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ABSTRACT

A feasibility study is presented and the achieved key design milestones towards the first application of
Chemical Species Tomography by Near-IR Absorption Tomography on a heavy duty, large-bore marine
engine to visualise relative mixture strength are described. The engine is equipped with pre-chamber
ignition and operates using Liquefied Natural Gas with > 88.9 % methane content. Operation of the
engine under maximum-load conditions is a key design requirement, with peak cylinder pressure and
mean temperature exceeding 127,510 Torr (170 bar) and 850 K respectively. The near-IR
spectroscopic behaviour of methane is examined for suitable absorption and reference regions for the
above application. In particular, the spectroscopic absorption around the 2v3 transition region near
1,666 nm is approximated by simulation using data from the HITRAN database under worst-case
conditions. The simulation results are compared with methane spectra experimentally acquired at high
temperature and ambient pressure. Interference from other chemical species as well as measurement
linearity is also investigated. A 31-laser beam tomographic imaging array is proposed, which has been
optimised to achieve higher spatial resolution performance in the vicinity of the pre-chamber’s orifices.
To enable optical access, a novel, minimally-intrusive method is presented, utilising standard fibre-
optics and collimators.

Keywords Chemical Species Tomography, in-cylinder engine diagnostics, marine engine, pre-
chamber, infra-red absorption spectroscopy

1. Introduction

Internal Combustion (IC) engines are currently in widespread application and will remain so for the
foreseeable future. The combustion process of fossil fuels to drive these engines produces a multitude
of reaction products, many of which are released into the atmosphere as gaseous and particulate
emissions. Due to the detrimental effects of these emissions on the environment and health, they are
stringently regulated with increasingly demanding allowable limits.

An important application of IC engines is heavy-duty marine propulsion and energy generation, with
90 % of world trade carried by sea using 50 thousand merchant ships and 1 million seafarers
(International Chamber of Shipping, 2013). Research is underway (Shah et al., 2014) to substitute the
diesel fuel these engines commonly use with surrogate fuels for economic, practical and
environmental reasons. Liquefied Natural Gas (LNG), composed primarily of methane, is an attractive
option as its combustion inherently produces reduced CO, emissions and particulate matter. However,
there are difficulties presented in its wider adoption as a fuel due to its premature ignition at high
compression ratios and high NO, emissions. A condition is desirable where the mixture is rich enough
(high enough fuel to air ratio) to be reliably ignited, yet lean enough to maintain low NO, emission
levels. In achieving this balance, a fundamental understanding of the mixing process is key. That is to
say that the fuel-air mixture stratification, or fuel concentration distribution, must be visualised.

The requirements for an ideal engine diagnostic system have been previously (Terzija et al., 2015)
listed. Of particular interest to this application are the ability to visualise the fuel-air mixing process in a
minimally-intrusive manner and the ability to do so at maximally-realistic so-called ‘production’ engine
operating conditions. There is extensive research on laser diagnostic techniques developed and
applied to combustion research (Aldén et al., 2011; Sick, 2013). From these, Planar Laser Induced
Fluorescence (PLIF) and chemiluminescence are commonly used to study the mixing and ignition
processes respectively. The excellent spatial and temporal resolution achievable by these techniques
comes at the cost of considerable engineering complexity. For example, two-axis and/or through-



piston optical access is required with significant modifications to the engine, detracting from the
aforementioned requirements. In addition, any modifications to the engine to achieve optical access
must be able to withstand the pressure rise and temperature of the combustion process, a factor which
has limited optically-accessible engines from operating at their rated cylinder pressure.

The method of Chemical Species Tomography (CST) by near-infrared absorption for in-cylinder
gaseous fuel imaging has previously been applied to a multi-cylinder (Wright et al., 2010) and a single
cylinder (Terzija et al., 2015) engine in a form that is chemically selective specifically to long-chain
hydrocarbon molecules. This opto-electronic method utilises fibre optics to launch thin pencil-beams
into the volume of interest and subsequently to collect them. The optical windows can be made very
small and need not be continuous around the circumference of the combustion chamber. In addition,
no dopants are required for chemical selectivity. As a result, this method is minimally-intrusive and can
be applied to ‘production’ operating conditions where a ‘steel’ engine would normally be considered.

The application of CST in a robust instrumentation system is underpinned by the spectroscopic
behaviour of the target species. Therefore, an in-depth understanding of the behaviour at relevant
pressures and temperatures must be established by simulation and experimentally. Inside the
combustion chamber conditions of highly elevated pressure and temperature are created, reaching
127,510 Torr (170 bar) and 855 K (further details given in Section 1.1). The spectroscopic behaviour of
LNG (viz. methane) at these harsh conditions has, to our knowledge, not been studied for the purpose
of spectroscopic measurements. Published studies have covered the ranges 93.758 - 675.1 Torr
(0.125 - 0.9 bar) (Frankenberg et al., 2008), 7.05 - 975.1 Torr (0.01 - 1.3 bar) (Lackner et al., 2003),
and 600.0 - 750.1 Torr (0.8 - 1 bar) (Shemshad, 2013). One study achieved 22,502 Torr (30 bar) and
473 K (Kopecek et al., 2005).

We report here the study of methane spectroscopy, by simulation and experimentally, at pressures and
temperatures relevant to internal combustion engines. Subsequently, based on the spectroscopy
results, we present the initial steps towards the first application of Chemical Species Tomography to a
large-bore marine engine in order to non-intrusively visualise the concentration distribution of LNG,
first in the main chamber and subsequently in the pre-chamber.

1.1 Engine platform

The engine is the Wartsila model 6L20, part of the 20-based marine engine series (fig 1). The
turbocharged, 4-stroke engine was designed for operation with direct injection of diesel fuel and spark
ignition. The bore of the cylinders is 200 mm.

Wartsila 6L20
No. of cylinders 6
Cylinder bore 200 mm
Stroke 280 mm
Displacement 8.8 L/cyl
Max. speed 1,000 RPM
Power output 1,200 kw

Fig 1: Wartsila 6L20 engine on test bed at Lund University, Sweden.

The mean cylinder pressure P was acquired using a pressure transducer during fired operation under
normal load. The spatially averaged mean temperature T of the gases inside the cylinder was
calculated assuming an adiabatic compression process with an adiabatic index y =1.35, initial
pressure P, = 3,000 Torr (4 bar) and temperature T, = 323 K. The maximum pressure and temperature
occur at 14.5 CAD (Crank Angle Degrees) after TDC (Top Dead Centre), i.e. TDC+14.5 CAD, when
Pmax = 127,510 Torr (170 bar) and T, = 855 K (fig 2).
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Fig 2: Pressure and temperature trace from the 6L20 engine during fired operation as a function of
CAD. The Top Dead Centre (TDC) marker is shown.

1.2 Spectroscopy of methane in the Near Infra-Red region

Methane is a spherical-top tetrahedral molecule with four C-H bonds. The spectroscopic behaviour of
methane has been studied extensively (Frankenberg et al., 2008; Shemshad et al., 2011) due to its
importance in planetary and atmospheric processes, as well as in the mining industry.

Methane has fundamental vibrational modes v;-v, near 3,312 nm (stretching asymmetric), 3,432 nm
(stretching symmetric), 6,521 nm (bending asymmetric), and 7,627 nm (bending symmetric)
(Shemshad, 2013). The resonant interaction between the vibrational energies gives rise to absorption
lines in regions including near-IR. The near-IR region of the spectrum is of particular practical utility in
spectroscopy instrumentation due to the availability of commercial coherent light sources and optical
components (Carey et al., 2000).

In the near-IR region, the main overtone ro-vibrational combinations consist of the v, + 2v; band

around 1,300 nm (Gao et al., 2013) and the 2v; band around 1,666 nm (Gao et al., 2006). The 2v;
band was selected for further study as it has been shown (Shemshad, 2013) that in the spectral region
between 1,620 nm and 1,700 nm the interference from H,O, CO and CO, present in LNG is
insignificant.

The spectral region between 1,620 - 1,700 nm (fig 3) contains the 6" order energy level transition of
the Q-branch (Qg), P-branch (Ps) and R-branch (Rg) (Frankenberg et al., 2008).
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Fig 3: Spectrum of methane at room pressure and temperature between 1,620 nm and 1,700 nm.
Reproduced from (Shemshad, 2013). P = 760 Torr (= 1 bar), T =294 K, L = 10 cm and n = 10 %.

2. Experimental

LNG is composed of different molecular species, with methane having the highest volumetric
concentration. For accurate spectroscopic measurements, the type and relative concentration of all
constituents must first be quantified. Published compositions (Bakar and Semin, 2008; Srinivasan et
al., 2004) of LNG indicate that the species content can vary significantly depending on the
geographical origin and processing methods (table 1).



Molecule % relative volumetric concentration
Methane 98.33 91.82-94.00
Ethane 0.11 2.91-3.30

CcOo, 0.21 0.30-0.81
co 0.01 <0.01
N, 1.28 0.96 - 4.46
0, 0.05 0.01
Hexane 0.01 0.01-0.17
Propane 0.02 0.57-1.00
i/n-butane, i/n-pentane 0.01 <0.29
Reference (Srinivasan et al., 2004) | (Bakar and Semin, 2008)

Table 1: Published compositions of Natural Gas.

The exact composition of the transported gas is monitored by suppliers as it is related to the calorific
content of the gas. The experimental facility in this study is operated by Swedegas and supplied with
LNG from Dragor, using a single connection point in Denmark. The annual gas composition
measurements were averaged over the period 2010 - 2014 (table 2).

Year CH, C,Hq C;Hg iC4Hyp nC;Hy iCsHy, nCsH;, Cet+ CO, N,
2014 89.28 5.89 2.37 0.37 0.56 0.13 0.08 0.05 0.92 0.34
2013 89.90 5.63 2.02 0.33 0.46 0.13 0.07 0.05 0.91 0.51
2012 88.90 6.10 244 0.37 0.54 0.13 0.08 0.06 1.04 0.35
2011 89.13 5.98 2.35 0.37 0.54 0.13 0.08 0.06 0.97 0.36
2010 90.01 5.69 2.17 0.37 0.53 0.13 0.08 0.06 0.65 0.31
% Average | 89.44 5.86 2.27 0.36 0.53 0.13 0.08 0.06 0.90 0.37

Table 2: Annual and averaged compositions of Natural Gas feeding the experimental facility.

It can be seen that methane is present at a mean relative volumetric concentration of 89.44 %, with
ethane and propane then contributing 8.13 % of the total volume. These concentrations were used in
this study.

2.1 Theoretical spectroscopic model

The transmission of light though an absorbing material is described by the Beer-Lambert law (Platt
and Stutz, 2008a)

Tr = i_r — e J¥ k(P,T,5)ndL )

where Tr is the transmittance, |, is the received intensity, I the intensity entering the material, n is the
molecular concentration of the material and L is the path-length through the material. Ignoring
scattering, k is the absorption coefficient which is a function of pressure P, temperature T, and the
frequency of the light ¥. In turn, the absorption coefficient is given by (eqgn. 2)

k(P,T,v) =S'(T)e((,P,T)P (2

where S’ is the line-strength of the transition and ¢ is the transition line-shape. The transition line-
shape is determined by the collisions between the molecules (hereupon pressure broadening Av),
Doppler shift (hereupon Doppler broadening A7) and the Heisenberg uncertainty principle Avy
(Banwell and Mccash, 1994; Platt and Stutz, 2008b). These effects are quantified as (eqn 3 - 5)

Ave = PY; nT, (TF)m 3)

where [ is the broadening coefficient for species with index i at reference temperature T, and m; is the

temperature exponent.
_ ’BkBTln(Z)
AVD =7, T Mez (4)



where v, is the transition line centre, kg is Boltzmann’s constant, M is the molar mass and c is the
speed of light.

_ 1
AUH =~ Py (5)

where t is the lifetime of the exited electronic state.

Broadening due to the Heisenberg uncertainty principle for typically t = 10® s results in a broadening of
=~ 10° Hz. Compared with the corresponding frequency of the wavelengths of interest (= 10'* Hz), it
can be seen that this factor is insignificant and we did not consider it further. Consequently, the
transition line-shape will be dominated by Doppler broadening at low pressures and collisional
broadening at high pressures.

The line-shape due to pressure broadening is approximated by a Lorentzian profile, whereas for the
Doppler broadening by a Gaussian profile. The Voigt line-shape is simply the convolution of the two
profiles and is given by (Lengden et al., 2013)

2 ln(Z)ono e~7
AVp\VT T/ Y2+(X~-2)2

which can be approximated by (McLean et al., 1994)
o(@,P,T) ~ 2y/In(2) Zj:4 Cij(v-A;)+D;j(X-Bj) @

o, P,T) = (6)

AVpVT ZI=1 (Y-A)2+(X-B))
where A; to D; are constants (table 3) and X and Y are determined by (eqn 8)
x =200 ;5 y = Aedn@ ®)
Avp Avp
A B; G b;

-1.2510 | 1.2359 | -0.3085 | 0.0210
-1.3509 | 0.3786 | 0.5906 | -1.1858
-1.2510 | -1.2359 | -0.3085 | -0.0210
4 | -1.3509 | -0.3786 | 0.5906 | 1.1858

wN |k =

Table 3: Constants for the line-shape approximation (McLean et al., 1994).

Using the required data from the HITRAN database (Rothman et al., 2013) and assuming the pressure
broadening to be purely due to methane-methane and methane-air collisions, the experimental
spectrum of fig 3 was reproduced in fig 4 to validate the model, showing good agreement.
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Fig 4. Simulated spectrum of methane at identical conditions to spectrum of fig 3, using model
described in Section 2.1. The Pg, Qg and Rg branches are shown. P = 750 Torr (= 1 bar), T =294 K,
L=10cmand n =10 %.

2.2 Simulation results & discussion

Using the validated model (Section 2.1) to generate simulated spectra, the absorption of methane was
studied in the spectral region of 1,620 - 1,700 nm. The effect of pressure was initially investigated
(fig 5), increasing the pressure in increments of 3,750 Torr up to 22,502 Torr (5 bar up to 30 bar)
followed by increments of 7,501 Torr up to 150,012 Torr (10 bar up to 200 bar). The temperature was



kept constant at 294 K, the path-length set to 10 cm and the volumetric concentration of methane to
10 % (the balance being a non-absorbing medium). All spectra in fig 5 - 7, 9 and 11 are simulated.
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Fig 5: Selected methane spectra from pressure sweep. For all plots, T=294 K, L=10cm and
n =10 %.

It can be seen from fig 5 that the pressure broadening at high pressures is dramatic, in line with
expectations. The fine features in the P and R branches become indistinguishable. Moreover the Q
branch is severely broadened with a FWHM of 10 nm and the peak of the compound absorption
feature spectrally shifted by more than 1 nm. Finally, comparing the spectra at 37,503, 75,006 and
150,012 Torr (50, 100 and 200 bar), saturation of the absorption feature is evident i.e. the absorption is
highly non-linear as a function of molecular concentration. These observations suggest that extracting
concentration data under these conditions would have been challenging.

Subsequently, the effect of temperature was investigated with a temperature sweep from 300 K to
1,300 K in 100 K increments (fig 6). The pressure was kept constant at 150,012 Torr (200 bar), the
path-length set to 10 cm and the volumetric concentration of methane to 10 %.
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Fig 6: Selected methane spectra from temperature sweep. For all plots, P = 150,012 Torr (200 bar),
L=10cmand n =10 %.

Examining the effect of temperature in fig 6, it can be seen that temperature, via weakening of the line-
strength, ‘counteracts’ the broadening effect of elevated pressure. The Voigt line-shapes arising at
elevated temperature are not, however, identical to the line-shapes at lower pressure. That is to say,
raising the temperature is not equivalent to lowering the pressure.

The effects of temperature and pressure were investigated in tandem, for the expected engine
conditions as shown in the pressure trace of fig 2 and spectra were plotted (fig 7).
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Fig 7: Methane spectra at selected temporal positions (CAD) within an engine cycle at the
corresponding temperature and pressure conditions seen in fig 2. For all plots, L = 10 cm, n = 10 %.

The simulated spectra of fig 7 at realistic conditions found in the engine to be instrumented
demonstrate the benefit of treating pressure and temperature in tandem. Contrary to the previous
investigation where the effects were treated in isolation, it can now be seen that by carefully targeting
a suitable absorption line, spectroscopic access is viable.

2.3 Experimental results & discussion

The spectroscopic parameters in the HITRAN database have been acquired at a broad variety of
conditions and using various methods. Therefore, the simulated spectra should be treated as a first
approximation and verified experimentally at the desired pressure and temperature.

The spectroscopic behaviour of methane was investigated using a spectrometer capable of reaching
the temperature present in the engine’s combustion chamber. The maximum pressure attainable was
limited to 750 Torr (1 bar) due to the cell design.

The experimental setup, described previously (McGettrick et al., 2009) in more detail, uses a DFB
diode laser (OKI) tunable over 1,645.45-1,651.40 nm. The laser’s initial wavelength is set via
temperature tuning and then a 100 Hz saw-tooth current ramp is applied to wavelength-modulate the
laser over the spectral feature of interest. The fibre-coupled output from the laser is connected to a
50 : 50 optical fibre splitter, with one output connected to a fibre ring-resonator used for wavelength
referencing and the other output connected to a collimator. Light from the collimator passes through an
inner glass cell that is 5.5 cm in length and made out of fused-silica. This inner cell is enclosed within a
larger fused-silica outer cell and the whole glass arrangement is located within a furnace that can
achieve controlled temperatures in excess of 1,200 K. The outer cell is continually supplied with dry
nitrogen. The inner cell is evacuated with a vacuum pump and then supplied with 100 % research
grade methane via a mass-flow controller until atmospheric pressure is attained. The gas then remains
static within the cell for five minutes prior to measurement to ensure its temperature has stabilised.
The light transmitted through the glass cell is collected using a photodiode receiver. At the beginning
of each experiment the inner cell is purged with 100 % dry nitrogen to provide a base-line reference
signal in the absence of methane.



Three sets of experiments were performed using pure methane and covering the spectral regions
associated with the R4, Rs and Rg manifolds. For each spectral region, the transmittance profile at
773 K, 873 K and 973 K was acquired and plotted (fig 8). The simulated transmittance profile at 873 K,
generated using the model described in Section 2.1, has been added for comparison.
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Fig 8: Experimentally acquired transmission spectra of pure methane for the spectral regions
associated with the R4, R5 and Rg manifolds (a, b, ¢, respectively). Modelled spectra at 873 K shown
for comparison. For all plots, P = 750 Torr (1 bar), L =5.5 cm, n =100 %.

Examining the transmittance profiles (fig 8), transmittance increases as temperature increases due to
weakening of the line-strength. The position shift of transmittance features as a function of
temperature is negligible in all manifolds. The Rs profile shows a wider feature, while the Rg profile
contains two distinct transmittance troughs. The profile generated by simulation correlates well with
the experimental results in the cases of R, and Rs, both in terms of amplitude and position. In the case
of Rg, there is significant shift between the simulated and experimental profiles, despite the simulated
profile also successfully showing two distinct troughs.



Examining the spectral regions surrounding the transmittance troughs, features are evident near
1,651.00 nm and 1,651.30 nm (fig 8a), 1,648.35 - 1,648.60 nm (fig 8b) and 1,645.85 - 1,646.00 nm (fig
8c). These features, identified experimentally, do not appear in the simulated profiles. There is limited
information available in the HITRAN database to fully model these features commonly referred to as
‘hot lines’. Indeed, previous experimental investigations of the R, manifold (McGettrick et al., 2009),
centred around 1,650.8 nm, identified a number of spectral features at temperatures greater than
773 K that are not present in the HITRAN 2012 database.

These unidentified features due to ‘hot lines’ are isolated from the main manifolds at low pressures.
However, at the pressures generated during the compression stroke, these features will become
broader and contribute to the background transmittance continuum. If unaccounted for, features due to
‘hot lines’ can introduce significant errors in the measured methane concentration. Therefore, further
work using a high pressure cell is needed to fully characterise the features around the main manifolds,
ensuring accurate concentration measurements are obtained during engine operation.

3. Tomography system development

The tomography data acquisition system considered for this application has been previously described
in detail (Wright et al., 2010), albeit for different wavelengths. The system can sample up to 32
sampling beams at 100 kS/s. Here we present the design of the modifications required to utilise the
instrumentation system in this application.

3.1 Selection of spectroscopic lines

Selection of the spectral region and transition(s) is a compromise between the spectroscopic
behaviour of the target species, interference from other species and availability of light sources.

For methane, the Q branch near 1,667 nm appears attractive, as it demonstrates the strongest
absorption (fig 4). However, the Qg branch comprises numerous closely neighbouring lines of
significant strength. Consequently, the structure of the resulting feature is complex at room conditions
and becomes unstructured early in the compression stroke of the engine cycle as the pressure rises.
This is accompanied by a significant shift of the apparent absorption peak. For these reasons this
spectral region is a poor choice.

On the other hand, the R branch offers a selection of easily distinguishable and strong absorption
lines. From these, the R, manifold near 1,651 nm and Rg manifold near 1,645 nm promise the best
SNR, Rg having the strongest absorption. Both regions have been used successfully in the past
(Cubillas et al., 2007; Well et al., 2005) for methane detection and diode-based lasers are readily
available for both. The highest SNR results from the Rg transition with symmetry species A; at
1,645.53 nm with a line-strength of 3.05-10 cm™atm™ (Rothman et al., 2013). The modelled spectral
shift of the feature’s peak remains <0.3 nm over the entire range of engine operating conditions. The
final choice between the R, or Rg manifolds should however take into consideration the behaviour of
‘hot line’ features at elevated pressures, as discussed in Section 2.3.

With regards to interference from other molecules, these must be investigated individually. Ethane,
appearing in the highest volumetric concentration after methane, as well as the heavier hydrocarbons
and nitrogen have been investigated as part of Natural Gas spectroscopy studies (Burns and
Ciurczak, 2007; Dantas et al., 2014). It was shown that the spectra of heavier hydrocarbons are
weaker and broader than methane and that, in general, 97 % of the absorption variance between
varying mixtures of Natural Gas components is solely due to methane.

CO, has documented absorption lines in the region 1,500 - 1,700 nm. Spectra for CO, were created
by simulation (fig 9) at best (least broadening) and worst-case (most broadening) engine conditions.
All other parameters were identical to the methane spectra.
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Fig 9: CO, spectra at the two extremes of in-cylinder conditions. L = 10 cm, n = 10 %.
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It can be seen that, in the region of interest between 1,500 - 1,700 nm, absorption remains below 3 %
under all engine conditions. When compounded with the maximum volumetric concentration in the
Natural Gas supply of 0.9 %, the contribution of CO, is insignificant.

3.2 Linearity at high concentrations

The significant spectroscopic absorption of methane near 1,645 nm at 170 bar and 854 K motivates an
investigation to quantify the linearity of absorption versus the product of concentration and path-length.
A linear absorption model is favourable for tomographic image reconstruction.

For the 6L20 engine, the expected air-fuel equivalence ratio (A) ranges between 1.80 - 2.33 for the
main combustion chamber and 0.76 - 1.10 for the pre-combustion chamber. Adding a margin in the
value of A of £ 20 %, the corresponding air-fuel volumetric ratio (AFR) was calculated (fig 10). The
calculation was based on the oxidation reaction of methane, the stoichiometric AFR being equal
to 17.2. Transmittance was plotted (fig 10) against A under worst-case conditions for a path-length of
20 cm to represent the cylinder bore and 4 cm to represent the pre-chamber. The R? values resulting
from least-squares fitting to a linear function suggest that a linear molecular concentration vs
absorption model can be adopted with insignificant loss of accuracy.
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Fig 10: Transmittance versus expected air-fuel equivalence ratios for the main-chamber (left) and the
pre-chamber (right).

3.3 Spectroscopic access schemes

A number of techniques are available for accessing the absorption feature near 1,645 nm and
ultimately quantifying the species molecular concentration. Direct Absorption (DA) spectroscopy,
Tunable-Diode Laser Absorption Spectroscopy (TDLAS) with or without Wavelength Modulation
(WMS), with or without harmonic compensation (2f / 1f) can all be used. There is extensive literature
on all techniques and their variations.

From these techniques DA is computationally and experimentally the simplest, albeit the most
susceptible to ‘noise’ arising from the environment of the instrument, primarily signal extinction
mechanisms such as beam-steering and scattering from oil particles. In past engine applications
(Terzija et al.,, 2015; Wright et al., 2010) a second non-absorbed reference beam has been

10



successfully employed, traversing the same path as the absorbed beam, to suppress non species-
specific effects and termed the Dual-Wavelength Ratiometric (DWR) method.

TDLAS with WMS has achieved detection of spectrally narrow and weak absorption features in a
number of applications. However, detection requires lock-in detectors which can be prohibitively
expensive in a multi-channel tomography application. Most importantly, the technique requires
increasingly deeper modulation of the laser source to fully scan pressure-broadened features,
introducing modulation non-linearity (Li et al., 2006) at elevated pressures.

The application in this paper covers a wide range of pressure and concentration. We therefore
propose a hybrid scheme utilising WMS at low pressures and DA with DWR at high pressures. The
instrumentation system can rapidly switch from WMS to DA by ceasing wavelength modulation of the
absorbed wavelength. However, this will require extraction of the DC component of the received
signal.

The reference wavelength for the DWR technique must be chosen to be as spectrally near as possible
to the measurement wavelength to minimise dispersion effects. For this purpose the region near
1,550 nm contains very weak absorption lines for methane resulting in virtually zero absorption (fig
11). This region is free from interference from other species found in combustion engines as shown by
(Carey et al., 2000). Finally, DFB lasers are mass-produced for telecommunications and are readily
available.
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Fig 11: Methane transmittance near 1,550 nm. P = 127,510 Torr (170 bar), T =853 K, L = 10 cm,
n =10 %.
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3.4 Engine Optical Access

Due to the high pressure developed during the compression stroke up to 150,012 Torr (200 bar),
diagnostic methods requiring the conventional Bowditch type piston extension and optical access
windows cannot be used. Instead, as the tomographic system utilises fibre-optics, we propose a novel
method exploiting the cylinder liner which, in a marine engine, can be sufficiently large to
accommodate embedded optical elements. A section-view of the engine liner is shown in fig 12, along
with our proposed optical access method.

cylinder
wall

4+

Fig 12: Section view of Watrtsila 6L20 cylinder liner (left) and proposed optical access method (right).
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The optical access method comprises of an aperture in the combustion chamber plugged by sapphire
which has been ground to a cylinder with both ends polished. The sapphire plug is held in place by a
keyed and hollow set-screw. The surface area exposed to the combustion chamber is limited by the
force applied on the face of the sapphire plug due to the pressurised chamber. At maximum cylinder
pressure and an aperture diameter of 2 mm, the force exerted on the sapphire plug is equivalent to
=~ 64 N. This aperture allows the beam from a fibre-pigtailed GRIN collimator to be launched into the
combustion chamber while the sapphire plug shields the collimator and fibre from the combustion
process. Due to the fibre and collimation optics not being an integral part of the optical access method,
they can be substituted to accommodate other wavelengths to target additional species.

3.5 Tomography arrays

Two beam arrays have been designed, using 26 and 31 beams in a co-planar grid configuration. The
26-beam array (fig 13) will image the concentration distribution of methane inside the main combustion
chamber. It consists of 6 projections of 9-2-2-9-2-2 beams respectively, arranged in a quasi-regular
pattern with the objective being to maximise the number of projections and inter-beam spacing, and
spanning the sinogram space (Terzija et al., 2008) as widely as possible. No additional beams could
be utilised due to the length of the optical access ports in the liner. Because of the relatively small
number of beams available to cover the entire bore cross-section area, optimisation of beam
placement was deemed superfluous.

170

AT V] T
ATV T - ' '
4 , 130
'\,_\‘ | —", 120
& A 110 L -
f \ _ 100
[ K 1 £ o ¢ * et ¢ :
i T VLN T R 4 w0
i Sl AT A 1 1 % 5 . .
=T I
\ f! s 40
— o
. / 20 . .

L dlmm)
Fig 13: 26-beam tomography array (left) and sinogram representation (right) to image the overall main
combustion chamber.

The 31-beam array (fig 14) aims to offer insight into the concentration distribution immediately at the 6
exit orifices of the pre-chamber. The beams are concentrated immediately below the 6 orifices where
the exit plumes are assumed to have a circular cross-section. For this, beam placement was
determined by adoption of the principles outlined in (Tsekenis et al., 2015) and (McCormick et al.,
2013). The area of interest is shown in detail in fig 15. In order to define the edges of the plume exiting
each orifice, each plume’s circular cross-section is ‘bound’ by 4 beams. In order to quantify the
concentration within the plume, the centre of each plume is crossed by 5 beams. 4 additional beams
are located outside the area of interest (d =+ 12 mm) to provide quantitative information about the
background concentration. It is easy to envisage how the available beams can be concentrated one
level further, in a single exit orifice, to further enhance imaging resolution.
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Fig 14: 31-beam tomography array (left) and sinogram representation (right) to image the main
combustion chamber with pre-chamber emphasis.
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Fig 15: Detail of the 31-beam array of fig 14. Shown here also are the 6 circular areas of interest and
corresponding beam locations.

4, Conclusions

In this paper we have presented the first steps towards the first application of Chemical Species
Tomography to visualise the in-cylinder methane concentration distribution in a marine engine. A novel,
minimally-intrusive optical access technique enables engine operation at the maximum rated cylinder
pressure, offering insight beyond the limits of traditional optical diagnostic techniques. At these
conditions, the spectroscopic behaviour of methane must be carefully studied. The spectroscopy
results from modelling using the HITRAN database were encouraging; the line-strength weakening at
high temperature partially restores the absorption features, making spectroscopic access viable
despite the severe pressure-broadening. The spectroscopic behaviour of methane was also
investigated experimentally and the results compared to the model. Subtle spectroscopic features
were identified near the spectral regions of interest which could contribute to the methane
concentration signal at elevated pressures. To access the features we propose a novel concept: a
hybrid of Direct Absorption and Wavelength Modulation Spectroscopy with real-time switchover. This
hybrid technique will provide the tomographic reconstruction input data from the 31-beams of the
custom beam-array designed and optimised to visualise the gas plumes exiting the pre-chamber.
Further work will initially focus on extending the current high-temperature methane spectroscopy
experimental results to higher pressures. The additional insight into the subtle absorption features of
methane will determine the optimum laser wavelength choice to achieve accurate concentration
measurements across the engine operating regime. Subsequently, the 31-beam tomography beam
array will be fabricated to demonstrate the system in-situ.
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