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Abstract

In-cylinder temperatures and their cyclic variations strongly influence
many aspects of internal combustion engine operation, from chemical
reaction rates determining the production of NOx and particulate
matter to the tendency for auto-ignition leading to knock in spark
ignition engines. Spatially resolved measurements of temperature can
provide insights into such processes and enable validation of
Computational Fluid Dynamics simulations used to model engine
performance and guide engine design.

This work uses a combination of Two-Colour Planar Laser Induced
Fluorescence (TC-PLIF) and Laser Induced Grating Spectroscopy
(LIGS) to measure the in-cylinder temperature distributions of a
firing optically accessible spark ignition engine. TC-PLIF performs
2-D temperature measurements using fluorescence emission in two
different wavelength bands but requires calibration under conditions
of known temperature, pressure and composition. Here the TC-PLIF
technique is calibrated in-situ using high precision (<1%) LIGS point
measurements.

Temperature distributions were recorded during the compression
stroke for fired operation with Direct Injection and with Plenum Fuel
Injection of three two-component fuels containing toluene and iso-
octane. Temperature inhomogeneity was observed for all fuels and
injection strategies, with mm-scale regions having temperatures up to
10% higher than the local environment. Charge cooling of 3% due to
direct injection was resolved.

Proper Orthogonal Decomposition (POD) was used to quantify the
cycle-to-cycle variation of the temperature data. Low-order POD
modes featured most of the cyclic variation in temperature and the
corresponding mode coefficients were used to investigate correlations
with combustion analysis, fuel injection strategies and toluene
content of the fuel. Additionally, the low-order POD mode
coefficients provided an opportunity to identify cycles containing
local hotspots or outlier measurements.

Introduction

Fuel economy and emissions are key targets in engine design, leading
to the current trend of high compression ratios, downsizing and
boosting aimed at improving efficiency in spark ignition engines
[1,2].
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The higher pressures and temperatures involved in such operating
conditions lead to an increased tendency for auto-ignition of the end-
gas to occur before the spark-induced flame propagates through the
entire cylinder, resulting in engine knock and limiting the
optimization of spark ignition engine operation [3, 4]. To protect the
engine components from damage caused by knocking combustion,
aside from using fuels with a high octane index which are more
resistant to auto-ignition [5], various methods are typically employed
to reduce the temperature and pressure of the end gas including:
retarding the spark timing [6], utilizing the charge cooling effect of
direct injection [7], reducing the effective compression ratio through
variable valve operation [8], or introducing exhaust gas recirculation

9.

In addition to the compromises involved in avoiding knock during
idealized engine operation, the cyclic variability of engine
combustion results in engine designs incorporating a safety margin
with an associated further reduction in efficiency. Improved
knowledge of the cycle-to-cycle variations can provide valuable
insights, with the aim of designing engines to be reliably operated
closer to knock-limited conditions.

Optical techniques for spatially and temporally resolved in-cylinder
temperature measurements provide a non-intrusive opportunity to
investigate the cyclic variations in the temperature distributions
across the cylinder [10-13]. Regions of increased local temperature,
of the order of 10 K higher than the bulk gas, may have the potential
to trigger auto-ignition events when running close to knocking
conditions [14, 15], and localized hot spots with temperatures 5%
higher than the bulk gas have been found to be correlated with knock
[16].

In this work, cycle-to-cycle variations of the in-cylinder temperature
field during fired operation of a spark ignition engine are analysed
using Proper Orthogonal Decomposition (POD). The novel
combination of the two optical diagnostic techniques: Two-colour
Planar Laser Induced Fluorescence (TC-PLIF) and Laser Induced
Grating Spectroscopy (LIGS) introduced previously [17] provides in-
situ calibrated, spatially resolved temperature measurements of the
unburned gas during the compression stroke.

Optical diagnostics

Planar Laser-Induced Fluorescence (PLIF) using tracer molecules
added to or present in fuel is a widely used technique to perform in-
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cylinder temperature measurements across a plane [18]. The
requirement common to tracer based PLIF techniques which rely on
the temperature dependence of either the emission spectrum [19-23]
or absorption spectrum [24-26] of the tracer species is the need to
calibrate the relationship between the experimental signals and
temperature. While toluene, acetone and 3-pentanone have been well-
studied in conditions relevant to IC engines [27-31] accurate
temperature measurements require the chosen PLIF technique to be
calibrated empirically.

This is typically achieved either by comparison to measurements
obtained under known conditions of temperature, composition and
pressure [21, 32, 33] or by calibrating a region of the PLIF images to
the polytropic compression temperature [23]. Any differences
between the calibration and measurement environments or
uncertainties in the assumptions of the calibration will translate into
uncertainty in the derived temperatures. This is of particular
importance to fired engine measurements where the presence of hot
combustion products in the residual exhaust gas complicates the
compositional assumptions of the calibration.

Performing simultaneous measurements with an independent
thermometry technique, at a location within the PLIF measurement
plane, allows the PLIF technique to be calibrated in-situ under
conditions identical to the measurement by definition. In-cylinder
conditions are often varied throughout a set of experimental runs.
Simultaneous measurements with both techniques provide an
opportunity for updating the calibration for each condition and for
independently validating features within temperature fields identified
by PLIF.

Selection of LIGS as the optical technique to provide in-situ
calibration was based on the requirements of a temporally and
spatially resolved measurement while maximizing the robustness and
precision of the temperature measurements used for calibration.

Tunable Diode Laser Absorption Spectroscopy (TDLAS) can be
readily applied to target typical combustion products (H20, CO2, CO,
NO, OH) [34], and is suited for in-cylinder thermometry [35].
However as a path-integrated technique, TDLAS will provide a
nonlinearly averaged temperature along the beam path, rather than
the temperature at a specific location within the TC-PLIF
measurement plane as required for calibration.

The rotational variant of Coherent Anti-Stokes Raman Scattering
(CARS) is a four wave mixing technique using the rotational energy
levels of the target species to provide measurements suited to in-
cylinder thermometry [36]. Fitting a theoretical spectrum to the
spectrally resolved signal beam is affected by intensity fluctuations in
spectral intensity of the broadband Stokes beam, and in scattered and
background light resulting in single-shot precisions of a few percent
[37-42].

Laser-Induced Grating Spectroscopy (LIGS) [43], provides a
temperature measurement at a point and is capable of very high
precisions in the range 0.1 — 1% [44]. Key to its suitability for engine
applications is that temperature is derived from the signal’s
oscillation frequency, resulting in high precision and robustness
against signal intensity fluctuations, and that the precision of the
measurement improves with increasing pressure. LIGS may be
performed using non-resonant pump beams to generate an
electrostrictive grating [45, 46], enabling tracer-free measurements in
air [47] and under optimal conditions achieves an accuracy of <1%
with a precision of 0.5% [48]. In this work, the ready availability of
toluene as a component of the fuel enables the use of resonant
absorption of the pump beams to generate a thermal grating [49-52].
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For high pressures (40 bar) and low temperatures (< 400 K) this has
been shown to achieve an accuracy of 0.42% with a precision of
0.16% [53].

Two-Colour Planar Laser-Induced Fluorescence (TC-
PLIF)

For one-colour detection involving a single excitation sheet and
camera, the detected PLIF fluorescence signal, S, in photons per pixel
is given by,

E )
S= vantrad)gnopt (1)

which is dependent on: the excitation laser sheet’s energy per volume
via its fluence, E, frequency, v, and Planck’s constant, h; the tracer
species’ number density, ny, absorption cross-section, 4, and
fluorescence quantum yield, ¢; and the imaging geometry via the
excitation volume imaged onto one pixel, Vp, the solid angle
subtended by the collection optics, £, and the transmission efficiency
of the collection optics, #opt, [26, 54].

The laser sheet energy, absorption cross section and tracer number
density may all vary as a function of position within the measurement
plane. These parameters must therefore be corrected for in derivation
of temperature from one-colour detection PLIF images.

Two-Colour detection PLIF (TC-PLIF) utilises the temperature
dependence of the tracer species’ emission spectrum to provide a
measurement independent of these potentially unknown experimental
parameters. This is achieved by imaging the fluorescence emission in
two spectral windows, 41, and 41,, and forming a signal ratio to
cancel identical contributions to each signal, S; and S,

S $p(4A,T) @
S; (41, T)

where C is a calibration factor and T is temperature. As compared
and experimentally verified in [19], under well characterised
conditions one-colour detection PLIF provides higher sensitivity due
to the larger absolute change in S compared to the ratio S, /S, and
higher precision due to the low signal intensities of TC-PLIF as a
direct result of discarding fluorescence emission outside of the two
spectral windows. However, for fired engine experiments the
independence of spatial variations in composition of the TC-PLIF
technique is invaluable and hence TC-PLIF is used in this work.

Two-line excitation PLIF follows a similar methodology to the signal
ratio of TC-PLIF by using two sequential laser sheets to excite the
absorption spectrum at different wavelengths. This results in higher
signal intensities than TC-PLIF but requires two excitation lasers and
retains the dependence on laser sheet energy and absorption cross-
section as a function of position. Accounting for such effects via the
use of beam homogenizers to minimize spatial variations in laser
sheet intensity [55] and careful calibration over wide pressure,
temperature and composition ranges can result in high quality
temperature measurements for fired engine operation [33].

Laser Induced Grating Spectroscopy (LIGS)

In-depth theoretical discussions of LIGS grating formation [49-52]
and its application for measurements in combustion relevant
environments including flames [56-59], IC engines [44, 60], flash-
boiling sprays [61], shock tubes [62], and rapid compression
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machines [63] are available in the literature. A brief description of the
LIGS technique is provided here for the convenience of the reader.

LIGS thermometry directly measures the speed of sound in a gas,
which can be used to derive temperature when combined with an
equation of state and knowledge of the local gas composition.

A pair of pulsed pump beams are crossed at the measurement
location to form an interference pattern of bright and dark fringes
with a fixed spacing, A. This leads to the creation of an oscillating
density perturbation, the LIGS grating, formed from a combination of
a ‘thermal’ component and an ‘acoustic’ component.

Resonant absorption of light by tracer molecules within the ‘bright’
planes perturbs the local temperature of the bulk gas via collisional
quenching. This leads to the formation of a periodic ‘thermal’ density
perturbation with low densities within the ‘bright’ planes.

The rapid deposition of energy by the short duration pump laser
pulses (<10 ns) leads to pressure rises within the ‘bright” planes. The
resulting acoustic waves travel across the thermal grating at the local
sound speed, ¢s, modifying the periodic density perturbation with an
oscillation frequency, fosc, given by,

Cs
Jose = Z (3)

A probe beam of wavelength 4,5, incident on the grating at the
Bragg-scattering angle, ¢z,

¢p = an-1<%%§§f) 4)

will be coherently scattered with an efficiency depending on the
magnitude of the LIGS grating’s density perturbation, and is used to
readout the temporal evolution of the grating. The intensity of this
coherent signal beam decays over time due to diffusion of the gas
molecules, and viscous damping leading to the dissipation of the
thermal grating and acoustic wave amplitudes respectively [Figure 1].

——1 bar
— 1.7 bar

Normalised signal
intensity [arb. units]

0 20 40 60 80 100 120 140 160 180
Time [ns]
Figure 1  Example single-shot LIGS signals recorded in a static cell
displaying the characteristic oscillations from which temperature is derived,
along with the decay of the signal and damping of the oscillations over time.
The increase in signal lifetime with increasing pressure enables the oscillation
frequency and hence temperature to be determined with higher precision.

For the case of an ideal gas, the sound speed cs

o= [l (5)
m

is related to temperature, T, by Boltzmann’s constant, ks, and the
local composition of the gas encoded by the mean molecular mass, m,
and the ratio of specific heats at constant pressure to constant volume,
y. The local temperature may then be derived from the measurement
of the oscillation frequency via Fourier transform of the signal,
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Under the conditions of this work, the dominant contribution to the
uncertainty of the LIGS temperature measurements of 1.3% is due to
the upper limit of 23% variability in local fuel concentration
determined in previous work [64] via the variation in the ratio of

m/y.
Proper Orthogonal Decomposition (POD)

Proper orthogonal decomposition (POD) was introduced by Lumley
[65] into the field of fluid mechanics as an alternative method to
analyse turbulent flows. The technique was first used to identify
organised bulk motion (also known as coherent structure) and to
obtain lower-dimensional models of simple-geometry classical
turbulent flow fields, such as flows in a channel [66] and over a flat
plate [67], before its subsequent implementation on engine in-
cylinder flow fields in which the geometry is much more
complicated. The coherent structures of in-cylinder flows are used to
explain larger scale flow variations between engine cycles (i.e.,
cycle-to-cycle variation) [68, 69], as opposed to the remaining flow
structures (residues) which are regarded as either smaller scale
turbulence within the flow fields [70, 71], or noise present in
experimental measurements [72].

In addition to vectorial data, POD can also be implemented on scalar
fields that are relevant to engine in-cylinder conditions. Bizon et al.
[73] applied POD to combustion flame luminosity data and identified
that the fluctuations are mostly concentrated on the border and the
two ends of the jet flames. Chen et al. [74] examined fuel spray
patterns using POD and found that the patterns are deflected by
intake charge motion. The studies on cyclic variation of in-cylinder
temperature data, however, are limited.

Proper orthogonal decomposition is a variant of principle component
analysis (PCA) [75], and thus has its roots in the fields of
optimization and multivariate statistics. When an ensemble of
samples is considered as a multivariate data set (with the scalar or
vector data on individual grid points being the random variables), the
result of the POD analysis of the ensemble is a series of patterns
(known as POD modes) that successively maximize the sample
variance. It is on the basis of this property of optimality that the first
several (lower) POD modes are identified as the coherent structures
dominating the fields within the ensemble.

Apparatus and experimental procedure
Optical engine

The DISI single-cylinder optical engine used in this work has a
combustion chamber based on the Jaguar Land Rover AJ133 engine
[76]. Two fuel injectors, one mounted centrally in the pent-roof of the
cylinder and one mounted in the far end of the intake plenum from
the intake ports, allowed for both Direct Injection (GDI) and Plenum
Fuel Injection (PFI) injection strategies to be investigated. Three two-
component fuels were investigated with varying proportions of
toluene, the target species for the TC-PLIF and LIGS techniques, and
iso-octane, a non-fluorescing base component. The compositions of
the three fuels and the nomenclature used to refer the combination of
fuel and injection strategy throughout this paper are detailed in Table
1. Injection durations were selected to ensure stoichiometric fired
operation.
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Table1  Fuel compositions and nomenclature

Fuel composition (% by volume)

10% toluene 30% toluene  50% toluene
90% iso-octane 70% iso-octane 50% iso-octane

Injection PFI PFI-10 PFI-30 PFI-50
stratedy  GDI | GDI-10 GDI-30 GDI-50

Optical access is provided by four 16 mm clear aperture windows
equally spaced around the top of the cylinder and a 60 mm diameter
piston crown window in combination with a 45-degree mirror within
a Bowditch extended piston.

Data acquisition and timing of injection and ignition events were
controlled using a LabVIEW program. Synchronisation of the laser
and camera triggers for the PLIF and LIGS techniques was achieved
using a BNC-575 pulse generator. Intake air temperature and flow
rate, along with coolant temperature were controlled to the values in
Table 2. For fired operation the presence of exhaust residuals,
approximately 13%, was defined by the valve timing as exhaust gas
recirculation was not implemented.

Table 2 Engine specifications and operating conditions

Bore x Stroke 89 x 90.3 mm
Displacement 562 cm?®
Valves per Cylinder 2 intake, 2 exhaust
Compression Ratio 11.1
Fuel Pressure (GDI) 150 bar
Injector (GDI) Bosch Multi-hole Nozzle
Fuel Pressure (PFI) 3.5 bar

. IVO 34, IVC 242,
Valve Timing (°CA aTDC) EVO 475, EVC 5
Start of Injection (PFl and GDI) = 280° bTDC
Start of Ignition 35°bTDC
Engine speed 1185 rpm
Intake air pressure 0.4 bar
Intake air flow rate 1.78 £0.02 L/s
Intake air temperature 313K
Coolant temperature 293 K
Lambda 1.00 £0.01

In-cylinder pressure measurements were recorded by a water-cooled
Kistler 6041A pressure transducer at a resolution of 1°CA. These
were recorded using a National Instruments PCI-M10-16E-1 card.
The measurements were pegged to the value of the inlet manifold
pressure during a suitable point in the intake stroke. Pressure
measurements were recorded for around 1000 cycles so that pressure
data is available for every cycle, including those when no TC-PLIF
measurement was taken.

From the pressure trace, the net IMEP and mass fraction burnt (MFB)
profiles are calculated, using the standard Rassweiler and Withrow
method, from which combustion duration and timing metrics were
found. In this paper, CA10, CA50, CA80 and CA90 are assessed,
which are the crank angle for 0-10%, 0-50%, 0-80% and 0-90% of
mass fraction burnt, respectively. The value of polytropic index was
calculated from the compression stroke pressure trace.
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Optical layout

A detailed description of the optical layout of the combination of TC-
PLIF and LIGS optical diagnostic techniques is available in [17]; a
brief summary is also provided here.

The 266 nm pulsed excitation sheet for the TC-PLIF technique is
introduced into the cylinder through the flat piston crown window
and illuminates a 1 mm thick section of the tumble plane containing
the cylinder axis [Figure 2], exciting the toluene molecules present in
the fuel. The resulting fluorescence emission is imaged through the
16 mm aperture windows via a dichroic mirror (edge wavelength 310
nm) onto a pair of intensified cameras (Princeton Instruments ICCDs:
576 G/RB and 512T), with a longpass (>310 nm) and bandpass (270
— 290 nm) filter respectively to provide the two images of
fluorescence from different spectral regions required for TC-PLIF
measurement of temperature.

Figure 2 Elevation view of the optical measurement geometry within the
central tumble plane. The TC-PLIF measurement region, approximately 9 mm
x 10 mm and highlighted in dark blue, is located in the centre of the cylinder
with the excitation sheet entering from below through the piston crown
window via a Bowditch extended piston. The LIGS measurement region,
transverse dimensions of 1 mm and longitudinal dimension of < 10 mm,
intersects the TC-PLIF measurement plane as shown by the false-colour
image within the TC-PLIF region.

The two pulsed 266 nm excitation beams and continuous 671 nm
probe beam for the LIGS technique were crossed at an angle of 2.5°
in the centre of the cylinder via the opposing 16 mm aperture
windows on the exhaust and inlet sides of the cylinder. This resulted
in the long axis of the LIGS measurement volume (< 10 mm) being
aligned within the TC-PLIF measurement plane, with shorter
transverse axes of 1 mm [Figure 2]. The LIGS measurements are
subsequently used to provide a calibration at a point within the planar
TC-PLIF temperature fields. Each LIGS temperature measurement
occurs within 300 ns of the corresponding TC-PLIF measurement
and can be considered simultaneous on the timescale of in-cylinder
flows.

The maximum frame rate of the intensified cameras used in this work
limited the measurement frequency to approximately 1 Hz, resulting
in one temperature measurement for every 10 cycles at 1185 rpm.
Towards the end of the compression stroke the flat-top piston rises to
cover the optical windows at the top of the cylinder restricting the
latest possible measurement timing to 50°CA bTDC.

Cycle-to-cycle variation analysis methodology

Spearman’s Ranked Correlation Coefficient and Test of
Significance

Given two parameters x and y, their Spearman’s ranked correlation
coefficient (denoted by R) is defined by [77]:
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where Cov(:,-) denotes the covariance, SD refers to standard

deviation, x* and y* are the ranks L of x and y, respectively. Its value
ranges from 0 (no correlation between the two parameters) to 1
(exact correlation).

A two-sided test is implemented to test the null hypothesis of no
correlation against the alternative of non-zero correlation [77]. Small
p value obtained by the test would reject the null hypothesis, and
shows that the two parameters have significant correlation (i.e., Rs is
significantly far away from zero).

Proper Orthogonal Decomposition

In this paper, the proper orthogonal decomposition is performed on
data sets consisting of N fluctuating temperature fields (denoted by
T,,n = 1,2, ..., N) that were obtained by centring the original
temperature measurements (denoted by T;,) around the spatial
average of each cycle:

o~ =

T,=T,—

: zL: Tn,l: (8)
=1

where T, is the temperature at location [ within measurement n.
Each measurement corresponds to the calibrated pixel-wise signal
ratio of two ICCD images, hence each T,, contains temperature
values, T;, ;, at L locations under the same engine operation condition
(i.e., the same fuel injection strategy and toluene level).

The POD modes and coefficients can be computed by directly
performing singular value decomposition (SVD) of the fluctuating
temperature fields, in which the procedure is presented in the
appendix. Each fluctuating temperature field can therefore be
represented by a linear combination of M POD modes (denote ¢ ™,
m=12,..,M):

M
T, = Z pm . Cr(Lm)' (9)

m=1

where C,(lm) denotes the mode m coefficient of Cycle n. The
decomposition has two properties. For one, the POD modes are
normalized and orthogonal to each other, i.e., ¢ - pU) = d;;, where
d;; is the Kronecker delta. For the other, the sum of squared
coefficients over cycles is successively maximized, i.e.,

max{z (C,(lm))z}, (10)

n=1

from the first mode to the last (mode M). Moreover, the SVD process
gives ranked singular values (g; = 0, = --- = g), and the squares
of them (c2) are eigenvalues (A,,,) of a covariance matrix S = TT",
whose eigenvectors are exactly the POD modes. Therefore, the

! Suppose x has 100 samples, the rank of x is found by sorting x,
say, from the smallest to the highest. The rank of the smallest value is
1, and the rank of the highest value is then 100.
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eigenvalues quantify the amount of variation captured by each mode,
and lower-order POD modes feature the major variation within the
temperature field since they have larger eigenvalues.

Relevance Index

The relevance index [78] quantifies the similarity between two fields
a and b:

a-b

Rl = ———,
llall - 151l

(1)

where a - b denotes the inner product of any two fields a and b, and
[IIl is the L? norm. The fields can either be temperature fields or POD
modes. The absolute value of the relevance index (relevance index
magnitude) is equal to 1 if the two fields are linear multiples of each
other (most similar), and is equal to 0 if the two fields are
independent (least similar).

Experimental results

LIGS and TC-PLIF temperature measurements

This section firstly presents the in-cylinder temperature fields derived
from TC-PLIF measurements, calibrated in-situ using LIGS for fired
operation, and discusses the validation of the measured temperature
inhomogeneities. Secondly, in-cylinder pressure measurements are
used to analyse the combustion variability of each test condition.
Finally, Proper Orthogonal Decomposition is used to identify outlier
cycles and to investigate correlation between the spatial distribution
of optically-measured temperatures and the pressure-derived
combustion parameters.

Motored operation

Simultaneous LIGS and TC-PLIF measurements were performed
once every 10 cycles in increments of 10°CA from 90°CA to 50°CA
bTDC during the compression stroke. An early injection timing of
280°CA bTDC for both GDI and PFI was selected to minimize piston
wetting for GDI operation. While tracer homogeneity is not required
for the TC-PLIF technique, this condition has previously been shown
to produce a spatially homogeneous fuel-air mixture [64] which
minimizes the main source of uncertainty of the LIGS technique in
this application, the local mixture composition [44]. Image
corrections for the TC-PLIF imaging system, including accounting
for the dependency of the dichroic mirror’s transmission spectrum on
incidence angle, were determined at 90°CA bTDC under the
assumption of a homogenous temperature field in the centre of the
cylinder at this condition. For a detailed discussion of image
processing for PLIF thermometry, including dichroic filter effects,
the reader is referred to [19]. Mean LIGS temperatures from 20
measurements at each crank angle increment were used to provide in-
situ calibration of the TC-PLIF temperature fields for each dataset.

Initial measurements for motored operation found the temperature
fields to be spatially homogeneous with small scale fluctuations of
0.2 mm, matching the size of the 7 pixel FWHM smoothing Gaussian
filter applied to the raw images. These fluctuations can be attributed
to noise present in the images due to the combination of the low
signal intensities in each spectral window characteristic of TC-PLIF
and intensifier gain, resulting in a pixel-wise temperature uncertainty
of 4% for PFI-30 operation [Figure 3].
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Figure 3 Motored single-shot TC-PLIF temperature distributions calibrated
in-situ with LIGS for the PFI-30 fuel condition. Each temperature field is an
example taken from a subset of 20 measurements performed from 90°CA to
50°CA bTDC in increments of 10°CA.

Fired operation

Operation of the optical engine under firing conditions for an
extended period of time caused the piston rings to overheat and
increased the likelihood of damaging the optical windows. It was
therefore not practical to allow the engine to reach a stable firing
operating condition, as defined by a constant exhaust temperature. In
order to minimize the deviation from realistic operating conditions,
the engine was not skip-fired. Instead, fired operation was limited to
two-minute durations, with each optical measurement set of 100
simultaneous TC-PLIF and LIGS measurements recorded at 1 Hz
after a 20 second initial warmup period, during which the measured
lambda value stabilized to 1.00 + 0.01. Between each measurement
set, the engine was motored to return to a consistent initial
temperature.
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Figure 4  LIGS temperatures measurements at 50°CA bTDC for fired
operation with PFI-30 and GDI-30, recorded during the 100-second TC-PLIF
measurement period. Datasets from two repeats of each injection condition are
shown. The 100 measurements of each dataset have been averaged in 5 groups
of 20 sequential measurements, with errorbars representing the standard error
of the mean.

Figure 4 displays LIGS temperatures recorded during the 100-second
measurement period for fired operation for both PFI-30 and GDI-30
conditions. For both injection strategies the in-cylinder temperatures
were found to increase at a rate of 9 K min due to heat transfer from
combustion events to the cylinder head, walls and piston and
subsequently to the incoming charge of the next cycle. This bulk
temperature rise must be accounted for in any discussion of
temperature trends within a dataset. GDI-30 operation shows a
reduction in temperature of 16 K at 50°CA bTDC compared to

PF1- 30 due to the charge cooling effect of direct injection of fuel
into the cylinder, combined with any differences in combustion
behaviour modifying the heat transfer to the fresh charge [Figure 4].
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Figure 5 Fired TC-PLIF temperature measurements across the 9 x 10 mm
region detailed in Figure 2 for GDI-30 operation. 10 single-shot images are
displayed for each of 5 crank angle timings during the compression stroke.

TC-PLIF temperature fields recorded during the compression stroke
for fired GDI-30 operation show temperature inhomogeneity for later
crank angles (50°CA and 60°CA bTDC), with mm-scale regions of
high temperature 10 — 15% hotter than the surrounding bulk gas
[Figure 5]. In contrast, earlier crank angles (90°CA to 70°CA bTDC)
display weak inhomogeneity of approximately 6%, on a similar scale
to the background noise fluctuations of 4%.
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Figure 6 Fired TC-PLIF temperature measurements across the 9 x 10 mm

region detailed in Figure 2 for PFI-10, GDI-10, PFI-30, GDI-30, PFI-50 and

GDI-50. For each condition, 25 single-shot images are displayed from a

dataset of 100 measurements performed at 50°CA bTDC.

To investigate the dependence of the measured temperature

inhomogeneity on injection strategy and tracer number density, 100

TC-PLIF and LIGS measurements were performed at 50°CA bTDC
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for fired operation with the 6 combinations of fuel composition and
injection strategy detailed in Table 1 [Figure 6].

Increasing the toluene content of the fuel increases the fluorescence
intensity and the signal-to-noise ratio of the TC-PLIF technique.
Correspondingly for the current engine conditions and imaging
geometry, 10% toluene represents a lower practical limit for the
toluene content of the fuel in order to produce sufficient fluorescence
emission within the two TC-PLIF spectral windows. The toluene
content of the fuel and the injection strategy have little apparent
effect on the intensity, location or frequency of occurrence of the
measured hot-spots as the temperature fields for the 6 datasets of
Figure 6 show qualitatively consistent characteristics. Both the
spatially-averaged mean temperature and the coefficient of variation
are higher for the lower half of the images (~540 K, + 4.0%)
compared to the upper half (~525 K, * 3.2%) for all fuel types and
injection strategies, implying the hotspots occur more frequently in
this lower region. Further analysis of the spatial distribution of the
temperature inhomogeneity is performed in the Proper Orthogonal
Decomposition section of this work.

Validation of optical measurements
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Figure 7 a) Fired TC-PLIF temperature measurements performed at 50°CA
bTDC for PFI-30 operation, b) LIGS and TC-PLIF temperatures for the 16
measurements of a). TC-PLIF temperatures in b) are spatial averages across
the LIGS region. Errorbars correspond to the standard deviation of 20 LIGS
measurements and pixel-wise TC-PLIF temperatures respectively for motored
operation at 50°CA bTDC.

One possible explanation for the temperature inhomogeneity
observed in the TC-PLIF fired datasets is incomplete mixing of the
hot exhaust residuals, trapped within the cylinder after the exhaust
valves close, with the incoming fresh charge. However, this raises the
question of whether there is potential for compositional bias of the
temperature fields by the combustion products. TC-PLIF relies on the
in-cylinder mixture containing no or negligible quantities of
fluorescing species aside from the tracer species, in this case toluene.
For motored operation this condition is satisfied by the mixture of
toluene, iso-octane and air. For fired operation, combustion products
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may include Polycyclic Aromatic Hydrocarbons (PAH) which
fluoresce at similar wavelengths to toluene and would bias the
derived TC-PLIF temperatures if present in significant quantities.

Operation of two independent optical diagnostics offers the
opportunity for validation of the measurements derived from each
technique. In this work TC-PLIF data is calibrated using LIGS based
on multi-cycle average temperatures. This leaves the shot-by-shot
variations in LIGS and TC-PLIF results at a given crank angle as
independent measurements of temperature. LIGS is unaffected by
variations in the fluorescent properties of the fuel-air mixture, so the
strong shot-by-shot correlation of the LIGS and TC-PLIF
temperatures at the LIGS measurement location [Figure 7b] suggests
the apparent hotspots of Figure 7a are indeed regions of higher
temperature as opposed to compositional variation.

Combustion variability

A sample of the pressure traces from the PFI tests and the GDI tests
is shown in Figure 8. The PFI cycles show much less variability in
peak cylinder pressure and combustion phasing and duration. In
contrast the variation in combustion timing in the GDI cases is
clearly seen from the pressure traces, with combustion occurring late
in the expansion stroke in some cases.
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Figure 8 Distribution of cylinder pressure traces for a) PFI-50 and b) GDI-
50. Only cycles where a TC-PLIF measurement was taken are included (88
cycles, each with a separation of 10 cycles). Each line represents the cylinder
pressure from one cycle.

The mass fraction burn (MFB) durations are shown in Figure 9, for
both PFI-50 and GDI-50 operation. These are plotted against cycle
number from the start of the experiment. The range of MFB durations
for these experiments were in good agreement with previous
experiments using the same engine [79]. The CA10 and CAS50 values
are more tightly grouped for the PFI tests, reflecting the form of the
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pressure trace in Figure 8. Across all 1000 cycles where pressure data
was gathered, the standard deviation for CA50 during PFI was
1.2°CA for each of the three fuels tested, whereas during GDI
operation the figure was between 3.5°CA and 4°CA. In contrast there
is less distinction in the variability of the timing of the end of
combustion between the two injection methods.
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Figure 9  Distribution of combustion duration metrics CA10, CA50, CA80
and CA90 for a) PFI-50 and b) GDI-50. Only cycles where a TC-PLIF
measurement was taken are shown in the charts

Some of the GDI cycles show a particularly late value of CA10 and
CA50, contributing to the variability in the pressure trace and peak
cylinder pressure, and the standard deviations of combustion timing
for these burn durations. There is lower variability in the time
between CA10 and CA50 (10-50% MFB duration, represented by the
height of the green band) than the time of CA10, indicating that the
main variability is seen in a delay to the start of combustion. Cycles
with a late CA10 value were also likely to exhibit a late CA80 and
CA90 value, indicating that combustion lasted longer into the
expansion stroke. The net IMEP for these later burning cycles is not
particularly lower than on any other cycle. In addition, after analysis
for completeness of combustion, following the methodology of Ball
et al. [80], there was no significant trend between completeness of
combustion and any burn duration or peak cylinder pressure.
Therefore, it is assumed that the GDI cycles exhibiting a late
combustion phasing, and associated low peak pressure, did have a
significant fuel burn, and these cycles are included in subsequent
analysis.
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POD Analysis

Eliminating Time Dependence of the Temperature
Measurements

The spatially averaged TC-PLIF temperatures of the GDI-50 data set
show a strong positive correlation (Rs = 0.486,p = 2.13 X 107,
[Equation 7]) with the cycle number [Figure 10]. Such significant
correlation can be also observed in the PFI-50 data set, confirming
that the measurements were taken while the engine was still warming
up in agreement with the LIGS measurements of Figure 4.
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Figure 10 Combustion parameters versus cycle numbers with Spearman’s
ranked correlation coefficient R and corresponding p value. Red lines with
crosses: for PFI-50 data set; Blue lines with dots: for GDI-50 data set.

The underlying principle of POD ensures successive summed squared
mode coefficient maximization [Equation 10], and thus the lower-
order POD modes will favour the data with higher temperature. In
our case, the increasing drift in temperature may in turn skew the
POD results, as the resulting POD modes will preferentially reflect
later cycles (with higher temperature) rather than the overall
behaviour of the ensemble. Such time-dependency ought to be
eliminated prior to POD analysis. A practical way would be to
subtract the spatial average from each temperature field [Equation 8].
The two-sided test of significance confirmed that the resulting
fluctuating temperature fields have no correlation with cycle number.

Candidate Outlier Cycle Detection and Removal

The calculation of POD ensures successive maximization of the sum
of squared coefficients over all the cycles, which does not restrict the
contribution of any individual cycle. Shen et al. [81] observed an
outlier cycle with excessively high contribution to the third POD
mode when analysing Particle Image Velocimetry measurements on
the tumble plane. The outlier cycle skewed the third POD mode, and
the mode shape altered significantly after removing it. Therefore,
they proposed an algorithm to detect such outliers and suggested to
remove them in order to maintain reliability of the POD results. Gao
et al. [82] later confirmed that such outlier cycles may affect the
interpretation of the POD results using velocity data at another crank
angle, and found that the outlier cycle of that crank angle resulted
from overexposure during the measurement. One would expect such
outliers may also exist in our temperature data sets, and we now

01/14/2019



follow their procedure to detect the candidate outlier cycles 2 The
result of considering the PFI-30 data set is presented here as an
example.

The algorithm is based on two test metrics: the contribution to a
particular POD mode (quantified by squared mode coefficients) and
the similarity between mode shape and temperature fields (quantified
by the absolute value of the relevance index [Equation 11]). The
squared Mode 1 coefficients span a wide range from 1.6 x 103 to
1.7 x 108 [Figure 11]. However, most are less than 3.3 x 107 except
for an excessively high value for TC-PLIF Cycle No. 72, which is
more than eight standard deviations from the mean. The cumulative
sum of the squared Mode 1 coefficients (magenta line) suggests that
this cycle (marked in red) alone contributes 27.2% of the total sum
over all the cycles, while the other 87 cycles only cover the
remaining 72.8% share. The fluctuating temperature field of the
highlighted cycle is also excessively more similar to the POD mode 1
as the magnitude of its relevance index is more than two standard
deviations higher than the mean value [Figure 11, right]. The scatter
plot of the two metrics further illustrates that this cycle is indeed a
candidate outlier, with excessively high contribution to Mode 1 and
high similarity versus Mode 1, deserving further examination.
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Figure 11 Outlier detection metrics for PFI-30 data set. Top: Histogram of
squared Mode 1 coefficients; Bottom-Left: Scatter plot between squared
Mode 1 coefficients and relevance index magnitude versus Mode 1; Right:
Histogram of relevance index magnitudes versus Mode 1.

The fluctuating temperature field of the candidate outlier is very
different from other PFI-30 cycles [Figure 12a]. The typical
fluctuation fields (PLIF Cycles No. 71 and 73) show only small
deviations from uniformity, whereas the spatial temperature
fluctuation during the candidate outlier cycle (PLIF Cycle No. 72) is

2 Note that the term “candidate” is used here. We prefer not to
remove the outliers detected by Shen et al.’s algorithm [81] directly,
as they could either be actual outliers or real measurements with high
fluctuations. It is more reasonable to remove a candidate outlier if
some evidence can be provided for it being an anomalous outlier,
which will be discussed in the following paragraphs.
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more exaggerated. The upper half shows a strong negative
fluctuation, while the lower-right corner has large positive values.
The absolute temperatures of the original measurement of the
candidate outlier cycle, before subtraction of the spatial mean, also
show abnormal behaviour. The temperature near the lower-right
corner is approximately 120 K higher than the spatial mean,
compared to typically 20 K higher for cycles with similarly located
hot spots. The pressure trace [Figure 12b] and combustion data
[Figure 12c] during the candidate outlier cycle, however, are similar
to other cycles. Therefore it is reasonable to presume the candidate
outlier cycle could have been a flawed measurement, and this cycle is
excluded from the PLIF data set in our POD calculation. The outlier
detection was conducted in all the six data sets, and four outlier
cycles were removed (out of a total of 453 cycles).
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Figure 12 Temperature fields and combustion data for the fired PFI-30
condition. (a) Fluctuating temperature fields centred around the spatial
average of the corresponding absolute temperature field. The colour scale has
been selected to represent fluctuations present in cycles 71 and 73, leading to
saturation of the scale for cycle 72 (candidate outlier). (b) Pressure traces. (c)
Crank angle degree at which x% of mass is burned.

POD Modes

The POD eigenvalues quantify the amount of cyclic variation
captured by each POD mode. The eigenvalues are normalized by the
sum over all the POD modes in order to provide a fair comparison
between different engine operating conditions [Figure 13]. The first
mode for the PFI-50 data set (red crosses) alone represents 90% of
the variation, while the sum of the first ten modes for the PFI-10 data
set (magenta solid line) only feature about 80% of the variation. In
other words, more modes are needed to reach the same fluctuation
level when less toluene is added into the fuel. The results suggest that
the temperature field fluctuations quantified by POD are stronger for
lower toluene concentrations within the fuel. This could be a result of
either stronger cyclic variability in the temperature fields for GDI-10
and PFI-10 operation, or a result of the reduced signal strength due to
the reduction in toluene number density compared the 30% and 50%
toluene fuels.
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The cumulative sum of normalized eigenvalues of GDI data sets
(dashed lines) are generally lower than those of PFI data sets (solid
lines) at the same mode number [Figure 13], suggesting that the
cyclic variation in temperature is stronger in direct injection cases.
While early injection at 280°CA bTDC under the conditions of this
work aims to produce a nominally homogeneous fuel-air distribution,
the fuel-air mixing process may have an impact on the temperature
distribution within the cylinder at 50°CA bTDC. When the fuel is
injected directly into the cylinder, the initially inhomogeneous fuel
distribution will cause spatial variations in charge cooling. Due to the
limited time available for subsequent mixing, this temperature
inhomogeneity may persist until 50°CA bTDC. In contrast, for PFI
operation the fuel is injected into the intake plenum, allowing more
time for mixing and ensuring a more homogenous mixture during the
intake stroke, which reduces the cycle-to-cycle temperature variation.

In addition to the direct effects of fuel injection and evaporation,
incomplete mixing of the hot residual exhaust gases could be a
potential candidate for the origin of the observed hot spots. Given the
significantly increased variation in combustion timing for GDI
compared to PFI operation in Figure 8 and Figure 9, the increased
cyclic fluctuations for GDI identified by POD may also be in part due
to the effect of GDI on combustion rather than charge cooling alone.

The normalized eigenvalues also allow us to examine the importance
of each POD mode under the same working condition [Figure 13].
The eigenvalues are monotonically decreasing with respect to mode
number as a result of successive maximization [Equation 10]. Most
of the cyclic variation is concentrated in the first POD mode under all
working conditions. For example, the POD analysis on the PFI-30
data set (consists of 88 cycles) gives a total of 88 POD modes, and
76.8% of the variation is captured by the first mode, whereas the
remaining 87 modes only collect less than a quarter of the variation
(blue crosses). Therefore, the shapes of the first POD modes illustrate
the coherent structure of the fluctuating temperature fields.
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The first POD mode shows a top-bottom temperature gradient under
all operating conditions [Figure 14]. The values on the upper half of
the field of view are almost all negative, as opposed to the lower half
with mostly positive values. In our calculation, the sign of the mode
is defined such that more than half of the cycles have positive mode
coefficients. Therefore, this gradient illustrates that the temperature is
generally lower than the spatial average towards the cylinder head,
and higher than the average towards the piston, across the

10 mm x 10 mm field of view.

Besides cyclic variation, the first POD mode also identifies spots
[Figure 14, red circles], whose values are consistently higher than the
neighbouring areas. The spatial locations of these spots are identical
in different operating conditions, indicating that this phenomenon
may be caused by a systematic error during the measurement rather
than the nature of the in-cylinder temperature field. This location
coincides with a small region of sensor damage which slightly
reduces the sensitivity of the intensified CCD camera for the shorter-
wavelength spectral window, leading to the increase in reported
temperature identified by the first POD modes.

Unlike the first modes, the second POD modes have left-right
gradients [Figure 15], meaning that the secondary important cyclic
variation is the asymmetric fluctuation between the inlet and exhaust
sides of the field of view. The competition between the top-bottom
gradient illustrated in the first POD mode and the left-right
fluctuation shown in mode 2 can be quantified using the difference
between eigenvalues [Table 3]. The difference between the top-
bottom and left-right gradients is larger when the toluene level is high
(PFI-50 and GDI-50), compared to the lower toluene concentration
data sets (PF1-10 and GDI-10). Similarly to Figure 13, this indicates
that the temperature field fluctuations are less well represented by
mode 1 for GDI-10 and PFI-10 compared to the higher toluene
content conditions. This could be a consequence of the reduction in
signal strength compared to the higher toluene content fuels, or a
physical change in the complexity of the temperature field.
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Table 3 Eigenvalues for the first two POD modes and their difference

Operating Eigenvalue of  Eigenvalue of  Difference between

Condition Mode 1 Mode 2 eigenvalues
PFI-10 0.57 0.10 0.47
GDI-10 0.48 0.06 0.42
PFI-30 0.72 0.09 0.63
GDI-30 0.72 0.08 0.64
PFI-50 0.90 0.04 0.86
GDI-50 0.78 0.07 0.71

Correlation between Mode 1 coefficient and
combustion parameters

Two-sided tests of significance were conducted on the six fuel and
injection conditions to investigate any correlation between the
combustion parameters derived from pressure measurements and the
temperature field fluctuations represented by the POD mode 1
coefficients. The combustion parameters were selected from the same
engine cycle during which the temperature was measured (50°CA
after the TC-PLIF measurement) and from the previous engine cycle
(670°CA before the TC-PLIF measurement).

Table 4  p values for two-sided tests of significance between Mode 1
coefficients and combustion data.

GDI-10 GDI-10 GDI-50 GDI-50

Cong’a‘i;ﬁ"” 50°CA  670°CA  50°CA  670°CA
after before after before
net IMEP 0.48 0.65 0.09 0.40
max Pressure 0.11 0.56 0.09 0.09
MFB-CA10 0.04 0.36 0.06 0.06
MFB-CA50 0.10 0.40 0.04 0.11
MFB-CA80 0.12 0.45 0.06 0.08
MFB-CA90 0.15 0.43 0.05 0.08

For all conditions, the combustion parameters 670°CA before the
temperature measurement have no correlation with the POD first
mode coefficients. This indicates that the combustion process in the
previous cycle, as far as can be quantified via the pressure trace, does
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not have a strong influence on the temperature field of the current
cycle at the chosen measurement timing and location. This could be
due to the air motion created by the exhaust and intake processes
having a greater influence on fluctuations in the temperature field
than variations in the previous combustion event.

No correlations between POD first mode coefficient and combustion
parameters were found within the same engine cycle. It is therefore
not possible to draw conclusions about the influence of fluctuations
in the temperature field at 50°CA bTDC on subsequent combustion
parameters other than that they are in general uncorrelated.

Conclusions

Cycle-by-cycle variations of Two-Colour PLIF temperature
distributions obtained during the compression stroke of a firing spark
ignition engine have been analysed using Proper Orthogonal
Decomposition, after being calibrated in-situ with simultaneous
Laser-Induced Grating Spectroscopy measurements.

Temperature inhomogeneity at 50°CA bTDC was observed for fired
operation and validated using shot-by-shot comparison of the
temperatures derived by the TC-PLIF and LIGS techniques
independently. Occasional mm-scale regions of high temperatures
10-15% hotter than the surrounding bulk gas contrasted with the
homogeneous temperature distributions observed for motored
operation. Similar results were obtained for PFI and GDI injection
strategies, using two-component fuels with either 10%, 30% or 50%
toluene by volume in iso-octane.

Use of the relevance index to quantify similarity between POD
modes and temperature fields of individual cycles, combined with
consideration of the POD mode coefficients enabled candidate outlier
cycles to be readily identified for further examination and removal.

Cycle-to-cycle fluctuations quantified by POD mode coefficients
were found to be stronger for GDI operation than PFI. Analysis of the
pressure traces also identified high variability of combustion for GDI
operation compared to PFI, however low-order POD mode
coefficients were found to be in general uncorrelated with pressure-
derived combustion parameters, fuel injection strategy or fuel
composition. The 50°CA separation between the TC-PLIF
temperature measurement and combustion timing, combined with the
small field of view as a fraction of the cylinder cross-section, is likely
to obscure any potential correlations that may have been apparent
were information across a larger area or at later crank angles
available.
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Appendix — Performing POD using SVD

First, the fluctuating temperature data is organised into a column-wise data matrix T, where the row entries refer to grid points:

T=|t, T, — T, - Tyl

The SVD yields one M-rank diagonal singular value matrix X (whose values are sorted in descending order, o; = g, = -+ = g,) and two unitary

matrices U and V, such that T = UV’ .3 The first M columns of the left unitary matrix U are the POD modes (denote ¢™, m = 1,2,...,M and M <
N):

¢ = ¢(1) ¢(2) ¢(m) ¢(M)_

The corresponding coefficients C can thus be obtained by € = ¢'T, where the row entries are mode numbers and column entries are cycle numbers,
ie.:

i Cl(l) Cz(l) Cr(zl) CIE]U 1
c® @ . @ . @
¢= (;n) (;n) . (r.n) o |
cm ¢ oMol
7(;1(1"’) Cz(M) C‘I(IM) CzEJM)f

3 Here the notation “’ * denotes matrix transpose.
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