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We report here the first application of chemical species tomography (CST) in a multi-cylinder automotive
engine. This technique offers high-speed continuous imaging of hydrocarbon fuel distribution and mixing
within the combustion chamber and is therefore of interest to both engine designers and combustion
scientists. Many of the methods described are equally applicable to chemically selective imaging of other
highly dynamic mixing and reaction processes.

A measurement grid consisting of 27 dual-wavelength optical paths has been implemented in one cylin-
der of an otherwise standard four-cylinder port-injected gasoline engine, using a unique OPtical Access
Layer (OPAL) carrying embedded optical fibres and collimators. The OPAL provided adequate performance
on many beams for more than 2 h of fired engine operation. To improve sensitivity and to cope with fuel
spray injection directly into the cylinder (in other engine types), a low-noise opto-electronic system has
been developed, offering laser intensity modulation at frequencies up to 1 MHz. Dual-wavelength mea-
surements are recorded on each channel at 100 kSPS, prior to off-line processing that typically reduces
the effective frame rate to 3000-4000 frames/s, dependent upon engine speed. The performance of the
system is assessed, using running conditions chosen to provide a qualitatively known (homogeneous)
fuel distribution for validation purposes. Examples of measured data and processing schemes are dis-
cussed. Sample tomographic images, obtained using a novel quality-based approach to data selection, are

presented.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The spatial distributions of reactants are first-order determi-
nants of the behaviour and performance of many types of chemical
reactor. In the face of demanding environmental legislation [1],
product viability in the automotive industry is crucially dependent
on the chemical reaction performance of the internal combus-
tion engine. Driven by this imperative, automotive engineering
researchers in both academia and industry have developed a range
of in situ techniques for imaging gaseous fuel distributions within
engines, particularly within the combustion chamber [2]. In this
paper, we report the application of the relatively new technique
of dual-wavelength Near-InfraRed Absorption Tomography (NIRAT)
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[3,4] to high-speed in-cylinder imaging of standard unleaded gaso-
line fuel in a multi-cylinder engine.

The ideal system for imaging in-cylinder gaseous fuel distribu-
tion would be:

(1) non-intrusive to in-cylinder flow and combustion processes;

(2) directly sensitive to the fuel, without the use of artificial
dopants;

(3) capable of imaging real multi-component road fuels, as well
as reference fuels, such as iso-octane;

(4) sensitive over a wide dynamic range of fuel concentration,
from hundreds of parts per million by volume (ppm) to tens
of thousands of ppm;

(5) capable of spatially resolving all in-cylinder flow scales, i.e.
from about 2 mm up to large fractions of the cylinder diameter
(D);

(6) capable of providing continuous sub-cycle images with tem-
poral resolution equivalent to intervals between images of
only a few degrees of crank shaft rotation (°CA);
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(7) robust against non-species-specific optical effects;

(8) robust against the hostile thermodynamic environment of the
engine;

(9) applicable to multi-cylinder road-going engines with minimal
modification, as well as specialized single-cylinder research
engines;

(10) free of potential additional hazards beyond those inherent in
the engine test cell environment.

No technique has yet been demonstrated that satisfies all of
the preceding requirements but several, predominantly of an opti-
cal nature, have been developed that offer partial solutions [2,5].
By far the most successful in-cylinder fuel imaging technique to
date is Planar Laser-Induced Fluorescence (PLIF), which has been
widely used for studies of fuel-air mixture preparation and com-
bustion processes for over 20 years. It continues to be extensively
developed [6] due to its inherently excellent spatial and temporal
resolution. Nevertheless, quantitative PLIF imaging of hydrocarbon
fuels requires the use of fluorescent dopants and hence cannot be
applied directly to commercial fuels [7] and its inherent require-
ment for multi-planar optical access makes it overwhelmingly
difficult to apply to multi-cylinder engines. NIRAT can address these
shortcomings, albeit at the expense of greatly reduced spatial res-
olution. Significantly, its modest optical access requirements and
direct sensitivity to hydrocarbon fuels allow its use at all stages of
the development process, from initial flow bench studies, through
single-cylinder engine tests, to final design validation of multi-
cylinder implementations.

The concept of chemically selective optical tomography has long
been discussed in the literature, but has only recently been imple-
mented in practical form for dynamic processes. Philipp et al. [8]
describe ‘passive’ systems that exploit the optical emission from
the in-cylinder flame to provide a limited insight into the pre-
ceding fuel distribution. Other non-chemically selective forms of
optical tomography have been reported, which afford high tempo-
ral resolution by enabling simultaneous acquisition of distributed
measurements through the subject, e.g. Snyder and Hesselink [9]
used a holographic interferometry technique that exploits vari-
ations in the index of refraction in the subject, although this
requires very large-scale optical access. We will not discuss either
of these two classes of systems further, since we are concerned
here only with situations where a light source with properties cho-
sen and controlled by the user is directed through the process
in order to achieve chemical selectivity and permit time-resolved
imaging.

Early studies of this type by Santoro et al. [10] used a laser source
and a detector, to form a single-beam absorption measurement
system, which was translated across/rotated around the subject.
The light source employed was a He-Ne laser, emitting 3.39 um
light that was used to image methane in jets of pre-mixed air (90%)
and methane (10%). This general approach served as the basis for
many studies in the 1980s and 90s: experimental activities were
restricted to subjects with slow spatial variation, and many authors
carried out simulation and image reconstruction of the data thus
obtained [11,12]. Although this implementation of the tomographic
technique achieves the desired chemical selectivity, it is clearly not
appropriate for non-steady subjects.

Using broad-band sources, Barrag and Lawton [13], Shimizu
and Sakai [14] and Krdmer et al. [15] achieved high-speed opti-
cal tomography by simultaneous application of multiple beams
to the subject. Wavelength selection (to achieve specificity) was
performed after transmission through the subject, by the use of
either interchangeable filters or dispersive detection. In all cases,
the selected optical configurations placed severe restrictions on
the applications of these techniques, although Barrag and Law-

ton attempted to ameliorate this problem by using optical fibres
in both the light launch and receive sub-systems, at the cost of
obtaining absorption measurements along only 8 beam paths. Both
Barrag and Lawton (soot distribution), and Kramer et al. (hydrocar-
bon distributions) presented the application of their techniques to
single-cylinder engines. Another notable development during the
1990s was the improvement of optical absorption measurement
techniques to cope with attenuation due to non-species-specific
effects, e.g. by Drallmeier [ 16], who simultaneously used two wave-
lengths (from a visible laser emitter and the mid-IR He-Ne) to take
account of scattering.

The emergence of diode lasers, high-specification fibre sys-
tems and detectors for the Near-IR made it possible to develop
CST systems with a degree of robustness appropriate to the
needs of process applications, with the elimination of open-path
optics being a significant step forward in this respect. The innate
high-frequency capabilities of diode laser sources and photodiode
detectors permit very fast and continuous imaging, and the use of
different and/or multiple sources affords access to a range of differ-
ent chemical species as well as providing reference measurements.
This so-called All-Opto-Electronic form of CST was first developed
and demonstrated in the Manchester NIRAT system [3,4,17], using
4 projections, each comprising 8 parallel beams, to yield 32 simul-
taneous beam path measurements and achieving 3500 frames/s
for hydrocarbons in an engine simulator. Salem et al. 18], seeking
to measure water distribution above a fixed-bed adsorber col-
umn, demonstrated an alternative laboratory implementation of
CST using a single diode laser source operated in wavelength scan-
ning mode. Three projections were generated using open-path light
sheets which, when viewed by array detectors, yielded 384 simul-
taneous beam path measurements.

We have discussed previously [17] the practicality of applying
the Manchester NIRAT technique to multi-cylinder spark-injected
(SI) engines. Here, we present validation tests of the completed sys-
tem asimplemented on a 4-cylinder gasoline engine, running under
conditions intended to produce a homogeneous fuel distribution.
Examples of the data obtained and the resulting tomographic
images are presented. A related publication [19] describes preced-
ing laboratory tests using the system, with particular emphasis on
image reconstruction techniques and the validation of imaging per-
formance on laboratory phantoms, including both homogeneous
and inhomogeneous subjects.

2. System implementation

The tomography system discussed here was developed for the
IMAGER project and is a 32-channel hard-field instrument, opti-
mised for in-cylinder application. A schematic representation of
the system is given in Fig. 1. It comprises an OPtical Access Layer
(OPAL), which defines the measurement beam layout within the
engine, and a rack-mounted opto-electronic measurement system.
The engine and OPAL combination was mounted on a dynamome-
ter and connected, via fibre optic links, to the measurement system,
located outside of the test cell.

2.1. Measurement system

To measure the path concentration integral (PCI) of the tar-
get species, the system implements a dual wavelength ratiometric
(DWR) transmission measurement, as discussed in [17]. For con-
venience, we restate here the expression for the PCI of a spatially
varying target-species concentration c, along a path of length L, in
terms of the incident and received light intensities, Io(A) and I())
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Fig. 1. Schematic overview of the IMAGER system; the OPAL is shown mounted on its transport plinth.

respectively, at two different wavelengths A:
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where k(1) is the wavelength-dependent absorption coefficient of
the species in the gas mixture, A; is selected to give measurable
absorption by the target species, and A, is a nearby reference wave-
length chosen for its low absorption by the target species and by
any other species in the gaseous mixture. The measurement sys-
tem employs two fibre-coupled laser sources, a 17700 nm device for
hydrocarbon (HC) sensing and a 1651 nm unit as a non-specifically
absorbed reference. Custom laser drive electronics (AOS Technol-
ogy Ltd., UK) provide temperature and current control. Each source
has a maximum output (in fibre) of 3 mW and can be directly mod-
ulated at up to 1 MHz. A 4-channel direct digital synthesis (DDS)
module provides modulation signals, at nominally 300 kHz and
500KkHz, to the laser drivers and phase shifted versions of these
same frequencies to the lock-in amplifiers used for signal recovery.
The DDS sub-system achieves high spectral purity (55 dBc SFDR),
necessary to suppress the detection of optical signals at harmon-
ics of the modulation frequencies, and allows software control of
the frequency, amplitude and phase of the modulation/reference
signals. The selected combination of modulation frequencies and
optical wavelengths is intended to maximise the efficacy of the
DWR approach, as described in [17]. An integrated wavelength divi-
sion multiplexing (WDM) fibre coupler and 1 x 32 splitter (Sifam
Fibre Optics, UK) connects the sources to the launch channels of
the OPAL, via single mode fibre links. All fibre joints within the
system either employ angled physical contact (APC) connectors or
are fusion spliced, to aid in the suppression of optical noise. The
design of the OPAL itself is discussed in the following section. Mul-
timode fibres couple the collected light from each receive channel
of the OPAL to a bank of 32 receivers, based on extended InGaAs
photodiodes (G8421, Hamamatsu Photonics). The receiver design
employed adds little excess noise (typically 3 dB) to the shot noise
of a full scale transmission signal, although its relative contribu-

tion will inevitably increase as fouling of the OPAL reduces the
collected signal power [20]. Each receiver feeds a pair of hybrid
lock-ins, which recover and sample the demodulated transmission
signal at each wavelength. The hybrid architecture offers adequate
performance for this measurement and was preferred to a directly
sampled approach on grounds of cost and power consumption. 12-
bit sampling is used to avoid unnecessary degradation of the signal
to noise ratio (SNR) of the transmission measurements. Centralised
control of analogue to digital converter timing allows essentially
simultaneous capture of all 64 measurements within each frame. A
high-speed digital data controller, based on a programmable logic
device, manages the transfer of data from each lock-in to a PC, via
a digital data acquisition card (PCI-6534, National Instruments),
as well as providing an interface for a rotary encoder, connected
to the engine crankshaft. Acquisition and data transfer take place
at a constant 10° frames per second. The system hardware and
data structures allow alternative modules to replace unused opti-
cal channels, e.g. to provide synchronous capture of data from an
in-cylinder pressure transducer, subject to a limit of 64 12-bit mea-
surements overall.

The use of a high sampling rate has significant advantages in
this application: (1) transient phenomena can be accurately mea-
sured as the system is not reliant upon averaging or accumulation
of data across cycles; (2) the significant degree of oversampling
allows post-processing to trade a reduction in effective sample rate
for increased precision; (3) the hardware anti-alias filter, preced-
ing the ADC, can have its cutoff located well above the (software)
filtering used to set the lock-in detection bandwidth, ensuring accu-
rately matched filtering of the data to be ratioed. These software
filters are typically 8th order Bessel responses of 17.5 kHz cutoff
frequency. The transmission value at each wavelength is then calcu-
lated by taking the mean of all samples within some specified crank
angle interval. This interval is usually chosen to be 3°CA, yielding 2R
frames per second, where R is the engine rotation rate in rpm. Both
the software filtering and averaging are performed offline, allowing
the same engine data to be analysed in several ways, e.g. at different
levels of angular resolution.
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Fig.2. (a) The OPAL during manufacture: fibre protection channels, coolant galleries and a fibre entry/exit port (upper right) are all clearly visible. (b) The 27 beam arrangement

implemented by the present OPAL.

2.2. OPAL

Collection of transmission data requires accurate and highly
stable positioning of the launch and receive optics within the com-
bustion chamber; acceptable beam alignment must be maintained
during rapid variations of both pressure (0-30bar) and tempera-
ture (—30 to more than +150 Celsius). This led the authors to adopt
arelatively thick (=5 mm) and rigid OPAL structure (Fig. 2(a)), very
different from the ‘optical gaskets’ that have been used in emission-
based studies (e.g. [8]). This structural independence allows the
beam grid to be developed, and indeed operated, wholly outside
of the engine, as described in [19]. The launch and acceptance
angles are controlled by collimation optics embedded within the
structure of the OPAL. This helps to ensure that the hard-field
assumption (whereby each measurement is influenced only by
material that lies along its geometrical beam path) remains valid,
even in the presence of moderate scattering. If the geometrical
beam arrangement implemented by the OPAL is to be successful,
its design must consider not only the opto-mechanical engineer-
ing problem but also the ultimate objective of tomographic image
reconstruction. This requirement is readily understood from a sig-
nal processing perspective as the beam layout adopted defines
the sampling of the Radon transform space. These issues are dis-
cussed in [19]. The resulting 27-beam arrangement (Fig. 2(b))
is highly optimised for the present engine. The OPAL replaces
the uppermost portion of the engine block, so as to maintain
the correct compression ratio, and includes all of the various oil
and coolant galleries present in the standard engine. The optical
fibres are located in protection channels within the OPAL, exit-
ing via two ports on its perimeter into protective sleeves. This
arrangement has proved robust; the current OPAL has endured
several hours of both fired and motored (engine rotated under
dynamometer control, without combustion) operation, at loads
and speeds from unloaded idling up to 8 bar brake mean effec-
tive pressure (BMEP) at 4000 rpm. Within this range, the sealing
integrity and thermal performance of the engine are not noticeably
impaired, in keeping with our general aim of minimal modifica-
tion of engine form and function. Inevitably, progressive fouling
of the lenses leads to attenuation of the optical signals. The time
taken for this to become significant depends markedly on the
running conditions but up to 1 h of fired operation has been pos-
sible before lens cleaning becomes essential. The OPAL has been
cleaned several times but the degradation of the optical signal
levels has been found to be only partially reversible. Again, the
extent of this depends on the running conditions but 3-6dB of

residual (post-cleaning) loss is typical following an hour of fired
operation.

3. Data collection and analysis

An extensive program of both fired and motored testing has been
undertaken, covering many load and speed combinations, but here
we focus on running conditions chosen to yield an approximately
known fuel distribution for validation purposes. Opportunities to
achieve such a condition in a production engine are very limited but
constitute an important step in extending what has been accom-
plished in laboratory phantoms [19] to the in-cylinder context.
The homogeneous case is uniquely well suited to this calibra-
tion/validation task; the homogeneity of the resulting images can
be quantified, the actual fuel concentration can to some extent
be estimated from the incoming mass flow rate, and direct com-
parisons with results from the homogeneous laboratory phantom
described in [19] are possible. All tests were carried out on an
advanced dynamometer facility that allowed both steady-state and
transient studies to be performed. Complementary measurements,
including cylinder pressure and exhaust gas analysis, were made
concurrently. All tests were performed on a 4-cylinder, in-line Ford
Duratec (New 14) engine with 2.0 L capacity (89 mm bore), naturally
aspirated, using port fuel injection. For the experiments reported
here, the engine was first run in steady state, with the coolant tem-
perature at typically 90 °C. The liquid fuel was injected onto the back
surfaces of the inlet valves during the exhaust stroke, to promote
rapid vaporisation. Inlet valve opening occurs at 5 °CA before top-
dead-centre (TDC) of the exhaust stroke (i.e. virtually at the start of
the induction stroke) and they remain open for 230°CA (i.e. signif-
icantly into the compression stroke). Under these conditions, it is
expected that, during the remainder of the compression stroke, the
fuel will be efficiently vaporised and distributed relatively homo-
geneously, thereby yielding a suitable subject for validation tests.
It should be noted that the engine selected is a current produc-
tion unit, which achieves stage IV emissions standards and has
been extensively developed for minimum engine-out HC emissions
whilst operating at an assumed homogeneous state in-cylinder at
stoichiometry. The example data presented here were collected
with the engine running at 1500 rpm and 1.5 bar BMEP load. All tests
were carried out using a standard commercial unleaded gasoline,
with no added dopants.

In common with other in-cylinder measurement techniques,
the raw data require considerable pre-processing prior to interpre-
tation. Following time-domain filtering, ratiometric transmission
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Fig. 3. Example of data after filtering, transformation to crank angle form and refer-
encing against a motored cycle. The data shown are taken from 8 successive cycles
of fired operation. TDC corresponds to 360°CA in these plots.

values (T1790/T1651) are calculated. These are then re-expressed as
a function of crank angle and averaged over typically 3 °CA blocks.
Next, a referencing procedure is applied in which comparison of
fired and motored cycles is used to suppress artefacts in the data
that are unrelated to the HC distribution, for instance those aris-
ing from pressure-induced deformation of the engine block. Fig. 3
shows ratiometric transmission data, collected from eight succes-
sive cycles of fired operation that have been processed in this
manner. Good repeatability is observed across all cycles. All eight
show a general decrease in the ratio value as TDCis approached, cor-
responding to the increase in the volumetric concentration of HC as
compression takes place. The magnitude of this change is broadly
what would be expected from the measured fuel consumption at
this engine speed and load, assuming an absorption coefficient
in the range 100-165Lmol-! m~!. Several features are evident
that may have been incorrectly categorised as measurement noise
were they not present in successive cycles, most obviously the
strong peak in the vicinity of 330°CA, underlining the value of
continuous imaging in this application. Significant cycle-to-cycle
variation remains, despite the applied referencing. The use of an
intra-cycle reference, e.g. scaling each cycle to achieve a ratio value
of unity at some arbitrary crank angle, has been investigated as a
means to reduce this variability but has proved difficult to apply in
practice and lacks the robust physical justification of our present
method. Instead, recent efforts have focused on selection of the
most appropriate motored reference data for a given dataset, to
ensure suppression of uncontrolled factors is maximised. A ‘skip-
motored’ strategy, in which short periods of fuel-free motoring are
interleaved into the data collection process, has been used to pro-
vide reference conditions in close temporal proximity to the fired
cycles being imaged. In keeping with our wish to achieve high
temporal resolution, very little filtering has been applied to these
data. The 3°CA averaging process is the dominant response and
has window length 0.33 ms at this engine speed. The typical SNR
of individual beam path data is therefore modest; around 40 dB
early in the OPAL's service life but falling over time as the fouling
of the lenses increases. This is much inferior to the laboratory per-
formance of the instrument (with an unused OPAL), where SNR'’s
on some channels exceed 55 dB, highlighting the difficulties of in-
cylinder studies. However, as will be seen below, the spatial filtering
introduced during the reconstruction process is sufficient to yield
useful imaging of the HC distribution from data of this quality.

Prior to image reconstruction, a qualification test was applied to
the ratiometric transmission data from each beam. Specifically, we
rejected beams that either retained more than 5% peak to peak noise
in the ratiometric transmission data after 3 °CA averaging or that
exhibited physically implausible behaviour, viz. ratiometric trans-
mission showing values above 1.005 or a significantly increasing
trend over the compression stroke as a whole. This prevents the
resulting image being impaired by the inclusion of poor quality
data, e.g. those with unacceptably low SNR due to heavily con-
taminated lenses. Therefore, in the images presented in this paper,
various subsets of the 27 available beams are used for reconstruc-
tion, so as to always use the best available combination of data. The
authors are unaware of previous use of this kind of dynamic selec-
tion concept in a tomographic system. In cases with an otherwise
regular sampling of the Radon transform space, such an approach
does limit the choice of reconstruction strategy to those methods
able to handle incomplete data. Here, however, we are already deal-
ing with an irregular distribution of measurements so the only
penalty associated with data selection of this kind is an increase
in the sparsity of sampling.

The tomographic images presented in Fig. 4 are obtained from
the preceding ratiometric data using the iterative median filtered
Landweber method described in [19]. Throughout this paper, we
present relative HC concentration distributions across the imaging
plane, which are also consistently scaled across crank angle. How-
ever, the difficulties of creating accurately known conditions within
the combustion chamber mean that we do not as yet consider
the technique proven to be fully quantitative within the engine
context. For calculation purposes, we assume that pressure and
temperature are constant across the measurement plane within a
given frame. The C-H combination/overtone band used in this work
exhibits far lower variation of absorption coefficient with pressure
(10k/0P] <11 Lmol~! m~1 bar~1) than would typically be expected
from a fundamental absorption line. This, along with the minimal
change of absorption coefficient with temperature, reduces the sig-
nificance of any departure from the above assumption. Within the
forward model, the absorption coefficient is taken as being inde-
pendent of temperature. The pressure value for a given frame is
calculated from the crank angle by reference to a lookup table
derived from 500-cycle averages of data from an in-cylinder pres-
sure sensor. A second lookup process then yields the appropriate
absorption coefficient at that pressure from a model fitted to the
data shown in Fig. 1 of [17]. This approach is appropriate for the
essentially steady-state running conditions described here but we
anticipate a need for simultaneous collection of transmission and
pressure data when studying some transient phenomena. To facil-
itate comparison, all of the images presented in this paper use
consistent reconstruction parameters (50 x 50 image space, 7 x 7
median filter, 0.01 relaxation parameter, 50 iterations), which have
been found to perform well for all available datasets, and use the
global scale shown in Fig. 5(e). Outside of a validation context, com-
putationally efficient initial conditions, e.g. the previous solution
(or a homogeneous distribution based on the mean thereof), are
likely to be preferred but here an initial zero HC distribution is
assumed in all cases, to preserve the temporal independence of suc-
cessive frames. Each row of Fig. 4 represents one of six consecutive
fired cycles. The images shown cover the period of the compression
stroke between 150°CA and 30°CA before TDC at intervals of 30°
of crank angle. All images in Fig. 4 are obtained using data from
a 15-beam subset of the full measurement grid (Fig. 5(a)). The 15
beams selected were those meeting the data quality requirements
throughout all six cycles. Each cycle shows a similar development
of spatial fuel distribution with crank angle, despite the previ-
ously mentioned variability in the underlying single-beam data.
The aggregation of information and spatial filtering that take place
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Fig.4. Sequence of images reconstructed from data collected on an engine running at 1500 rpm and 1.5 bar BMEP load. Under these conditions the fuel distribution is expected
to be homogeneous. Each row represents one of six successive fired cycles, over the period between 150°CA and 30°CA before TDC, at intervals of 30° of crank angle. An
identical 15-beam subset of the OPAL’s measurement paths, consisting of only those beams meeting the quality criteria across all six cycles, is used throughout, to maximise

comparability both within and between cycles.

within the reconstruction process results in a remarkably consis-
tent interpretation of the measurement data. It is apparent that
the reconstructed estimate of the HC distribution is quite homo-
geneous, as is expected under these running conditions, and that
the HC absorption increases sharply as the piston approaches TDC,
corresponding to the rise in the volumetric concentration of the
HC vapour. The authors believe that the apparently low HC con-
centration in the uppermost portion of each image is an artefact
caused by the lack of measurement data in this region. This part
of the engine block offers limited scope for the mounting of col-
limators, due to the proximity of the adjacent cylinder and, in
Fig. 4, this problem was exacerbated by the loss of some beams
due to lens fouling. Reconstructions of data derived from simulated

homogeneous HC distributions exhibit similar features when the
same 15-beam subset is used (Fig. 5(b)). For comparison, Fig. 5 also
shows reconstructions of the same simulated homogeneous dis-
tribution using the 21-beam subset referred to in Fig. 6 and for
the full 27-beam case. These three reconstructions use an absorp-
tion coefficient value of 107 Lmol~! m~1, to allow comparison with
experimental data 30° before TDC. Even when using such accu-
rate and noiseless simulated data, the 27-beam arrangement only
achieves modest spatial uniformity (£11% peak to peak, S.D.=7%),
placing an upper bound on the attainable imaging performance
and emphasising the underdetermined nature of the problem. A
significant increase in the number of beams is unlikely with cur-
rent technologies (the 27-beam arrangement allows only 5.2 mm
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Fig. 5. Artefact generation during reconstruction of simulated homogeneous distributions due to limited beam coverage: (a) 15-beam subset used in Figs. 4 and 7; (b) image
reconstructed from 15-beam subset; (c) 21-beam subset used in Fig. 6; (d) image reconstructed from 21-beam subset; (e) global colour scale used for all images in this paper
(arbitrary units); (f) image reconstructed from full 27-beam data. All images use an absorption coefficient of 107 Lmol-! m~! to allow comparison with the 30°CA before

TDC experimental images.

of cylinder wall per collimator on average, inclusive of the space
needed for alignment) so this underdetermined situation should, at
present, be considered as characteristic of the application. Despite
evident differences between the three images considered in Fig. 5,
the mean pixel value in each case is relatively stable, falling by
around 1.5% in moving from 27 to 21 beams and by around 11%
for the 27- to 15-beam case. Qualitatively, the existence of similar
features in reconstructions of experimental and simulated data for
each given beam subset supports the view that many are artefactual
in nature. Strong similarities are also evident in the statistical prop-
erties of corresponding experimental and simulated data images
(the standard deviation of the final image in the first row of Fig. 4
is almost identical to that of Fig. 5(b)) but a marked reduction in
spread is associated with increasing the number of beams. The
normalised root-mean-square difference between 15-beam recon-
structions of experimental and simulated data is typically 18%,
falling to around 12% in the 21-beam case. Image reconstruction
apart, it should be recognised that the system delivers up to 27

individual in-cylinder path transmission measurements that can
be used directly, e.g. in the validation of CFD modeling results.

The loss of any valid data is clearly undesirable, as evidenced
by Fig. 5. The approach used for the generation of Fig. 4, in which
a beam is disqualified globally for breaching the validity criteria
within any cycle, allows the most direct inter-cycle comparison to
be made. It is, however, rather wasteful of data; a slightly different
approach to dynamic data selection is sometimes advantageous.
The engine cycle depicted in the first row of Fig. 4 was actually found
to have 21 beams satisfying the criteria when considered in isola-
tion. Inclusion of the data from the six beams previously rejected
yields a reconstructed fuel distribution much closer to the expected
homogeneous behaviour (Fig. 6). By evaluating the validity of each
beam on a per cycle basis, we are able to retain a higher proportion
of beams and thus achieve better reconstruction accuracy, albeit
from a constantly varying subset of beams.

Fig. 7, generated using the same 15-beam subset as Fig. 4, high-
lights the importance of temporal resolution in this application. The

0066

120

Crank angle (degrees before top dead centre)

Fig. 6. The benefits of fully dynamic data selection. Images corresponding to the first row of Fig. 4 generated using the 21-beam subset resulting from data selection on a
cycle-by-cycle basis. The images are significantly closer to the expected homogeneous result than those in Fig. 4, as would be expected from the relative performance of the

two subsets during reconstruction of simulated data.
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Fig. 7. Five images showing rapid changes in the period from 42° to 30° before TDC at intervals of 3° of crank angle (1500 rpm/1.5 bar BMEP load) obtained using the same

15-beam subset as Fig. 4.

five images span the range of crank angle from 42°CA to 30°CA
before TDC, in 3 °CA (0.33 ms) increments (the final frame coin-
cides with that shown at the top right of Fig. 4). Even on this
relatively fine scale, very significant changes take place between
frames. A progressive and rapid increase in HC concentration is evi-
dent, particularly as TDC is approached. It should be stressed that
the relatively smooth frame-to-frame progression seen here is not
the result of applied temporal filtering; each frame is the product
of temporally independent measurement data and reconstruction.

4. Conclusion

We have described the first application of CST to the imag-
ing of HC distributions within a multi-cylinder engine. Despite
the low spatial resolution that inevitably results from the limited
number of beam paths that can be accommodated, it has proved
possible to obtain images that exhibit spatial and temporal charac-
teristics in line with the expected behaviour of the engine, under
the selected running conditions. At present, only relative distribu-
tions are claimed, due to the lack of sufficient opportunities for
quantitative validation within the engine, but the use of a pressure-
dependent absorption coefficient does, in principle, allow direct
comparison of frames across crank angle.

The temporal resolution is extremely good, offering access to
sub-cycle phenomena within the combustion chamber, with imag-
ing rates well above the present 120 frames per engine revolution
being possible if required. The system’s continuous imaging capa-
bility is highly relevant in the investigation of non-repetitive events,
such as cold starting and pre-ignition. Although recent advances in
PLIF [21] have provided a continuous imaging capability, its exten-
sive optical access requirement is still a severe limitation in respect
of standard, multi-cylinder engines. We therefore continue to con-
sider the two techniques as highly complementary. Improvements
made in this second generation system, relative to that reported
in [4], have enhanced the validity of the dual-wavelength ratio-
metric approach and have allowed adequate SNR to be maintained,
despite increases in both bandwidth and source modulation fre-
quency. The system is therefore well placed to address emerging
trends in engine design, particularly gasoline direct injection (GDI).
It is anticipated that recent advances in fibre laser and amplifier
technology will increase the available optical power in the near
future, bringing about further SNR improvement.

The OPAL concept has been largely successful in respect of seal-
ing, thermal performance, mechanical integrity and operability
both within and outside of the engine; we recommend the approach
to others seeking multipoint access to the combustion chamber or
similar environments. The ‘minimally invasive’ nature of the opti-
cal access is an important feature of our technique as it helps to
ensure that the measurement itself does not change the behaviour
of the engine. Larger scale optical access inevitably affects the
thermal characteristics of the engine, and is extremely difficult to

achieve in a multi-cylinder engine. CST has unique potential to be
applied at several stages within an engine’s development, starting
with flow bench studies and culminating in performance valida-
tion of the final engine. It is hoped that this will enhance links
between research studies, e.g. those carried out in single-cylinder
‘glass-walled’ engines, and practical vehicle implementations using
multi-cylinder engines.

The production of the OPAL was a significant optical and
mechanical engineering challenge. Perhaps inevitably for the first
iteration of such a complex construction, the result is imperfect;
some beam paths suffered from slight alignment shifts during man-
ufacture, resulting in increased insertion loss. Overall, though, its
performance has been adequate, allowing the use of between 23
and 26 beam paths during laboratory tests on propane plumes [19]
and, even after a substantial period of fired operation in the engine,
15 beams retained sufficient SNR over several consecutive cycles
to be used within this validation study. An even higher propor-
tion of beams is available if dynamic data selection is performed
on a cycle by cycle basis. No outright beam failures occurred over a
substantial period of fired running (>2 h), despite operation over a
wider range of loads and speeds than would have been possible in
a ‘glass-walled’ engine.

Considerable effort was necessary to establish both the
pre-processing of the beam path data and the subsequent recon-
struction procedure for the present application. Uncontrolled
factors will always be present so the development of effective
methods for dealing with their influence on the measurement data
was essential. Various approaches to referencing were evaluated,
leading us to select comparison of fired versus motored cycles, in
preference to intra-cycle referencing. Optimisation of the image
reconstruction parameters has also been carried out; the labora-
tory test data were found to converge readily [19] but data obtained
from the combustion chamber still require considerable user skill
in both data selection and reconstruction if reliable images are to
be obtained.

Unsurprisingly, for such an underdetermined problem, the accu-
racy of the image reconstruction is limited. Comparison with results
obtained from simulated measurement data has proved useful in
understanding the limitations of the reconstruction process, par-
ticularly in respect of image artefacts. Departure from the expected
homogeneous validation condition has been found to be very simi-
lar to that obtainable using noise-free simulated data. Similar image
artefacts are present in the measured and simulated cases, with
evident dependence upon the beam subset selected. The various
trials that preceded the collection of the validation data considered
here were essential in the development of the skip-motoring and
referencing strategies. However, in future studies, the lack of such
preliminary activities will allow data collection earlier in the ser-
vice life of the OPAL, providing higher SNR on the majority of beams
and more serviceable beams overall, allowing the full performance
potential of a new OPAL to be realised.
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In conclusion, viable solutions have been developed in the key
areas of optical access to the combustion chamber, high-speed DWR
transmission measurement, and the reconstruction of the resulting
irregular and sparse datasets, together enabling a demonstration of
CST within a minimally modified multi-cylinder engine. The calcu-
lated spatial distributions are consistent with expectation, within
limits imposed by the extremely underdetermined nature of the
measurement, and the inherently high temporal resolution offers
an arguably unique insight into the behaviour of the HC fuel within
a multi-cylinder engine.
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