high
energy input by the spark; further analysis was required to uncover this randomly

occurring phenomenon.

Histograms of samples corresponding to the first data point calculation were
examined. It was found that around the mean value, the data distribution resembled
a Gaussian function; but overall, the distribution was skewed to the high side, as in
the example shown in Figure 40. This non-symmetric characteristic only occurred in
the histograms of samples for the first image, and seemed to be random (more
details are provided in the Statistical analysis section). No correlation was identified
between the skewed nature of these distributions and the fuel type or the engine

conditions.
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Figure 40. Major axis length distribution of the first data point - 67 pus — for M85 at 1500 rpm

and CR:8.14

The combustion chamber had a black matt finish, in order to minimise the
uncertainties arising from reflections. However, further investigation of the raw
images suggested that some of the images captured a spark that was significantly
brighter than the sparks or the flames seen in any other images recorded later. These
bright flames saturated more pixels on the recorded pictures, and there was a round-
shaped bright area around the flame core, as illustrated in Figure 41. The shape and
size of this reflection seemed to be completely random, similar to the random nature
of the spark discharge. As the intensity of the reflection was close to the intensity of
the flames, the reflected area was considered to be a flame by the analysing system.

This caused a random, asymmetrical error which was significant in its relative
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magnitude. Based on the detailed analysis, the estimated effect of this error on the

flame speed measurement was +0 % and -48 %.

Figure 41. Spark core and light reflected from the bottom of the combustion chamber, image

was processed for better visibility

3.4 Repeatability

The camera optical data analysing setup was tested for repeatability. The engine was
set to run on isooctane at 1200 rpm with CR: 8.14. Then three time 30 combustion
event was recorded, each with different optical setups. The camera rates were 4, 8
and 12 kHz for the recordings with 256 x 512, 256 x 256 and 128 x 256 resolution
respectively. Therefore, the temporal and spatial inputs were different but the
expected flame growth curves were expected to be nearly identical as the same

combustion event was filmed.
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Figure 42. Repeatability validation; flame area measured at different recording condition

with the same fuel and same engine conditions; LMS AVE: least mean square average

The results of the repeatability test are presented in Figure 42. As is seen, the curves
for the three recording settings showed reasonably good agreement. For further
analysis the least square fit method for an overall average of the 90 combustion
events was also plotted with the corresponding error bars. All the original curves
fitted inside the error band around the average value, proving satisfactory

repeatability.
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3.5 Fitting an ellipse to an arbitrarily shaped region, fitting

methods, flame speed and shape factor

A fundamental task of automated image analysis and computer vision techniques is
to fit geometries to regions or set of points. In two-dimensional space, the most
primitive approach to model a 2D shape is to fit a circle. The next level to retrieve
more information from the model is to fit an ellipse, which (unlike a circle) is not
symmetrical about every one of its diameters. In this work ellipses are used to model

and analyse the non-isotropic propagation of in-cylinder flames.

Fitting an ellipse to an arbitrarily shaped region has been studied in considerable
detail. There are two basic methods for fitting ellipses: (1) boundary-based and (2)
region-based methods. Detailed descriptions of these can be found in [188, 191,
192]. Boundary-based methods consider that the arbitrary region consists of a set of
points sampled from the region. Prior research in image analysis and computer vision
have employed a variety of techniques including linear least squares, weighted least
squares, Kalman filtering and robust estimation methods[192, 193]. Region-based
methods are frequently used in image processing and were chosen here to
determine some geometric characteristics of flames. These methods are detailed by
Gonzales and Wintz [191]. They use the moments of a region in calculating the best-
fit ellipse [188, 194, 195], and equalise the second order moment of a region in order
to determine the best-fit ellipse. In the case of regular shapes (i.e., region close to an

ellipse) the aforementioned methods show no major difference in the result. For in-
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cylinder flames, region-based methods are more appropriate as they are less

affected by boundary irregularities.

The moment of (w + q) order of a 2 dimensional arbitrary region (B) is given by

[196].

60
Mowa = fj f (e, y)x"yadxdy (e
B
calculated over (B). For regions where no properties are varied, function f has a
value of unity. When (w + q) equals zero, i.e., the zeroth moment is the area of

region(B), the centroids are given by the quotient of the first and zeroth moments:

oo @ (61)
Moo

— My, (62)
y= M_
00

Then, the central moments can be determined evaluating the following integral:
(63)

v = [[| 7= = p)taxay

or can be written in terms of moments:
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Ugo = Moo
Upo =Up1 =0
Uzo = Mzoﬁ_fz =
Upz = Moz%—fz
Usy = My, M102‘Z01

Finally, the best-fit ellipse can be determined using the central moments:

0= \/4U121 + (Uz — Upz)?
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2(Usg + Upy = 0
SAmin=2\/(20 U1°2 ) (72)
1

where, SA;qji; SAminand € are the semi-major, minor axes and the orientation
angle respectively. In this work bitmap images were acquired from the high-speed

camera, from which the central moment integral were obtained from:

n
1
Uzo =£Z(xi — %)? (73)
i=1
1w N
Uoz = EZ(%' - ) (74)
i=1
1w . B
U1 =;Z(xi_x)(Yi_y) (75)
i=1

and can be calculated fairly easily using a computer code.

3.6 Determining flame speed from fitted ellipses

Once the semi-major and minor axes were calculated for each image, the difference

in their length was determined by:
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Aday = dagy — dag—q) (76)

where, in this case da is SA;qji or SAp,. Dividing the change in length with the

known time interval gives the instantaneous flame speed at the given time:

Ada(t)
Sn®) = "

(77)

This instantaneous flame speed S, (;) provides an insight into the local disturbances
at a given time after ignition, but provides no information of the overall propagation
of the combustion. The time-averaged flame speed S,,(;) is required for calculating

the burned mass fraction or for determining the exact position of the flame fronts.

Sn(t) = ( 78)

This averaged value is less affected by random errors and is more pronounced for
fuels that are less stable and are likely to have higher fluctuation in flame front

movement.

3.7 Shape factor

There are many ways to arrange geometric parameters of a shape non-
dimensionally. Details of shape descriptors can be found in [188]. Usually geometric
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regions are circular when their descriptor value approaches unity. Here the shape
evolution of SA;,,ji and SAp,;,. are of interest. Their most suitable descriptor is
roundness RNS, which does not vary with the boundary irregularities (local shape

wrinkles or disturbances).

4A
RNS = — (79)

an

where, A is the area of a region and Dy is Feret’s diameter, the longest distance

between any two points along the boundary of a region.
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3.8 The data processing code
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Figure 43. Flow chart of the analysing computer code
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As explained earlier, the camera’s internal memory could store only about 30 to 33
combustion events. Therefore the camera’s memory had to be cleared regularly; the
data had to be transferred four times to a computer at each test condition to obtain
at least 120-125 full combustion processes. At this stage of the analysis, the optical
data was in Kodak Cineon Image files (.cin). The four, 1 GB sized .cin files were

transferred to a computer via a LAN cable.

In the next step, the large video file was saved in a series of bitmap files by a program
called Cine Viewer 649 supplied by Vision Research, [197]. The images were saved as
24-bit .bmp files. The actual images had only 256 greyscales (8-bit) but the analysing
code worked faster with the larger (98 kB), 24-bit bitmaps rather than the memory
saving 8-bit ones. Altogether, about 132000 .bmp files were created from the four

video files.

Once the conversion to images was completed, the C language analysing code was
executed. The files in the series were opened one by one until the last one in the
series. The same set of operations was carried out on each of them and the results
were saved in a data matrix. Firstly, each image was cropped. The edges where there
was some noise concentration were trimmed off, as shown in Figure 37. It was a
systematic error; therefore the size of the trimmed of area was easily determined
and could be kept the same for the whole analysis. Then, the background noise was
removed; a constant threshold value was subtracted from the value of every pixel.

In order to determine this threshold, the pixel value histogram was analysed. The
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pixel value for the occurrence of the first sharp rise was determined and pixels with
this value were considered as flame. Pixel values below this were categorised as

noise.

2000 T
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Pixel intensity value

Figure 44. A typical histogram of pixel values on recorded raw image

After this, the image was binarised, i.e. all of the remaining pixels with any value
were turned into the maximum value of 255. Edges of the main flame area were
detected and then all the pixels outside the main boundaries were deleted from the
image. Typically, these discrete scattered points or small cluster of pixels had a total
area of less than 0.2% of the main flame. The code was to send an error message if
this area exceeded 0.4%, but would carry on with the analysis. Finally, the ellipse
fitting subroutine was applied to the region representing the flame. The code saved
the results in a matrix as a .dat file. Before the next image was opened, the code

saved the binarised image as .png file in a separate folder (see Figure 45). The image
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manipulating operations and the ellipse fitting algorithm were called from a

freeware, ImagelJ [198].

10

Figure 45. Sample .png binarised image, E85 at CR: 5.00 and 1500 rpm, this image is the 9th

in the series after spark onset

The data file was then fed into a sorting spread sheet. Here, from the data matrix,
the ignition events were detected — roughly, 120 of them. For each ignition event 30
images, set of data were separated. The first line of data corresponding to the first
image only had the striking spark, then the next one captured the flame kernel 67 ps

later, and so on up to

30 X 67pus = 2010ps ( 80)

Then 30 matrices were created — one for each time after stark onset. Each matrix
had 120 lines of results of the analysis (area of flame, fitted ellipse, roundness, etc.).
The computer code had a comparison loop that compared the four series of data to
each other to check the stability of conditions and to look for contamination on the

window.
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Finally, the data organised by time after ignition was opened in MS Excel for

statistical analysis and presentation of results.
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4 Experimental results and discussion

4.1 Statistical analysis

4.1.1 Sources of systematic and random error in measurements

During recording, especially during the early stages of flame initiation, the
experimental apparatus had to capture flames with lowlight intensity for short times.
Therefore, the optical setup was calibrated to its highest sensitivity. This meant that
one of the major sources of uncertainties was light entering the optical path from
outside. The underground location of the laboratory helped to provide nearly
complete darkness for the tests. High-transparency window material and a high
reflectivity optical mirror were used; therefore errors arising from scattering,
absorption, etc. were neglected. Errors from the complementary metal-oxide
semiconductor (CMOS) sensor and the computer’s internal clock were considered
not to be significant. Changes in the air fuel mixture, quality of sparks, distance of
engine and CMOS sensor were considered as random uncertainties and the result of

the combination of these was an overall error in each measurement.

This resultant error was considered to arise from a combination of an infinitely large
number of infinitesimally small errors, which was expected to show a normal
frequency data distribution, according to the Central Limit Theorem in statistics

[199].
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4.1.2 Data distribution and relative standard error

Figure 46 is typical of statistical data obtained for all conditions in this research. It
illustrates that the data has a normal distribution, and that statistical analysis of the
data with normal-distribution statistics is a justified approach. The only exception
was the very first data point, images recorded at 67 ps after spark onset, as it was
explained in the Imaging system section. Some the reflection of the brighter sparks
from the bottom of the combustion chamber was captured. The additional and not

true bright area resulted in a skewed histogram of measurements Figure 40.

Normalised Frequency
o
un

rT1T 171717171717 17T 17T 17T 17T 17T 17T T T T T T TTT

-2.4 -15 -0.8 0.0

Deviation from mean value of major flame speed (m/s)

lllllm ‘HHHIIIIII
0.8 2.6 6.3

Figure 46. Sample data distribution, in this case for M85, 1200 rpm, CR = 5.00, 804 us,

St=804 = (5 9 i 0. 15)m/5

The values of the relative standard error (RSE) in major flame speed measurements

for data point recorded at 134 ps and later were plotted in separate graphs for each
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fuel in Figure 47. The absolute values of errors of all data points were plotted on the
flame speed graphs Figure 49, Figure 50 and Figure 51. Similar uncertainty values
were found for minor flame speed and roundness (these figures are not included for
brevity). In general, uncertainty analysis showed that at lower speeds and CR the
errors were higher, suggesting a worse air fuel mixing, bigger large scale eddies
caused by lower level of turbulence and more spacious combustion chamber

respectively, and higher coefficient of variation in these conditions.
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Figure 47. RSE in calculated flame speed along the major axis at selected CRs and engine

speeds for a, isooctane b, gasoline c, E85 d, M85 e, Hydrogen

Variations in the energy, the striking location of the spark and some reflection caused
higher uncertainty values near 67 ps after ignition. The lower energy flame
propagation at times near 134 us after ignition resulted in moderate uncertainty
values from those near 67 us after ignition. The exothermic combustion kinetics
dominates at 200 ps after ignition and later on. The relative magnitude of turbulent
fluctuating velocity to flame speed affects uncertainty of measurements. Therefore
when the flame speeds are lower (soon after 200 us) the uncertainties are higher

than when flame speeds are higher (e.g. near 1200 ps).
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Higher speeds and higher compression ratios promote better mixing, so that
uncertainties are lower in these cases for all fuels. It can also be seen that the RSE

decreases with time.

The RSE graph for Hydrogen fuel showed a significantly different characteristic from
the liquid fuels. Firstly, there was no local minimum visible on the curves between
134 and 200 ps. From the high laminar flame speed value of Hydrogen and its simpler
molecular structure, it can be seen that Hydrogen needs less time to form radicals

and become oxidised.

4.2 Flame speed curves as function of fuel type and engine

conditions

Figure 49, Figure 50 and Figure 51 show the result of image analysis as instantaneous

flame speed and roundness curves against time after ignition.

A set of curves were plotted for each liquid fuels. The chart on the top shows the
whole investigated time period. This chart allows the direct compassion of the fuel
types and shows the large initial peak values. Then, the next graph shows a closer
view with a reduced time range to give a better view of the flame speed and
roundness curves of the combustion kinetics ruled flame propagation. Finally, the
error bars are shown on the major flame speed curves. There are two charts showing
the results for each fuel, in total there are four graphs with error bars in the figures

for the liquids. The first graph indicates the spark boosted, shorter period of time 0-
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134 ps. Then the second plot is for the time after 200 ps. In order to differentiate

between the fuels all the curves are colour coded.

Some of the engine conditions were chosen to be similar to the ones that had been
used by other authors, so that some of the results can be directly compared to the
already published data for cross-comparison and validation. The ignition time was
kept the same for test conditions and fuels, 20 degree BTDC. Table 13 summarises
some of the most important variables that describes the conditions in the

combustion chamber at the time of the ignition.
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Table 13. Geometric and thermodynamic conditions in the combustion

chamber at the time of spark onset

Engine
Variable speed CR Value
(rpm)
5.00 32.10/30.74
1200
8.14 14.76 / 13.40
Clearance Height (mm) at Tol / Eol
5.00 32.10/30.57
1500
8.14 14.76 / 13.23
5.00 ~25
Estimated Residual Mass Fraction (%)
8.14 ~14
1200 5.00 27.02+1.35
Volumetric Efficiency of Engine
L 1500 8.14 27.9311.4
for Liquid Fuels (%)
1200 5.00 23.60%£1.67
Volumetric Efficiency of Engine
1500 8.14 24.61+1.67
for Hydrogen (%)
5.00 3.781£0.19
1200
8.14 6.291+0.31
Pressure at Time of Ignition (bar)
5.00 3.971£0.20
1500
8.14 7.41+0.37
Spark Duration (ms) 1.48+0.19

Figure 49, Figure 50 and Figure 51 indicate that the visible flame area right after spark
onset expands quickly; this fast propagation rate was measured to be around 50 m/s
for the liquids but it exceeded 100 m/s for hydrogen. These large numbers are the
results of the initial high energy input from the spark and some random error as it

was discussed earlier. Then, the flame area undergoes a similarly fast contraction.
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This flame contraction soon after the beginning of ignition might be caused by rapid
endothermic dissociation of fuel molecules and the formation of radicals in the

mixture [200-202].

In order to investigate this flame contraction further and to isolate the effect of the
spark, experiments were carried out of discharging the spark plug at motored
conditions in air. The same analysis procedure was carried out on the collected data
and the results were presented in Figure 48. In this case, the maximum and minimum
“flame speeds” of the gas ionised by the spark plug are about 12 m/s. When the
plasma stabilised 200 us after spark discharge, its value of roundness remained
stationary at around 0.75. This value describes the shape of the electric arc between
the spark plug electrodes well. The shape and frequency trend of the growth and
contractions of the “flame speed” curves were similar to the ones with the fuel
added until about 250 us after Tol. On the other hand, the magnitude of theses peaks
and drops were significantly higher when fuel particles were present in the mixture.
From the results, it can be seen that the fluctuating properties of the flame speed
curves originated from nature of spark discharge. After 250 ps, the curves that
described the combustion supported growth still had some fluctuation, but the
relative magnitude of these peaks and drops was significantly lower than the ones

seen in Figure 48.
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Figure 48. Apparent flame speed and roundness values of a spark discharging at 1500 rpm

and CR: 8.14 in a non-combustible charge (air, plasma was considered to be flame)

In Table 15 flame speed results are shown for all conditions and fuels as a single value
measured at 1000 ps after ignition. Flame speed values have been normalised to the
results obtained from isooctane as base-fuel. This is discussed further under

Isooctane result section.
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Moreover, Table 16 summarises the effect of different engine speeds and higher CRs
on the flame speeds of the tested fuels. In this table the major and minor flame
speeds were normalised to the highest value condition (CR: 8.14, engine speed: 1500
rom) in order to provide an easy comparison between the engine conditions. A
general result is that flame speeds along the major axis are closer to the
corresponding maximum values than the ones along the minor axis. This is a direct
result of the initially highly distorted shapes becoming more circular as the minor
axis elongated more during the flame development. It can be seen that M85
produced somewhat different results among the liquid fuels. This is probably the
result of the aforementioned combustion kinetics, [203, 204]. The normalised values
for isooctane, gasoline and E85 were quite similar (within about £10%), indicating
that the flame propagation characteristics of these fuels tend to react similarly to
changes of engine conditions. It is somewhat surprising to see that the results gained

from hydrogen are similar to the ones from M85.

Table 14 shows a data matrix of the indicated mean effective pressure (IMEP) values
and the corresponding coefficient of variance (COV) for each condition and fuel. The
ignition timing was kept the same in order to provide a similar flow field for all fuels.
The values of IMEP were below the levels of pressure produced of production
engines. This was a result of number factors: the L-head has relatively larger surface
where heat loss occurs, even the maximum CR was low compared to ones of the

production engines and the engine was operating at a low volumetric efficiency.
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Although, the data presented in Table 14 is only informative; it can be used for cross-
comparison of the fuels. It is important to note that this work aimed to investigate

the early stages of flame kernel formation and not the full combustion process which

is described by the IMEP.

Table 14. Data matrix of IMEPs and the corresponding COVs for all conditions and

fuels.

Engine conditions
1200 rpm 1500 rpm
5.00 8.14 5.00 8.14

IMEP COV IMEP COV IMEP COV IMEP COV
(bar) (%)  (bar) (%) (bar) (%) (bar) (%)
Gasoline  1.41 1.84 225 119 149 190 245 147
Isoctane 133 238 210 131 152 227 231 175
Fuel E85 123 245 207 133 132 208 227 177
M85 140 1.80 232 116 159 1.80 248 1.59
Hydrogen 147 1.84 249 117 164 188 249 161
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Table 15. Flame speed values calculated using the EQR method and along the major

and minor axes at 1000 ps after Tol; for an easy comparison of fuels the EQR

method speed values were normalised to flames speeds values of isooctane.

CR - 5.00 5.00 8.14 8.14
Engine Speed (rpm) 1200 1500 1200 1500
Major (m/s) 3.10 5.66 10.11 13.76
Minor (m/s) 1.21 2.44 4.70 7.05
Isooctane
EQR method (m/s) 1.57 3.70 6.90 10.40
Ratio to isooctane - 1.00 1.00 1.00 1.00
Major (m/s) 2.48 5.31 10.45 13.26
Gasoline Minor (m/s) 1.36 2.58 4.70 6.70
EQR method (m/s) 1.80 4.12 7.05 10.31
Ratio to isooctane - 1.15 1.11 1.02 0.99
Major (m/s) 2.87 7.71 8.03 12.97
Minor (m/s) 1.30 3.57 4.42 7.55
e8> EQR method (m/s) 1.91 5.20 7.14 9.10
Ratio to isooctane - 1.21 141 1.04 0.88
Major (m/s) 7.29 14.69 16.74 19.13
Minor (m/s) 3.88 7.36 7.63 9.69
M8> EQR method (m/s) 4.95 11.01 11.84 14.40
Ratio to isooctane - 3.15 2.98 1.72 1.38
Major (m/s) 10.39 19.40 24.72 27.10
Minor (m/s) 4.24 7.44 10.09 10.40
Hydrogen'
EQR method (m/s) 6.98 13.80 18.71 19.70
Ratio to isooctane - 4.44 3.73 2.71 1.89

I values at 804 us after ignition
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Table 16. Flame speed values along the major and minor axes at 1000 us AIT; for
an easy comparison of the results from different engine conditions, a normalised

value is shown for each result and condition.

CR - 5.00 5.00 8.14 8.14
Engine speed (rpm) 1200 1500 1200 1500
Major (m/s) 3.10 5.66 10.11 13.76
Condition ratio - 0.23 0.41 0.73 1.00
Isooctane
Minor (m/s) 1.21 2.44 4,70 7.05
Condition ratio - 0.17 0.35 0.67 1.00
Major (m/s) 2.48 5.31 10.45 13.26
Condition ratio - 0.19 0.40 0.79 1.00
Gasoline
Minor (m/s) 1.36 2.58 4.70 6.70
Condition ratio - 0.20 0.39 0.70 1.00
Major (m/s) 2.87 7.71 8.03 12.97
Condition ratio - 0.22 0.59 0.62 1.00
E85
Minor (m/s) 1.30 3.57 4.42 7.55
Condition ratio - 0.17 0.47 0.59 1.00
Major (m/s) 7.29 14.69 16.74 19.13
Condition ratio - 0.38 0.77 0.87 1.00
M85
Minor (m/s) 3.88 7.36 7.63 9.69
Condition ratio - 0.40 0.76 0.79 1.00
Major (m/s) 10.39 19.40 24.72 27.10
Condition ratio - 0.38 0.72 0.91 1.00
Hydrogen'
Minor (m/s) 4.24 7.44 10.09 10.40
Condition ratio - 0.41 0.72 0.97 1.00

| values at 804 us after ignition

134



Experimental results and discussion

4.2.1
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Figure 49. Instantaneous flame speed and roundness curves of isooctane and gasoline at
different engine conditions; a, CR: 5.00 engine speed: 1200 rpm; b, CR: 5.00 engine speed:
1500 rpm; ¢, CR: 8.14 engine speed: 1200 rpm; d, CR: 8.14 engine speed: 1500 rpm
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Isooctane and gasoline flames and some fitted ellipses are shown in Figure 53 at the
condition of 1200, 1500 rpm and CR: 5.00. The slowest flame propagation was
observed at 1200 rpm and CR: 5.00. The last image is the 41 in the particular series
where the travelling flame reaches the edge of field of view. In Figure 53, only seven
images are shown. The first three are continuous with temporal resolution of 67 ps.
Then the next three were selected randomly, and the final one is the last image in
the series. Figure 49 and Figure 50 indicate that the visible flame area first expands
and reaches maximum flame speeds of the order 50 m/s at about 67 s, then it
contracts as indicated by minimum flame speeds of the order of -30 m/s at about

134 pus, and then the flame speeds become positive again.

Isooctane (major: 13.76, minor: 7.05) [all flame speed data have a unit of m/s and at
condition of CR: 8.14; engine speed: 1500 rpm; TAI: 1000 us] and E85 (major: 12.97,
minor: 7.55) were found to have more unstable behaviour in combustion; their flame
speed curves had more fluctuations than the other two fuels. These two fuels
showed the largest changes in shape, sometimes exceeding unity of their shape
factors. It seemed that all fuels would sooner or later reach a fairly stable flame
speed value depending on the operating conditions. The rate of stabilising was found
to be the lowest for isooctane, which in most cases had increasing flame speeds until
the end of recording. In Table 15 flame speed results are shown for all conditions
and fuels. Moreover, in order to compare fuels directly with each other, the EQR

method values were normalised by ones of isooctane. Similar flame speed values
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were measured for isooctane and gasoline (major: 13.20, minor: 6.70), and most of
the time, the trend of their change in flame shape showed agreement. As it can be
seen from Figure 49, their flame speed curves were overlapping, apart from the
earliest times which were associated with higher uncertainties. Their similarity was
more obvious at higher speed and CR where the normalised values showed only a
couple of percentage points difference, but the largest difference was only about 15
%. In the case of gasoline, the results were only informative as its chemical properties

were not guaranteed.

140



Experimental results and discussion

4.2.2 Alcohol blends
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Among the liquid fuels, the highest and most stable flame speeds were found in the
case of M85 (major: 19.13, minor: 9.69) which reached its stationary values first, as
shown in Figure 50. Also, the roundest contours were recorded for this fuel, with
fairly low errors in the measurements. This might be a result of the higher flame
speed as fluctuating and random in-cylinder flows had less effect on the flame
propagation. A large difference in flame speed was observed form the other fuels,
especially for the low-speed, CR measurements. It was interesting to see the
difference in the behaviour of the two oxygenated fuel blends: while E85 seemed to
be showing similar flame propagation characteristics to isooctane, M85 clearly stood
apart from E85. As the geometry of the combustion chamber and the operating
conditions were the same, it is likely that this behaviour of M85 can be explained by
the combustion kinetics of methanol. The high laminar flame speed of methanol was
explained on the basis of the successive dehydrogenations of the methoxyl radical

by Veloo et al., [204] in Ranzi et al., [203].

It was interesting to observe the similarity between the combustion characteristics
of M85 and hydrogen. Their shape analysis showed similar results, and these two
fuels produced the highest rate of flame growth. The reason behind this could be the
similarity of the molecular structure of M85 and hydrogen — namely the fact that

they do not have carbon to carbon bonds.
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4.2.3 Hydrogen
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Ideally, the hydrogen would have been tested at its stoichiometric mixture as well as
the chosen 0.67 normalised fuel to air ratio (FAR) for direct cross-analysis with the
other fuels. Unfortunately, strong knocking, backfiring and pre-ignition did not allow
the tests to be carried out over about 0.8 FAR. The abnormal combustion behaviour
of hydrogen is well known and has been investigated by a number of authors [205-
208]. Moreover, as the hydrogen flames propagated significantly faster than flames
observed from the liquids, they reached the walls of the combustion chamber

earlier. Therefore, meaningful data could only be plotted up until 1000 ps, Figure 51.

In case of the liquids, a steadily increasing flame speed trend was observed. As
opposed to this, after some large spark influenced the peaks and drops, from
approximately 250 ps there was a steady increase in the flame speed. Then a plateau
followed, and finally the curves started decreasing. At the steadiest plateau region,
the major flame speeds were found to be between 18 and 32 m/s and minor speeds
were between 8 and 18 m/s. These values were found to be two to four times higher
depending on the engine condition than the findings for isooctane, as shown in Table

15.

4.2.4 Cross comparison of results

The quantitative and direct comparison of flame speed measurements in optical

engines is difficult. The wide selection of fuels, operating conditions and the optical
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engines themselves produce very different in-cylinder conditions. Many parameters
— such as air/fuel mixing, ignition modes [53], electrode gaps, spark plugs [30], valve
motion and timing [25], and engine geometries — differ from engine to engine, not
to mention operational factors like engine speed or compression ratio, as shown in
Table 3. Every factor, such as a relatively small change in the direction of a spark plug
electrode, could have a significant effect on the flame development [29]. Therefore,
the best comparison can be made between fuels or operating points if the data are
collected from the same engine with the same setup. For the purpose of putting the
results in context and for cross-discussion, the flame speed was re-calculated from
the recorded optical data based on the equivalence radius method. Then, the results

were summarised in Table 17 and shown along with results from other researchers.
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Table 17. Summary of flame speed, EQR, values for cross-discussion purposes

S, @ S, max.

Engine Combustion 1000 yis value
Author Ref. ?Eeed Fuel FAR CR chamber after Tol (m/s)
pm) geometry (m/s)

Ihracska [13] 1500 Isooctane 1.00 8.14 Rectangular 10.4 10.8
Ihracska [13] 1500 Gasoline 1.00 8.14 Rectangular 10.3 114
Ihracska [13] 1500 E85 1.00 8.14 Rectangular 9.1 10.2
Ihracska [13] 1500 M85 1.00 8.14 Rectangular 14.4 14.6
Ihracska [14] 1500 Hydrogen 0.67 8.14 Rectangular 19.7' 19.7
Pischinger  [27] 1400 Propane 1.00 6.70 Square 4.1 -
Keck [25] 1400 Propane 0.87 5.75 Square 6.1 12.5
Herweg [53] 1250 Propane 1.00 7.30 Cylindrical 10.1 10.2
Aleiferis [40] 1500 Isooctane 0.60 7.90 Pentroof 4.9 7.6
Aleiferis [61] 1500 Gasoline 1.00 11.15 Pentroof 5.0 12.2
Aleiferis [61] 1500 E85 1.00 11.15 Pentroof 4.0 11.4
Aleiferis [209] 1000 Hydrogen 0.67 7.50 Pentroof 13.0 -
Meier [210] 1000 Hydrogen 0.5 - Cylindrical 15.0 -
Kirchweger [211] 1000 Hydrogen 0.67 - Pentroof 18.9 -
Ihracska [14] 1000 Hydrogen 0.67 8.14 Rectangular 20.9 -

"maximum flame speed at 804 ps

Despite of the fact that the flame speed values were collected from varied engine
geometries and operating conditions, the results had the same magnitude for each
fuel. It should be noted that there is very little flame speed data available for the
early stages of combustion in Sl engines, and especially for those with satisfactory

temporal resolution, a wider quantitative comparison appears impossible.

The flame speed measurement results of gasoline and E85 were compared to
Aleiferis’ findings [61], as the engine conditions of that study were the closest to the

current ones. It was found that the ratio of the flame speeds for these two fuels in
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the current study was similar to the ratio found in Aleiferis’ work. At the early stages,
E85 produced faster travelling flames, and then beyond about 400 us after ignition,
gasoline exceeded E85. The flame speed values were approximately the same at
around 450 ps, being 4.5 m/s and 5.0 m/s for gasoline and E85 respectively. Then, a
steady increase in flame speed values could be seen. However, the flame speed
values increased at a higher rate in the current study than according to Aleiferis’
measurements. Interestingly, the maximum values found in the two studies were
similar and are given in Table 17. The significant difference was that the maximum
values were reached in the current study at around 1000 us, whereas in Aleiferis’
engine the fastest flame propagation occurred at about 3000 us after ignition. This
difference in the characteristics of the flame speed function is a combined outcome
of the dissimilar in-cylinder flow field. Furthermore, it is speculated that the direct
injection used by Aleiferis may have delayed the development of a fast flame front,

as there was less time for thorough fuel—air mixing.

Qualitatively, the flame speed trend obtained among different experiments is
consistent. It has an initial high value due to the spark boosted combustion, followed
by a minimum value for the liquids that occurs between 200 and 500 ps, and then a
fairly steady increase until the end of the investigated period. Such a trend shows
good agreement with the computational model of Herweg and Maly [71] for flame

kernel formation in spark ignition engines. Considering the very different engine
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geometries, ignition modes and fuel mixing methods, the result is surprisingly well

matched.

The results obtained from hydrogen were compared to the findings of the papers by
Meier [210] , Aleiferis [209] and Kirchweger [211]. All of these optical studies were
performed using an engine speed of 1000 rpm, which was covered in this work.
Other parameters, such as the ignition time, load and air/fuel ratio, were slightly
different. The engine geometry and measurement method were significantly
dissimilar, which weakens the validity of the cross-discussion. Nevertheless, the
flame speed data is shown in Table 17 at 1000 us after ignition. Surprisingly, the
flame speed values of the four studies were quite similar and exhibited good
agreement. This agreement indicated that the flame propagation of hydrogen was
not significantly affected by the other parameters mentioned above, most likely

because of its high flammability and laminar burning velocity.

Apart from the absolute values, which shall be different for different works, the
results are comparable, which suggests that the flame propagation characteristics
are similar in Sl engines for the earliest stages and is not engine geometry
dependent. It is likely that the main controlling factor for early flame speed shall be
the initial high energy input from the spark. Consequently, the finding of this study

can be extrapolated to other engines.
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4.3 Flame shape analysis and comparison of equivalent radius and

ellipse fitting methods

Numerous methods have been proposed in the literature to calculate shape
parameters. For this work, roundness was chosen as only the overall shapes was of
interest and the local disturbances (wrinkling) could not be captured accurately due
to the limitation in the spatial resolution. No roundness data has been found on in-

cylinder flame in the literature and on validation or analysis of the EQR method.

The fit of the circles and ellipses onto the region of the flames was evaluated and
compared with one another using the fit ratio (FRc for circles, FRe for ellipses). Once
the images were processed and binarised, the number of pixels outside of the fitted
geometry was divided by the total number of pixels of the flame to determine the
corresponding fit ratios. The hydrogen in-cylinder flames are shown in Figure 52,
where a number of fitted circles and ellipses can be observed with their FR. Ellipses
described the inflamed areas better. In the case of well-elongated regions, the FR
was significantly less for ellipses than for circles. The analysis of fit ratios indicated
that — depending on the exact shape — ellipses had two to three times less

uncaptured pixels.
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In 3D the flame boundary reached the combustion chamber long before it reached
the edges of the visible area, as it is explained in Figure 27. Considering the geometry
of the combustion chamber, it was assumed that the flame speed vector in the z
direction had always the same or smaller absolute values than the major flame speed
vector at a given time. In the 3D space, the most distorted flames and the fastest
ones did reach the combustion chamber walls and the piston at the end of the
investigated period (1500 ps for liquid fuels and 1000 ps for hydrogen). However, for
the vast majority of cases, there was no contact between the flames and the walls
(apart from the spark plug). When the contact did happen, a number of new
variables should be added to the flame propagation equations to derive true values
of flame speeds. However, since there were only relatively small number of data
points with contact and its area was small, the effect of it was considered as a small
random error. The visual analysis of the gathered images showed a distinct
difference in the physical appearance of the flame for the two fuel types,
hydrocarbons and alcohols blends. Less luminous flames were found for the latter
and higher intensity was seen in images of isooctane and gasoline with local
maximums randomly distributed. This is likely to be the result of the simpler and
shorter molecule structure of the alcohols. As the longer chains of hydrogen and
carbon atoms of isooctane and gasoline required more time for dissociate and

complete combustion, there was more unburnt carbon and soot present in flames
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than in the case of alcohols. The higher soot concentration resulted in greater broad

spectrum luminosity.

The flame shape and its changes in time are important information in the
understanding and prediction of in-cylinder processes. Therefore the ellipse method
can provide useful data for CFD and emissions predictions in studies of fuel-engine
combinations, and engine design processes. Flame speed and shape factor
measurements showed that an ellipses described the contour of combustion better
than circles in the first stages of combustion. About the first 800 Is of propagation
were severely affected by the spark causing well elongated flames. This
phenomenon was not dependent on fuel or engine operating conditions. At time of
ignition, the value of roundness was found to be close to unity in all cases, which was
confirmed by images showing a circular glowing area. Then, when the initial high
energy got absorbed, the projection of the flame was elongated as the arc and the
roundness dropped to about 0.7. Finally, in all investigated cases the calculated value
of shape factors started increasing and approaching unity again. There was no
description available of the flow field but the phenomenon of the flame becoming
more circular later was expected. There is always a larger flux of unburnt charge
passing through planes that contain the major axis (or in a general case Feret’s
diameter) simply because these cross sections have larger areas. This of course is not
valid for uniform flows where there is just one plane for the charge to flow through.

In an internal combustion engine there are main directions of flows but as it is
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turbulent, it could be approximated as a highly random field. The changes in shape
were found to be dependent on the engine conditions and fuel. Higher engine speeds
and CRs appeared to cause rounder contours; fuels with faster flame speeds also
tended to have more regular shapes. Utilising the properties of the ellipse fitting
method two flame speed values were calculated normal to each other. It was
observed that changes in the magnitude of one flame speed component
corresponded to the change in the magnitude of the other one. Therefore, these
peaks were caused by a large scale in-cylinder process rather than some local

disturbance.

Overall, it was found that EQR method provides valid measurements for well-
developed flames. However, at the early combustion stages or spark assisted flame
kernel formation the flames are distorted. Ellipses fit on these elongated boundaries
significantly better than circles. Using the EQR method for these conditions would

result in high errors in the measurements.
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5 Conclusions

The in-cylinder flame propagation characteristics of fuels have fundamental effects
on ICE performance. The rate of this propagation can be measured in optically
accessible engines, traditionally, by applying the so-called circle method. One of the
main aims of this work was to check and verify this method which, though widely
accepted, to the author’s best knowledge has never been validated before. A novel
and more accurate analysis method using ellipses was proposed and compared
against the circle method. Moreover, using and comparing these methods, new
flame speed data was collected for different alternative fuels with the same
boundary conditions allowing a direct comparison between them. The optical
measurements in engines are vital for understanding the underlying fundamentals
of combustion these can only be carried out in optically accessible ICEs. Other aims
of this research were to investigate the design process of these engines, the
collection and a new interpretation of the relevant design standards and procedures.
In addition, in order to simplify and aid the design process the research aimed to

develop new relations and functions.

These experimental engines must be able to withstand the high thermal and
fluctuating mechanical loads. Moreover, a part or parts of the assembly are required
to be transparent to some ranges of electromagnetic waves, to allow the optical
sensors to record data. There are standards and data available in the existing

literature on heated pressure vessel design and optical element design. However,
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there has been no attempt made before to investigate, interpret and presents the

design procedure of optically transparent and heated pressure vessels.

In this work a significant number of data sources were surveyed to produce a
comprehensive review of the most relevant optical, thermal and mechanical
properties of some optical materials. The resulting database allows for a convenient
and direct comparison to aid material selection for other designers and researchers
in the field. The relevant standards and the limited design data that were available
on the topicin the literature were presented, while also taking into account practical,
mechanical and optical design considerations. The aspects of the design for optical
performance were described in depth. Based on this review newly developed
equations, relations and functions were added to the literature. The relevant types
of design criteria were considered in detail and suggestions of values of constants

were given for different opto-mechanical applications.

Furthermore, as a result of this research work it was concluded that larger safety
factor values are required for optical element design, typically ranging from two to
five depending on operating conditions, manufacturing technology, risks and
hazards and so on. The safety factor selection procedure and criteria was clearly
described. The high values suggested is the result of the inconsistency found in
available data sourced from suppliers and from the literature of the thermal and
mechanical properties of optical materials under room temperature conditions.

Moreover, the databases lack the relevant design data considering the mechanical
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properties at elevated temperatures and fatigue for optical materials. The utilisation
of the database created, the novel interpretation of the design process, and the
presented design criteria allowed a number of case studies of pressure chambers

with optical elements under high mechanical and thermal load to be demonstrated.

Research rigs, designed by procedures presented herewith, were used in this work

to target gaps in the combustion science literature.

In general, it was found that there is not much data available on in-cylinder flame
growth rates. The literature especially lacks data on the early stages of flame kernel
formation. The little data that can be found is obtained from different fuels, in
significantly different engine conditions which make it difficult to establish a
benchmark for comparison purposes. In order to compare the characteristics of
different fuels to each other, in this work, the data was acquired from the same
engine at the same operating conditions. It is generally accepted that the flame

speed and flame shape have an effect on cyclic variability and thus on performance.

However, it is a usual approximation that cylinder flames propagate isotropically. In
order to analyse and evaluate this assumption, a novel method for the combustion
analysis is proposed in this work. This method consists of using ellipse fits to
approximate the projected flame boundaries (instead of the conventional use of
circles fits) in an innovative approach that has never been used before to describe

the propagation characteristics of in-cylinder flames. The novel ellipse fitting method
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elucidated details of the combustion properties and added valuable data to the

existing literature on these fuels. Furthermore, the conventional method of isotropic

assumption with circle fitting was evaluated and verified.

A fit analysis indicated that for the tested flame geometries, ellipses provided
more accurate measurement results than the conventional equivalent radius
method. In the case of elongated flames, the fit was significantly better for

the ellipse method.

The spherical flame propagation assumption has certain limitations. Results
showed that for some cases the spherical flame front assumption is
reasonably valid; but one needs to consider non-isotropic flame propagation
in order to model in-cylinder processes more accurately. This is especially true
for the earlier combustion stages when the spark causes highly distorted

flame contours.

For all fuels the flames were more elliptical rather than circular immediately
after ignition, which caused the least round flame-kernel shapes. It is
nonetheless true that, in all cases after the first 200 s, the elliptical shapes
gradually became more circular. However, the elliptical method, being more
general than the circular one, can be used with good accuracy for any flame

shape geometry.
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The flame propagation characteristics of isooctane, gasoline, M85, E85 and hydrogen
were recorded using a high-specification camera. The high temporal-resolution
pictures were analysed with a purpose-built code and statistically compiled. In-
cylinder combustion processes with these fuels were investigated in the visible
spectra. The high-temporal resolution enabled evaluation of the flame kernel
formation. The flame speed data was recorded at various engine speeds and
compression ratios. The relevant thermodynamic conditions were also determined
to provide a more complete picture of the experimental conditions. To the author’s
knowledge this is the first study on detailed flame speed measurements for M85

from optical engines. Specifically, the following conclusions were made:

e Higher flame speeds were observed with increasing engine speed and
compression ratio for all fuels. This finding showed good agreement with the
published flame speed and burning velocity trends as function of engine

condition.

e For all of the tested liquid fuels, the changes and trends in flame speed as a
function of time showed good agreement with those in similar studies. These
experimentally obtained flame speed curves were also comparable to some
computational results. The similar findings in different engine properties
suggest that the flame propagation characteristic is similar in SI engines for,
at least, the earliest stages and is not engine geometry dependent. It is likely

that the main controlling factor for early flame speed is the initial high energy
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input from the spark. Consequently, the findings of this study can be

extrapolated to other engines.

The standard deviation of the measured values and uncertainty decreased at
higher speeds and compression ratios. The roundness and lower fluctuations
of flame speed also indicated more stable flames at those conditions, as a

result of higher flame speed, better mixing, and smaller large-scale eddies.

For all tested fuels at every operating condition a contraction of the flame
was observed on the second recorded image. This may have been the result
of an endothermic process associated with the formation of radicals in the

mixture.

The phenomenon of ignition delay can be defined for SI engines utilising the
observed flame-kernel contraction and the relatively slow establishment of
the combustion kinetics supported flame growth. Ignition delay is defined as
the time between spark ignition and establishment of the steadily expanding

flame kernel.

A large number of sample observations were plotted and the distribution

function showed good agreement with the normal distribution curve.

The cross-discussion with existing, hydrogen combustion literature revealed

surprisingly good agreement between the findings, despite the different test
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conditions: ignition, chamber geometry and air/fuel ratio. This finding
suggested that hydrogen flame propagation was less affected by the engine
conditions than by the engine speed. This behaviour was most likely the result
of the high flammability and laminar flame speed of hydrogen.

e The detailed analysis of the earliest stages of the kernel formation indicated that
there was no relationship between the engine speed and the flame propagation.
Until approximately 250 us after ignition, the flame propagation was not affected
by the moving piston generated flow field. Similar findings by others using
different fuels suggested that the first 200-250 us of the flame kernel formation

primarily depends on the ignition and on the properties of the ignition system.
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6 Future work

The research and results explained in this study added new information to the
background of in-cylinder combustion science. It is clear that a lot more can be done

in order to fill in the gaps that were identified in the literature.

The investigation of ignition and flame kernel formation can be investigated further.
There are a large number of engine conditions that still can be tested: CRs that are
closer to the ones that can be found in modern engines; higher engine speeds that
are similar to ones in performance engines; full load conditions; and different
mixture formation strategies. The combustion characteristics and the performance
of alternative fuels and their mixtures are still relatively unexplored. Therefore, there
is more experimental and computational work to be done to explore the properties
of different alcohols, natural gas, liquefied petroleum gas, hydrogen and their

mixtures.

According to the findings of this study, supported by previous research, the flame
kernel development is strongly dependent on the properties of the discharging
spark. It would be interesting to see comparison studies between different ignition
systems, where voltage and current data acquisition is synchronised with the image
recording equipment. Moreover, the process of the burning charge becoming

combustion kinetics driven is still not understood clearly. With the aid of the
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advances in high speed data recording, it is now possible to explore this

phenomenon with a significantly better resolution.

It seems to be clear that the best resemblance to production engines is provided by
optical engines equipped with a cylindrical liner. This liner should ideally be
manufactured out of a material that has thermal conductivity in the same range as
the thermal conductivity of steel and iron. If the thermal conductivity cannot be kept
the same, then the heat flux to the fresh charge is required to be controllable. The
distortion caused by the curvature needs to be investigated further. It is suggested
by the author that instead of a complex optical system, the distortion should be
corrected by software built specifically for this purpose. In order to design a liner,
that would allow the full load and high speed operation, further research is required
to unfold the mechanical properties of optical materials at elevated temperatures. It
would be especially beneficial to obtain data for the fatigue failure behaviour of

ceramics and glass at high temperatures.
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7 Appendices

Appendix A.

Design of the optical element on the HPC, design requirements

The main purpose of the window is to provide a transparent barrier between the
combustion and the instrumentation. An underlying requirement was to allow use
of three different sensors (cameras) with differing spectral responses; the curves are
shown in Figure 11. As the wavelength of the laser is in the visible range, there were
two bands of electromagnetic radiation that needed to be considered — 380-985 and
2800-5200 nm. In these regions, a minimum of 80% transmittance was required. The
tolerance on the OPD had to be kept in the photographic range: 10 nm/cm. As the
three sensors were robust and their measurements were not overly sensitive, the
maximum allowed lens power of the distorted window was 0.01 dioptre. The
maximum expected pressure difference on the optical element was 20 bar. The
required safety factor was required to be four for stresses arising from mechanical
and thermal loads, with a maximum probability failure of 10™. Finally the operating

temperature of the window had to stay under the maximum permitted level.

Material choice

The spectral requirement is shown in Figure 11 along with the transmittance curves.

The ideal design solution was to select only one material type to cover the required
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wavelength ranges. It can be seen that the two possible material types that cover
the needed large range of EM wavelengths are sapphire and magnesium fluoride.
The thermal analysis of the optical section indicated that the steel blanks and
windows would need cooling to survive. The calculations and simulations were
carried out for both materials. It was found that MgF, can be a valid option for low-
temperature and low-humidity environments. Extra caution is required when a
temperature gradient is applied to the MgF2 material, as its high expansion
coefficient and middle-range conductivity combined with low strength makes it
sensitive to thermal shock. It is also suggested by manufacturers that MgF2 can react
with high temperature steam similar that found in the HPC as a combustion product.
Therefore, sapphire was chosen instead as a material for the windows as it combines
good transmittance in all the required wavelength bands with good thermo-

mechanical strength.

Design and validation

The diameter of the window was determined by the maximum available space in the
optical section. The maximum possible diameter was 82 mm with 64 mm aperture.
The thickness of the window was estimated by using the equations and relations that
were explained earlier in this paper and then validated by FEA. The maximum
temperature of the window was found to be 284 °C then, the design stress was

determined using Figure 34.
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Oges = 178MPa (81)

The minimum thickness was calculated for two requirements: maximum allowable
stress and OPD. Substituting values into Equations ( 16) and ( 30) the resulting

thicknesses were 5.88 and 0.05 mm respectively.

1 K,, SF5 Ap1Y/?
taiomn = (300) 75| -
(82)
_(164 03 ) 075 4- 2-10%a)"* _
—\2 m 178 - 105Pa - >-eemm
5 Ap2D6
teklopP min = J8-89 1073 (n — 1) Olz:D-EZ -
(83)

10~%m 109p3)2
1005 (335:10%Pa)

. 6 2. . -3 6
=5\/8.89 £ 10-3(1.76 — 1) ELLPOZEHL0TME _ ) 57 mm

Then, the estimated window thickness was modelled and simulated. The stress and
deflection results were substituted in Equations ( 18), ( 19) and ( 27) in order to check
the design for failure probability and image distortion. It was found that the limiting
factors were the probability failure and lens deflection. In order to keep these values

at an acceptable level the thickness of the window was chosen to be 10 mm.
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1 [ (0)7”]_1 42.8-10Pa\’|
r= TP TG, 17T %P \4ss10%Pa ) | T

(84)
=5.35-10"°
x? 4 D? 0.281:1073m)?+(64 - 1073m)?
R= o _ ( )"+ — ) = 1.83m (85)
8x 8x0.281-10"3m
—lek
Pions = (n — 1)m=
—10-1073m
= (176 — 1) (86)

(1.83m)2 + 3.41m - 10-103m _

= —2.28-103dioptre

where, x and o were obtained form FAE simulations and g, was taken from Table 4.
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Appendix D.

BORN FROM THE CAMERA THAT
STARTEDIT ALL

Every day previous versions of the Phantom v4
camera system are successfully collecting data
from critical tests. The v4.2 and v4.3 continue this
tradition of performance and customer confidence
by incorporating new and uzeful features that
further extend this camera's horizons.

Both the v4.2 and v4.3 cameras received our latest
advanced CMOS sensor to improve the already
excellent image quality that has always been
expected from previous versions. Our customers
expect excellent performance and both of these
camera models delivers by effectively tripling the
ASAISO gensitivity of previous models.

Now all image sizes (aspect ratios) selected during
setup are centered on the sensor’s midpoint, and

Phantom v4.3/v4.2

Provide 8-bit image depth, at 1,000
frames per second (v4.3) or 2,100 fps
(v4.2) at a full resolutions of 800 x 600
pixels (v4.3), 512 x 512 pixels (v4.2)

the Continuously Adjustable Resolution feature
permits screen size adjustment in 16 x 8 pixel
increments. These slightly smaller cameras include
Gigabit Ethernet to simplify cam era network
communications and speed file transfers.

8-bit CMOS sensor composed qf|800 x 600 pixels (1:4.3),' 5312 x 512 (v4.2); color or monochrome

Arto Exposure control

WO O W W W W W N W W W

Gigabit Ethernet or RS8232 control

Datasheet - Suhject to Change

1,000 frames per second ficll resolution (v4.3), 2,100 fps (v4.2), up to 90,000 fprs maxinucm (both)
“CAR™ (Continnously Adjustable Resolution) in 16 x 8 pixel increments

4800 ISO/ASA monochronie, 1200 ISO/ASA color sensitivily equivalency

Gilobal (snap-shot) on-chip shuttering to 10 microseconds, (oplional 2 ps)

“EDR” Extreme Dynamic Range TM exposure control

Up to 4 Gigabytes DRAM, 6 Gigabytes non-volatile flash memory (optional)

IRIG-B fiming capture, modiclated or unmoduiated, IRIG lock wrphase shift

Contintions video output RS-170 (NTSC, PAL)

Rugged HI-G configuration (optional); Airborne also available for Phantom v4.2 camera

Revision: 10.24 2007
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Appendix E.

AF Micro-Mikkor B0mm £2 .80

3 reukws
Mourit Typee Mikon F-Bayaonet
Focal Length G0mm
M=wirnur Aperture 1128
Mirirmarn dperturs 1122
Forrmat FHi25mm
Mzxirnurn Angle of Wiew [DE-format ) 26730
Mzxirnurn Angle of Wiew [Fi-format) 300
Mzaxirnurn Reproduction Ratio 1.0x
Lens Elermerts ]
Lenz Groups T
Cormpatible Format(s] F¥
ik
F¥in DX Crop hiode
28mm Film
Dizphragm Blades T
Distance Informmation es
Mutofocus es
Mirirmarm Fooos Distance 072 ft. (0.22m)
Cloze Range Correction ez
Foouz Mode HAuto
harwal
Filter Size G2mm
Becepts Filter Type Sorem-on
Bopros. Dimensions [Diameter © Length) 280N O mm)x 2.9 00, (F4.5 mm)
Bopron. wsight 165 oz, (440 )
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Appendix F.

51mm diameter, enhanced, first surface, aluminium mirror

Diameter (mm) 51
Dimensional Tolerance (mm) 0
Thickness (mm) 13
Thickness Tolerance (mm) 0
Surface Accuracy (A) Y2 @ 632.8 nm
Surface Quality 60 - 40
Edges Fine Ground
Substrate BOROFLOAT®
Coating Specification Ravg>95% @ 450 - 650 nm
Typical Energy Density Limit 0.2 J/cm2 @ 532 nm, 10 ns
Wavelength Range (nm) 450 - 650
Type Flat Mirror
Coating Enhanced Aluminium

Reflectance Curves for Metallic (Mirror) Coatings

Ultraviolet | Visible | Infrared ~
100 — _ = S —
D & S i W N = e
" ) N [  uly, ™ 7
=2 " 1 g .Ell."f'--"'
g 80 4 .
E70
=60
50

02 03 04 05 06 O7 08 09 10 11
Wavelength in Microns (pm)

UV Enhanced Aluminum (R, >85% 0.25 - 0.7 Microns) e e = Protected Aluminum (R, >85% 0.4 - 0.7 Microns)
= = = = = Enhonced Aluminum (R, >95% 0.45 - 0.65 Microns) Protected Gold (R, >97% 0.8 - 2 Microns, R >94% 0.7 - 0.8 Microns)

= Protected Silver (R, >98% 0.5- 0.8 microns, R, >98% 2- 10 microns)

Metallic Mirror Coating Reflectance Curves, retrieved from Edmund Optics [172]
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Appendix G.
High-Temperature Pressure Sensor Type 6052C...
for Engine Measuring Technology Patent No. US 5,105,434

High-temperature pressure sensor with very small dimensions
are ideal for use ininternal combustion engines with complex
structural geometry of the cylinder head. The sensor is installed
with front sealing in an M5x0,5 boro.

« 00d temperature stability of the sensitivity
« High sensitivity

» Low thermal shock errar

« Long service life due to front seal

Description
Type 6082C. . uses a piezoelectric crystal which achieves high
sensitivity in conjunction with an extremely small sensor struc-

ture. This sensitivity varies by not more than £0,5 % in the ) L
temnperature range from 150 ... 250 °C. The passive accelera- ™ HEx 05
tion compensation patented by Kistler keeps the influence of & a1
engine vibrations to a minimum. =
Technical Data
The front seal provides very good heat transfer and keeps the
sensor at a save operating temperature. The diaphragm, opti- Type 6052C...
mized by finite element calculation, produces good measuring Measuring range bar 0.. 250
results and ensures 2 long service life. Calibrated partial ranges bar 0..50,0._.100,
0..150,0.. 250
Application Crverload bar 300
The sensar Type 6052C... is an excellent all-rounder. Its rugged Sensitivity pC/bar =20
construction makes it suitable for measurements at the knock Matural frequency {measuring element)| kHz =160
limit as well as for thermodynamic investigations. This sensor Linearity, il ranges {at 23 *C) %JFS0 03
is used mainky for complex cylinder head geometry. As well as Acceleration sensitivity
for motor cycles and other small engines and for combustion axial bar/g =0,0002
analysis in vehicles. radial barg <0,0005
Operating temperature range "C =20 ... 350
For applications mainly in the knocking range or at very high Termperature min./max -50 .. 400
peak pressures, use of Type 6052 20 with reinforced dia- Sensitivity change
phragm theavy duty wversion) is recommended. 200 °C £50 *C S =105
23 .. 350 "C k3 utd
Type 6082C._U40 is provided with additional damping and is Thermal shock ermor
suitable for applications on engines with extremely high vibra- (at 1500 1/min, pm = 2 bar}
tions, e.g. racing engines. Ap {short time drift) bar <205
ADmi % wtl
These sensors are always provided with an integrated cable. ADmax B3 =x1,0
For standard applications, a rugged cable with stoel braiding Insulation resistance at 23 °C 0 =101
Type 192941 is used. If the sensor connector is exposed direct- Shiock resistance E 2 000
Iy to engine oil, e.g. when installed through the valve cover, Tightening torgue MN-m 15
the oil proof cable (IPE7) Type 1283 AA1 is recommended. Capacitance, without cable pF 5
Wight with cable gram 30
Connector, ceramic insulator - M4 w0, 35
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6052C_000-552¢-02.10

High-Temperature Pressure Sensor = for Engine Measuring Technology, Type 6052C...

Technical Data

Type 6052C...U20 (other specifications as for Type 6052C...)

Measuring range bar 0...300
Calibrated partial ranges bar 0 ... 100, 0 ... 200,
0..300

Overload bar 350
Sensilivity pC/bar =19
Linearity, all ranges (at 23 °) % IFSO <+05
Acceleration sensitivity

axial bar/g <0,0005

radial bar/g <0,0005
Sensilivity change

23 ...350°C %o =+3
Thermal shock error

(at 1500 1/min, pmi = & bar)

Ap (shart time drift) bar <+0,7

APmi % <43

APmax Yo <+15
Type 6052C...U40 (other specifications as for Type 6052C...)
Operating temperature range °“C -20 ... 200

Temperature min./max. “C -50 ... 250
Sensitivity shift

23 ...200°C Yo <£2
Calibrated partial ranges bar 0 ... 100, 0 ... 200,

0..250

Mounting

Direct mounting:

Sensor Type 6052C... can be mounted directly in the cylinder
head, see Fig. 2. Machining of the bore must correspond ex-
actly to the bore specifications shown in Fig. 1.

The Kistler tools:
Step drill Type 1300A51

Special tap Type 1357A and the

Finishing tool for bore Type 1300A79

must be used in order to comply with the tolerances re-
qguired. The bore must be machined in one clamping. Before
mounting the sensor, the sealing surface in particular must
be checked; use of the finishing tool (reamer) Type 1300A79
is mandatory. When mounting the sensor, it is essential to
comply with the tightening torque of 1,5 N-m. The sensor
should therefore be mounted with the cable connected us-
ing the socket wrench Type 1300A9 and the torque wrench
Type 1300A17. You will find additional information for ma-
chining the bore and mounting in the instruction manual. Your
Kistler distributor will provide you with information, for exam-
ple concerning the preferred position of the indicating bore in
the combustion chamber.

KISTLER

measure. analyze. innovate,

Mounting sleeve:

When space allows or if the water jacket of the cylinder head
will be breached, a mounting sleeve is recommended. Mount-
ing sleeves are manufactured to customer requirements; Fig. 3
shows a version with M7x0,75 thread. An additional advantage
of mounting sleeves is that the actual sensor bore in the sleeve
can be very precisely machined. On request, Kistler will provide
custom made adapters for your particular mounting situation.

Spark plug adapter:
Sensor 6052C... can also be used in the spark plug adapter
6517B..., see data sheet 6517B_000-491.

@ 7.
*Material dependent
- Al-alloyed 4 mm & 45 408
- Grey cast iron 4 mm
- Steel 25 mm |
A
I
! |
9 !
; “ [z]0.01]
#|
ol # % ‘ M5 el
]
! 18,
77l Sealing surface v/
8 G
i 1 T g,
% 5 I %
uy
@3
S Gl2]

Fig. 1: Mounting bore

Fig. 2: Direct mounting

Page 2/4

This information corresponds to the current state of knowledge. Kistler reserves
the right to make technical changes. Liability for consequential damage resulting
from the use of Kistler products is excluded.
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0378_000-302m -

Tl S

Measure & Analyze - MCA

Ladungsverstirker
Amplificateur de charge
Charge Amplifier 5037B1.... 5037B3...
Beschreibung Description Description
Ampificateur - de ot aclr mrgdificad
Lrappareil, oo 18 LI Fandt i i D
RIS ISLONHID | s, s I i 5 SLiT
wRrSIOn & i 4 AN 16 o Thiee chann oy A
chrung  rdglaklke  in sl fVoin {lates [T R (VLTS
commardes, tage 4).

ndustigler Ladungsverstarker fur vor-Ont Einsatz
Amplificateur de charge industtiel pour utilsation sur place
indusinal charge ampiiher for on-site application

Robustes, dichtes Gehaduse, nach Schutzart 1P BS
Boitier 2tanche et robuste selon degree de protection IP 85
Rugged, sealed case par gaqree of protection IF 55

Bereich auf bastimmtan Sensar abgaglichen fieferbar

Disponibie avec gamme ajustée pour un captewr défini
Range can be supplied adjusted © a specilic sensor

aption: Halblerter-Reset anstalle Relais-Reset

Option: Reseat par sami-conducteur au liau de reset par relais
Option: Semiconductor reset instead of relay reset

{ €-konform
Conforme au CE
Confarming to C€

Technische Daten

Données techniques

2lie

Bereich
Har 10V &

S ONELENANUN
irnerha

e i
Hoslaliung shgoioen)
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Tolérance

Linéarite

Bruit de fand (0.1 e ML)
Bruit de fond du cible
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Fongtion Reset
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Connexions de mesure
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Tolerance
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HENGSTLER

TECHNICAL DATASHEET

HENGSTLER

LU0 e oce @

Absolute Encoder AC 58 - SSI-P

= Compact design: 59 mm mounting depth for single or multiturn

w Aids for startup and operation: diagnostic LED, preset key with optical response
= Parameterization: Resolution, code type, direction, output format, warning, alarm
m Parameters can be stored in a non-volatile memory

= Integrated RS232 interface

Clamping fiange
TECHNIFAI. DATA Housing diameter 58 mm
mechasicl Shaftdiameter 6 mm /10 mm (Solid shaft)
10 mm / 12 mm (Hub shaft)
Flange Synchro flange, Clamping flange, Tether, Square flange
(Mounting of housing)
Protection class shaftinput  1P64 or IP67
(EN 60529)
Protection class housing 1P64 (IP67 optional)
(EN 60529)
Shaftload axial / radial 40N/60N
Max. speed max. 10000 rpm (continuous), max. 12000 rpm (short
term)
Starting torque typ. ' <0.01 Nm
Moment of inertia ca. 3.8x 10°¢ kgm?
Vibration resistance 100 m/s? (10 ... 500 Hz)
(DIN EN 60068-2-6)
Shock resistance 1000 m/s2 (6 ms)
(DIN EN 60068-2-27)
Operating temperature -40°C ... +100°C
Storage temperature -40°C ... +85 °C
Material shaft Stainless Steel
Material housing Aluminum
Weight approx. 260 g (ST) /310 g (MT)
Connection Cable, axial or radial
M23 connector (Conin), 12 pole, axial or radial
' at20°C
TECH'_IICAL DATA Supply voltage DC 10-30 V
electricol Max. currentw/o load 250 mA (ST / MT)
Resolution singleturn 10-17 Bit
Resolution multiturn 12 Bit
Output code Binary, Gray
Drives Clock and Data / RS422
Parametrization Resolution, Code type, Direction, Output format, Warning,
Alarm
Control inputs Direction, Preset 1, Preset2
Alarm output Alarm bit
Status LED Green = ok, red = alarm
Data sheet created ©Hengstier GmbH, Uhlandstr. 46, D-78554 Aldingen/ Germany Page

2009-12-1512:07:08

® 497424800 Fax +4074 24 - 83500
E-mail: info@hengstler.com Internet: vawv.hengstier.com 1
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Technical cvenview

The pressure tfransmitters of type G20 with plezo-
resistive measuring elemen ts hawve compensated,
alibrated and amplified sensor signals which
are svailable as standard woltage or current
cutputs

The transmitter housing & available with various
pressure and electrical connections.

fanufactured from stainless steel, its welded
construction provides a watertight s2al With
its sophisticated building block system, indivi-
dual designs to meet spedific applications are
possible

The distinct advantages

+ Effective cverload protection due 1o
chemically etched chip diaphragm and
specially designed glass gland

+ Fast and affordable customerspecific
solutions due to building-klock systemn, even
far small quantities

+ Compact construction with SVD technalogy
enhances operational reliability in the
presence of shode and wibration

+ Wielded construction provides 100% sealing
against meddia

Pressute ranges
Relative pressure
{differential measurements

to ambient pressure) =1 ... +25har
Abzolute pressure

{absclute measurement;

reference point vacuum) 0. +25 bar

Chverpressure

{absolute measurement;
reference point ambient
pressure on manufacture) =25 . 1000 bar
DIN @tegories see order code selection table.
Ciher pressure ranges availakle.

Crerload
3 % Measuring range, min. 3 kar, maximum
rupture pressure

Rupture pressure

= 200 bar (0.1 ... 25 kar)
= B850 bar (=25 .. G600 bar)
1500 bar (=600 .. 1000 bar)

Cutputs and power supply

0- 5V 15-30WDC  3-wire
0-10V 15-30WDC  3awire
0-20 mA 9-33VDC  3-wire
420 maA 9-33IVDC  Z-wire

Short drcuit-proof, with polarity reversal
protection. Other signal cutputs on request

Characteristic line deviation

Acc initial point setting DIN 1&608&, inclusive
hysteresis and repeatability

= 05% fs

= +-0.25% f5
=+~ 010% fson request

Iaterial
Stainless steel 14435 (3160L)
Titaniurm or Hastellsy C on reguest

Termnperature influences
Compensated temperature range
0. 70°C, 35  +85°C

Temperature errcr
Zero point {0 ... 70°C)

Q = 0.5 bar = +- 006 5 B&PC
0.5 = 2 bar =+~ 0032 9% f5°C
2 = 600bar = +/- 0.015 9% {5°C

Zero point (=25 ... +85°0)

0 ... = 05hkar = +- 008 %% BPC
05 ... =  Zba =+~ 004 5% BPC
2 = &00 bar = +f- 002 9% °C
Cperating range {0 ... 70°C)

= +- 0.015% fs”C

Cperating range (-25 ... +85 %)

= /- 0.02% &0

Storage -0 L+ 12500

Dynamic response
Suitable for staticand dynamic measurements
Response time: < 1 ms /10 .. 9096 F5

Adjustable versions

Potentiometer for adjustment of all pressure
tanges {enlywith DIM EM 175301-803
connector and round binder connector 723, can
be screwead up)

Load

0-20mh W [Chm]
max. 1 kThm

420 ma gy, —SEpkvata® -8V [apn|

0.0z 4

Intrinsially safe version
Intrinsicsafety |l 1G EExia ICT3 ... T&

Cutput 4 -0 mh
Powver supply 10 —30 VDO
Lead may, EEEERIME =10V [ohm)

Current eonsumptisn

0- 5V 2.5 mh

0-10W 2.5 mh

0-20 ma 26 mA fs{mas 30 mA)
4-30 mA 20 mA fs{mae 31 mA)

Electrical connections / Protection class
Seeorder ade selection table
Cither connections on reguest.

Test voltage 500 VDO
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Technical data «red-y compact series»

compact meter GCM

Instrument types

compact switch GCS
Thermal mass flow meter

compact regulator GCR
Thermal mass flow meter

Thermal mass flow meter

compact all-in GCA
Thermal mass flow meter with

manual valve & alarm functions

Measuring ranges (Air) Full scale freely selectable

compact meter GCM
compact regulator GCR
compact switch GCS
compact alkin GCA

Media ea as cabarton)

Accuracy
Turndown ratio
Response time
Power supply
Meter & Regulator

Switch & Alkin
Pressure
Temperature
Materials
Seals
Dipey
Gasanschluss
Inlet section
Mounting orientation
Front plate dimensions
Connection cable
setings
Function
Threshold
Failsafe Condtion
Alarm delay
Alarm hysteresis
Alarm suppression
Alarm reset
Contact
Testprossure
Leak rate
Environmental protection
EMC

—_—

Subject to technical alterations

197

with manual valve with alarm functions

OEM version Panel mounting kit

For customer-specific Panel mounting kits for
requirements 1P-50 and IP-65 protection
Type Measuring range (Air)

GCX-A from 0 ... 50 min/min to 0 ... 500 min/min G
GCX-B from O ... 500 min/minto O ... 5000 mIn/min Gw
GCX-C from 0 ... 5In/min to 0... 50 Infmin G
GCX-D from 0... 50 In/min  to 0... 300 In/min G

Air, 02, N2, He, Ar, CO2, H2, CH4, C3H8, SF6

Other gases and gas mixtures on request
(real gas calibration or conversion factors)

+1.0% offull scale; GCX-D £2.0%offull scale
1:50
500 ms (accuracy better than 99%)

Lithium battery (Lifetime about 2 years with constant fiow)
Option: External supply +24 Vdc + 10%
External supply + 24 Vdc + 10%

Upto 11 bara

0-50°C

optional stainl: steel
FKM, optional EPDM

6-digit LCD in engineering units and bar graph

GY* female up to 50 In/min, G%' female up to 300 In/min
None required

Any orientation (horizontal only above 5 bar)

48x86 mm (DIN-Standard)

For external power supply: 2m and 5 m with loose ends

Min. or max. alarm

Adjustable between 0 and full scale, normally open or closed
User configurable

Adjustable 0 - 180 s

Fully adjustable

User configurable

Automatic or manual

Floating changeover contact (24 V, 1 A)
16bara

< 1x10° mbar I/s He

IP-50, with panel mounting kit IP-65
EN 50081, EN 50082

A B c D
GCM, GCR, GCS, GCA G 14 44 25 44*
GCM, GCS G%' 160 54 35 54
"Reguiator knob (GCR, GCA): D+25mm
GCR, GCA G%' 207 54 35 80**

**Valve mounted

Connection
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Appendix L.

Versions

A - 2 potentiometers for full scale and
zero point adjustment

B - Housing with built-in fixing brackets

C - Self-retaining screw in caver and
angled surface for easy cable entry

Accuracy
Transmitter Type %+ 0.5 mbar 0... 1 mhar 0...3mbar | O..5mbar|0...10-50mhar
Parameter Unit
Tolerance zero point 1) max.| % fs + 1.0 % 1.0 + 07 + 07 + 07
Tolerance full scale 1 max.| % fs + 1.0 + 1.0 + 0.7 = 0.7 + 0.7
Resolution % fs 0z | 0.2 0.1 0.1 0.1
Total of linearity,
hysteresis and repeatability max.| % fs + 30 + 2.0 + 10 + 10 + 06
Long term stability acc. to DIN IEC 60770 % fs + 1.0 | + 1.0 + 10 = 10 + 1.0
TC zero point 2) typ. | % fMOK x 02 x 02 + 02 + 01 + 01
TC zero point 2} max.| % 10K + 1.0 oz 1.0 + 05 + 04 + 04
TC sensitivity 2) typ. | % f$10K + 03 + 03 + 02 + 01 + 01
TC sensitivity 2! max.| % fs"10K + 06 .+ 06 + 05 + 05 + 02
With root-extracted output (2 ... 100% pressure)
Absolute error: (% of full scale) TC zero point: (% fs) 2)
0 ... 1 mbar 0 ... 3 -50 mbar
“ Pts H Pts i Pis
max. +0.6 Poo+15 max. 0.3 Po+15 max. £0.6 P45
Test conditions: 25 °C, 45% RH, Power supply 24 VDC
TCzp/TCs 0. 70°C

Order code selection table 694, 9 X X X X X X X X X
Pressure range 3 mbar (hPa) Pa mmWC (mmH,0} inH,O |

-0.5... 405 -50 ... +50 -5...45 —0.2...40.2 311

0.1 0.. 100 0.. 10 0..04 111

0 3 0... 300 0 20 0..12 11]2

0.5 0... 500 Q.. 50 0.2 1132

0..10 0... 1000 0..100 0..4 114

0..16 0 ... 1600 0... 160 0..64 1[5

0..25 0... 2500 0...250 0... 10 116

0...50 0... 5000 0... 500 0..20 117
Unit of pressure mbar (hPa) Q

Pa 2

mmWC (mmH,0) 3

inH,O 1
Qutput signal / Linear 1
Adjustment Linear Full scale and zero paint adjustable by customer 2

Square root extracted 1 4

) Square root extracted  Full scale and zero point adjustable by customer 11 3

Qutput 0..10V 13.5... 33VDC / 24 VAC +15% 3-wire 1
and power supply 0 ... 20 mA 13.5... 33VDC/ 24 VAC +15% 3-wire 3

4..20 mA 13.5... 33 VDC/ 24 VAC +15% 3-wire 4

4..20 mA 11.0... 33VDC 2-wire 5

Without 0

In pressure unit chosen above 1 1

In% fs 2

Connection pipe @ 6.2 mm
Connection pipe @ 6.2 mm

without pressure orifice
pressure orifice on_P1

Cannection pipe @ 6.2 mm__ pressure arifice on P2

Connection pipe @ 6.2 mm___ pressure arifices on P1 and P2

£ wra| =

Version IP 54: Without connection kit 0|

IP 54: With connection kit (metal), 90® angled including tube 2 m long (Fig. 1) > 1

IP 54: With connection kit (plastic), straight __including tube 2 m long (Fig. 2) 2

IP 65: Without connection kit 3

IP 65: With connection kit (metal}, 90° angled including tube 2 m long (Fig. 1) % 4|

IP 65; With connection kit (plastic), straight _including tube 2 m long (Fig. 2) S
Wariation (optional) Of pressure range or output signal

Indicate W and state on order (e.g. 0... $ mbar/ Cut0 ... 10V} W

Accessories

Order nurnber

Connection kit for vent duct (metal), 90° angled including tube 2 m long (Fig. 1) 5) 104312
Caonnection kit for vent duct (plastic), straight including tube 2 m long (Fig. 2) % 100064
DIN-rail mounting adaptor 112854
Calibration certificate 104551

1 Fer changing diaphragm position see installation arrangement page 6 4) Other cutput signals on request

21 1C = Temperature cosffident

See page

Qther pressure ranges on request
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