


two intensities to the expected emissions of a grey body. From the
ratio of intensities, both the temperature of the grey body and its soot
concentration can be found. Two-colour pyrometry is well suited for
combustion studies in conventional diesel combustion systems as
radiation emission are typically dominated by soot incandescence.
The temperature difference between the soot particles and the
surrounding gases has been shown to be negligible (<1 K) for diesel
flame conditions [7]. Two-colour pyrometry (both spatial-averaged
and spatial-resolved) has been implemented to measure maximum
flame temperature in a diesel engine up to 2800 K and is typically
optimized for temperature ranges of 1900-2800 K [8,9,10]. The
methodology will be challenged under conditions where temperatures
and soot concentrations are low, such as in low temperature
combustion.

The measurement of flame temperature in low temperature diesel
combustion engines is not widely reported with only a few studies
known to the authors [11,12,13,14] with reported temperatures using
two-colour pyrometry down to 1650 K. Most of the optical studies
have been conducted on purpose built optical engines, where a
Bowditch extended piston is combined with an optical window in the
piston bowl to provide spatially resolved images. Such a non-
representative piston bowl will significantly impact the interaction
between the diesel spray and the piston. This is a particularly
important consideration under high-dilution low-temperature
combustion, where partial premixing is a critical aspect of the
combustion process. In many studies conducted on fully optically
accessible engines, charge dilution is achieved using N2 and/or CO2
instead of recirculated exhaust gases. The presence of water vapour
influences end-of-compression temperature due to its influence on the
specific heat of the charge, and on the ignition process due to
availability of reactive species. When EGR is simulated with a
mixture of N2 and CO, the lack of water vapour results in longer
ignition delay, CO and hydrocarbon emissions, and lower soot
emissions in high-dilution LTC [15].

Two colour pyrometry can be either spatially resolved or field-of-
view integrated. Using high-speed photography, spatially resolved
temperatures and soot concentrations can be estimated. While care
needs to be taken in both data collection and interpretation [ 16],
valuable understanding can be gained. The sensitivity of the camera
will limit the measurable range of temperatures and soot
concentrations before the signal to noise ratio (SNR) becomes too
low. Under conditions with low radiant intensities, such as low
temperature diesel combustion, low-noise, high quantum efficiency
photo-multiplier tubes (PMTs) can be used to measure field-of-view
integrated radiant emissions. These can be used in either a fully
optically accessible engine or in a less-modified engine by using a
borescopic probe inserted through the cylinder head.

Spatially integrated two-colour pyrometry trades information (spatial
temperature distribution) for sensitivity. By averaging the radiant
intensity over the full field of view, measured temperature and soot
concentrations become sensitive to variations in radiant intensity
across the field of view of the sensor. Zhao and Ladommatos [17]
reported that when only part of the field of view is filled with
combustion gas, the brightness temperature of the flame will be
underestimated; they recommended keeping the field of view of an
area-integrated system narrow to reduce the possibility of having
significant portions of the field of view unfilled. This small area
increases the likelihood of findings that are not representative of the
general state within the combustion chamber and also reduces the
sensitivity of the instrument due to less radiation reaching the sensor.
This is particularly important for low temperature combustion
regimes when the luminous radiation is low and does not consistently
fill the field of view of the optical probe [4].

Page 2 of 16

Accounting for the changing radiating area as a function of crank
angle is paramount to obtain accurate two-colour pyrometry data. For
optically accessible engines, PMTs and high-speed cameras have
been used to measure flame radiation and luminous/sooting area
simultaneously in engines [12, 16,18]. In these cases, the soot area —
defined as the fraction of the full field of view where the camera
could detect radiant emissions in the visible wavelengths — was used
to calculate the monochromatic radiation intensity at each
wavelength.

The objective of the present work, therefore, is to develop a PMT-
based two-colour pyrometry system to measure flame temperature in
low-temperature and low soot combustion regimes and to adapt the
methodology of Musculus ef al. [12, 18] to demonstrate the effect of
the proposed sooting area correction method on flame temperature and
KL factor. It should also be noted that PMTs with variable gain settings
were used as sensors in this work. The variable gain settings of the
PMTs ensure that low gain settings could be used while measuring
temperature in the high temperature conventional diesel combustion,
while high gain settings could be used for temperature measurement in
the low temperature combustion regimes without affecting the signal
to noise ratio of the system. Combining high sensitivity PMTs with
spatial flame luminosity images recorded through the same borescope
configuration offers in-depth interpretation of low-temperature
combustion under conditions that closely resemble those in a standard
engine. It should be noted that this work also allows to understand the
limitations of spatially integrated vs. imaged pyrometry. The former is
much easier to implement, but there is not much discussion in the
literature of how such integrated measurements should be interpreted.

Description of Two-colour Pyrometry

The theory and implementation aspects of the two-colour method
have been reported by several authors [17,19,20] and are only
discussed here briefly. From Planck’s radiation law, the
monochromatic black body radiance (a function of temperature, T
and wavelength, 1) may be expressed as

WA = G2 v

where ¢, and ¢, are constants; ¢; = 2mhc? and ¢, = hc/ky, h is the
Planck constant, k» the Boltzmann constant and ¢ the speed of light.

The monochromatic emissivity (&2) is estimated for soot particles
using the empirical correlation of Hottel and Broughton [21], and
expressed as

gl(l‘ﬁ;‘ L) =1- e(_ksaatL/Aa) (2)

where koot is the soot absorption coefficient, a variable proportional
to the soot volume fraction (f;,,) and « is a constant, which depends
on the physical and optical properties of soot in the flame. The
optical path length (L) is the longest distance from which radiation
reaches the optical sensor and is proportional to the flame thickness.
Due to the exponential relationship between emissivity and optical
path length, a linear relationship is not always possible between the
optical and geometrical length and hence, the emissivity within the
optical path is usually expressed in terms of the product KL = kgL
[19].

The explicit dependence of radiance on temperature, soot
concentration (absorption coefficient, volume fraction and physical
properties) and wavelength can be expressed as






energy release rate is used [23] assuming a constant specific heat
ratio of 1.33. Emissions measurements to determine the
concentrations of CO; and NOx in the exhaust were made using a
Horiba Mexa 7100HEGR emission analyser. This system also
measured the intake CO> concentration to determine the EGR level.
An AVL 415 smoke meter was used to determine exhaust smoke
emissions in terms of filter smoke number (FSN).

Optical Configuration

The research engine was equipped with a custom cylinder head that
allowed for borescopic access. To accomplish this, one of the
engine’s two exhaust valves was removed and an installation tube
was inserted through the cylinder head, with a fused silica optical
window attached at the end which protruded slightly into the
combustion chamber. The removal of one exhaust valve tends to
increase residual fraction by a small amount (from 3.3% to 4.3%)
[22]. While this will impact the total in-cylinder oxygen content, the
impacts on the combustion process at 1500 rpm and 3 bar indicated
mean effective pressure (IMEP) operating condition was shown to be
negligible [24] compared to the more invasive optical techniques
[15]. The borescope used in this work had a 67° FOV to image a wide
area within the combustion chamber; further details are provided in
Table 2. Figure 1 details the borescope’s FOV within the combustion
chamber. For flame imaging, the borescope was connected to a
monochrome charge coupled device (CCD) camera (Pro-Silica
GC1380) with a Pentax Machine Vision Mega-Pixels lens triggered
based on crank-angle position; more details on the optical
configuration are provided elsewhere [22]. Due to the limited speed
of the camera, crank angle resolved images were captured from
sequential cycles. A minimum of 10 images were recorded at each
pre-defined crank angle and then ensemble-averaged using Image Pro
Plus software to provide a representative measure of the visible
broadband radiation emissions at each crank angle.

Figure 1: Borescopic installation and field of view. (a) cross section showing
borescope installation and viewing area (Adapted from [25]); (b) field of view
of borescope at 10 °CA ATDC, shaded area shows surface of piston that can
be seen through borescope
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T'able 2 Two-colour pyrometry system components

Components Make/Model Specifications

Optical AVL/BO2737 Fused silica

window

Borescope Karl-Storz/84583 A Anti-reflective coated
borosilicate (BK7) glass;
Field of view: 67°

Dichroic Hamamatsu/DM660 Reflectance > 95% between

mirror 460-625 nm;
Transmittance >90% above
625 nm

Interference Thorlabs / FB05550- Centre wavelength: 550/700

filters 10-SP FB05700-10-SP nm;
Full width at half maximum:
10 nm;
Minimum transmissivity:
>50%

Amplified Hamamatsu / H5784-20 | Spectral response: 300-900 nm;

photomultiplier Peak sensitivity wavelength:

tube module 630 nm:

Camera Prosilica / GC 1380 Imaging device: 2/3” Sony
ICX285AL; 1360x1024 pixels
(cell size: 6.45 x 6.45 um);
Max. Quantum efficiency:
70%; Camera speed at
maximum resolution: 20
frames/s (fps)

An important consideration for two-colour pyrometry is the selection
of which two wavelengths to use. In the temperature ranges of 1500-
2000 K, which are of particular interest in LTC, Plank’s distribution
suggests that soot emissive power falls to a very low level below
~500 nm; radiative emissions are concentrated in the infrared (IR)
part of the spectrum (A > 740 nm). However, the antireflective
coating in the borescope used in this work resulted in a significant
reduction in transmissivity in the near-IR spectrum, restricting the
work to visible wavelengths. Visible-light wavelengths have the
added benefit that the sensitivity of the flame temperature and KL
factor calculations to the value of « in Equation (4) is reduced and a
fixed value (1.39) can be used [17, 21], which is not generally the
case with IR [17,26]. Finally, careful selection of wavelengths in the
visible spectrum can avoid chemiluminescence from reactive species
(e.g., CH, C2, NH2, CH20) [27] while avoiding absorption by
combustion products such as CO2 and H2O [28]. Based on these
considerations, combined with the desirability of increasing
sensitivity by maintaining a significant difference in wavelengths, the
pyrometry system was designed for 550 nm and 700 nm [22].

Pyrometry Setup and Calibration

The two-colour pyrometer system is composed of a pair of
photomultiplier tubes (PMTs) connected to the borescope with a
dichoric mirror and fitted with interference filters, as shown in Figure
2 and described in more detail in Table 2. This system was calibrated
with a pre-calibrated tungsten strip lamp (3 mm width) to determine
the apparent temperatures, Ta; and Ta: at A; and A2 so that the
voltage output from the PMT (radiation intensity) could be correlated
with the apparent temperature. These lamps have been shown to be
suitable calibration sources [7,29]. The tungsten strip lamp used in
this work was calibrated by the manufacturer against a standard
blackbody at a wavelength of 660 nm; more details about the
tungsten lamp are available elsewhere [30]. For calibration of the
pyrometer system, the apparent temperature of the tungsten lamp was




calculated at the two pyrometer wavelengths - 550 and 700 nm - for a
range of temperatures. First, the true lamp temperature was
determined from the apparent temperature at 660 nm and emissivity
of tungsten by means of Wien’s law of radiation:

1 1 A
F=T—a+c—210ge & (10)
where the spectral emissivity (450-800 nm) of tungsten as a function
of true temperature (between 1300-2000 K) was calculated using the
empirical correlations proposed by Larrabee [31] and the calculation

method outlined by Lu and Yan [32].
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L 1. Optical window
2. Borescope
3. Dichroic mirror
4. Interference filter (700 nm)
5. Interference filter (550 nm)
6. Photomultiplier tube
Engine 7. Photomultiplier tube
8. Data acquisition system
Fig. 2 Schematic of two-colour pyrometry system. For viewing, the camera
was mounted directly on the end of the borescope

For calibration, the pyrometer system was configured identically to
its in-use arrangement. The borescope was placed horizontally in
front of the tungsten strip lamp, targeting the central area of the
tungsten lamp, with the tip of the borescope placed within 5 mm of
the tungsten element in the lamp, to minimize spatial variation in
radiant intensity across the borescope FOV.

The pyrometer system was calibrated by varying the temperature of
the tungsten lamp and recording the measured intensities and the
corresponding apparent temperatures. A highly stable direct current
(DC) power supply was used to control the temperature, resulting in
variations of only £2 K in apparent temperature at 660 nm. At each
lamp setting, apparent temperatures at 550 nm and 700 nm (7% and
Ta2) were measured over a range of PMT gain settings (control
voltages of 0.3-0.8 V). the calibration of 7.; (550 nm) is shown in
Fig. 3. The pyrometer system was not calibrated below 1300 K due to
increasing fluctuations in the lamp power supply. The correlation
between apparent temperatures and output voltages was established
as a function of control voltages, with index of correlation (R?)
greater than 0.998 in all cases. Power relationships are used to fit the
trend lines between the PMT voltage and the apparent temperatures.
These correlations were used to convert PMT voltage output to
apparent temperatures in the subsequent experimental testing.
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Fig. 3 Calibration of the two-colour pyrometer at 550 nm wavelength at
different PMT control voltages

Sources of Uncertainty

Various sources of uncertainty in two-colour pyrometry have been
identified for conventional diesel combustion. The most relevant
include variations in temperature and soot concentration within the
resolved region; attenuation of radiation along the optical path; and
fouling of the optical window. Due to the low temperatures and low
radiant intensity expected from LTC, these sources of uncertainty
have the potential to have an even greater impact on the pyrometry
results.

Pyrometry results are influenced by attenuation of radiation along the
optical path, which is impacted by the particle size distribution and
refractive index. Stojkovic ef al. [33] reported that typical errors in
temperature due to different particle size distribution varied from 2%
to as high as 9%. The lower values are related to smaller primary
particles (diameter <40 nm) with low soot concentrations (f,,L= 0.055
pum) while the higher value corresponds to larger primary particles
(up to 60 nm) and high soot concentrations (f,L = 0.55 um). In diesel
combustion, the width of the mean size distribution of primary soot
particles (in-cylinder) are reported to be below 39 nm (mean particle
radii varying between 2 nm and 23 nm) [34] and hence, the error at
low soot loadings would be small. Temperature variation through the
optical path was found to more significantly impact KL factor, with
underestimation of up to 35% for large temperature differences (~700
K). Stojkovic et al., reported that the errors in KL factor would be
closer to 2% for a temperature difference of 150 K along the line of
sight through the soot cloud [33].

Fouling of the optical window may also influence the measured
temperature and KL factor [35]. The impact is greater on KL than on
temperature, as the KL factor is proportional to the radiative intensity
while the temperature depends on the ratio of radiative intensities at
two wavelengths [13]. For the two-colour pyrometry data reported
here, the transmissivity of the optical window before and after each
set of measurements was not measured. To minimise the effects of
window fouling in this work, the optical window was cleaned with
iso-propyl alcohol after each experiment. During the testing, no
visible window fouling was observed between tests while operating
the engine in low-sooting LTC modes.

The largest source of uncertainty for area-integrated two-colour
pyrometry is the assumption that temperature and soot loading (KL
factor) are homogeneous within the resolved area. Image-based
spatially resolved methods overcome this by evaluating multiple



small regions; the sensitivity and signal to noise ratio are dependent
on the camera and the optical techniques used to align the two
distinct wavelength measurements [36]. For spatially integrated
systems, temperature and KL factor can vary significantly in the
resolved region, and in fact significant areas of the field-of-view may
not contain any radiating soot. This can tend to skew results towards
the high temperature in the reaction zone [12,19,35,37]. Yan and
Borman [38] reported that the effect of a non-uniform soot loading
(KL factor) on the flame temperature measured by the two-colour
method is less severe than that of the uneven temperature on the KL
factor. This is supported by the work of Payri ez al. [19] who
modelled the propagation of radiation inside the flame as an emission
and absorption process occurring before the measurement device, and
showed that for low temperature and/or low KL values, deviations for
the two-colour derived KL factor from the nominal KL factor were of
the order of 10-20%. On the other hand, for a case of 2100 K nominal
flame temperature and KL factor ~ 0.2, the error between the nominal
flame temperature and the two-colour derived flame temperature was
found to be ~ 5%. Areas of the resolved region that do not contain
radiating soot may also contribute to a total integrated signal through
reflection or radiation from the walls (piston or cylinder liner). While
difficult to quantify, the relatively low temperatures of the surfaces
and general low reflectivity due to the presence of carbon build-up
suggest that these errors should be negligible, at least in the visible
wavelengths [35]. Similar to the considerations around soot
attenuation, resolved region averaging should impact KL more than
T, as KL is dependent on absolute radiative intensity whereas
temperature is a function of the ratio of intensities at two distinct
wavelengths.

Spatially resolved vs. area integrated measurements

Spatially resolved flame temperature (T) and KL factor data from a
low-soot combustion process can be used to assess the impacts of
spatial variation on area integrated pyrometry results. As the LTC
engine facility was not equipped to conduct spatially resolved
pyrometry, data from an optically accessible engine with a similarly
low-soot combustion was selected for comparison. This engine used a
partially premixed, pilot-ignited direct injection of natural gas
(PIDING) combustion process and has been extensively reported
elsewhere [16,36,39]. The facility uses a Bowditch style extended
piston with a quartz insert to image the entire combustion bowl [39].
The pyrometry system uses a single camera with an image doubler
that has been carefully calibrated to minimize error [16]. For this
study, a randomly selected region of interest (ROI), representing
approximately a quarter of the full viewing area, was defined.
Sequential frames from the combustion process from a representative
low-load operating condition, where the fraction of the ROI which
had a measurable radiative intensity increases from 17% of the total
ROI to 100%, were selected for assessment. Spatial T and KL values
for a single frame where the sooting area was ~52% of the total ROI
are shown in Figure 4.
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Figure 4: Spatial distribution of T and KL in the full viewing area and in the
defined region of interest for partially premixed, pilot-ignited direct injection
of natural gas (PIDING) combustion at a low-load, part-premixed strategy.
Dark blue are areas with no resolved intensity values. Total resolved sooting
(flame) area within the ROI is ~52%.

To assess the integrated values of T and KL over the ROI, the
recorded intensity data at the two wavelengths (in this case, 700 and
800 nm) was averaged over the entire ROI. Three averaging
approaches were used: averaging all values; averaging only values
with resolved temperature results; and finally, averaging over the
entire ROI but replacing zero-containing cells with the minimum
intensity recorded within the entire FOV. The spatially integrated
(average) temperature and KL factors were then calculated for each
approach using Equations 3 and 4. These area integrated values can
then be compared with the spatially resolved T and KL results from
the ROI through data frequency histograms, as shown in Figure 5. As
the results show, the first two averaging techniques have only a small
impact on the average temperature, which was 2063 K when all data
was included and 2071 K when considering only non-zero points.
Critically, both are centred on the midpoint of the spatially resolved
temperature distribution (mean 2089 K; median 2061 K). The third
approach, where a minimum threshold was applied, overestimates the
average temperature by nearly 100 K. KL factors differ substantially
for all three averaging approaches; that the underlying KL factor
distribution is clearly non-normal indicates that a single spatially
integrated result will be less descriptive. Qualitatively, the KL factor
when the area integration is corrected for the visible flame in the ROI
by removing all cells which were below the detection threshold of the
camera (i.e., KL value of 0) is representative of the average in the
spatially resolved non-zero data (integrated value: 0.083; spatially
resolved non-zero: median 0.092, mean 0.11). The non-zero data is
used as a comparison as these represent the soot concentrations
within the combustion chamber. Comparatively, when the zero data
points are included, the area integrated KL (0.049) is significantly
lower than the spatially resolved data. This demonstrates the
importance of incorporating the sooting area in the KL factor
calculation.
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Figure 5: Histograms for spatially resolved T and KL for defined region of
interest in PIDING combustion shown in Figure 4. Values shown are the
calculated T and KL for area-integrated data, using the average l)dsui on: (1)
all cells in the ROI (including pixels with 0 values — “All data”); (2) cells
containing non-zero data only (“Non-zero only”); and (3) All L,LHS after zero
values were replaced by minimum intensity. At this condition, approximately
43% of the ROI cells contained 0 intensity values.

The results shown in Figure 5 indicate that the average temperature
for the integrated ROI is representative of the average spatially
resolved temperature in the ROIL. However, the KL factors need to be
corrected to account for the fact that only part of the ROI is filled
with soot emitting a detectable intensity of radiant energy. To
account for this sooting area effect, for each of the two wavelengths
the apparent temperature in each cell is converted into an incident
radiant intensity value using Equation (1). These intensity values are
then summed across the entire ROI, providing the total intensity
received at the sensor. To correct for the fact that only part of the
ROI contains radiating soot, the total intensity is multiplied by the
relative sooting area ratio, as in Equation (9). This corrected intensity
is then used to calculate a new apparent temperature. When
conducted over both wavelengths (700 and 800 nm for the PIDING
engine), a new pair of apparent temperatures are generated. These are
then introduced into Equation (4) to solve for a corrected temperature
and Equation (3) to determine the corrected KL value.

To assess the applicability of this correction approach, ROI-
integrated temperature and KL values have been calculated from the
selected sequence of frames with between 17% and 97% sooting area
in the PIDING engine. This sequence, shown in Figure 6, covers an
ignition event where residual heat and radicals from a pilot diesel
flame ignites a partially premixed cloud of natural gas (see [36]). The
plot shows the T and KL values calculated from the raw integrated
signal (integrated) and after correction for the sooting area. For
comparison, the mean and median values from the spatially resolved
data are also shown. As expected, the correction has only a small
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impact on the temperature, which remains between the mean and
median of the spatially resolved data. Although the sooting area
correction has impacted the absolute values of the apparent
temperature, the ratio of apparent temperatures between 700 and 800
nm has not changed substantially; as a result, the T solution to
Equation (4) is not significantly impacted. The KL values, however,
show a greater sensitivity to correction; as expected from Equation
(3), KL is dependent on total emissive intensity, so will be sensitive
to the sooting area correction. The KL values shown in Figure 6
demonstrate that the uncorrected area-integrated KL is overpredicted
compared to the spatially averaged KL (median and mean) when the
sooting area is less than ~80%. When the area correction is applied,
the integrated KL factor falls between the spatially resolved median
and mean values for most of the range of data. Interestingly, at the
highest sooting area, both the corrected and uncorrected integrated
KL values underpredict the spatial median and mean values by ~10-
15%. As the sooting area is nearly 100% at this point, the correction
only has a marginal effect. This may be a result of the highly non-
normal distribution of the KL (shown in Figure 5). While the
differences shown in Figure 6 are intriguing, as KL is not considered
to be a highly quantitative assessment of soot concentration, these
differences are not considered to be significant.
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Figure 6: comparison of T and KL calculated from integrating radiant
intensity across the ROI compared to the median and mean T and median KL
values from the spatially resolved PIDING results. Int = integrated; Spatial =
spatially resolved. Results corrected for the resolved sooting area (Int,
corrected) are also shown for KL.

The results from this comparison between spatially resolved and
area-integrated T and KL values indicates that, for a consistent test
condition and with equivalent minimum threshold values for
measurement, integrating over a region of interest can provide a
representative value for temperature and soot concentration within
that area. This forms the basis of the correction approach applied to
the borescope based LTC two-colour results that is the main focus of
this work. The differences in wavelengths between the PIDING tests
(700 and 800 nm) and the LTC work (550 and 700 nm) are not
expected to impact that applicability of the sooting area correction



approach. Previous work (e.g. [38], [40]) has shown that for a
properly calibrated three-colour pyrometry system, all three
wavelength pairs return very similar temperatures and KL factors
from conventional diesel combustion. More importantly, in this case,
the comparison between the two data sets is not focused on absolute
values, but rather on the need to adjust the two-colour pyrometry
calculations for the observed sooting area. For the LTC work,
spatially resolved data is taken from different cycles and using a
different detection system: so, the visible sooting area recorded using
the camera may not be fully representative of the total area of radiant
emissions detected by the PMTs. Even considering these distinctions,
the results from this assessment provide two critical indications: (1)
as they are based on a ratio of radiant intensities, calculated
temperatures are relatively insensitive to spatial sooting area, and
hence no correction needs to be applied; and (2) in conditions with
sooting areas (>~15%) the sooting area correction can provide a KL
value that is generally representative of the average KL in the entire
ROL

Low Temperature Diesel Operating Conditions

In order to verify the range and lower limit of the flame temperature
measured by the two-colour pyrometer, experiments for both
conventional diesel and high-EGR LTC modes were carried out
under low-load (8 mg/cycle fuelling quantity, single injection,
corresponding to 3 bar IMEP) conditions at a constant engine speed
of 1500 rpm in the naturally aspirated (intake pressure 100 kPa,
absolute) mode. This load (~25% of peak load at 1500 rpm) is
representative of light-load operating conditions where the NOx
conversion capability of the aftertreatment system will be reduced.
Under these conditions, a near-zero NOx combustion approach is
particularly beneficial. Furthermore, the operating condition is also a
frequently occurring mode under typical light-duty vehicle operation,
such as on the new European Driving Cycle (NEDC) [6,41]. The full
range of operating conditions examined is specified in Table 3;
smoke (PM) and NOx emissions are also provided. Note that the
exhaust back pressure was maintained at least 10 kPa above the
intake pressure in all the cases to drive the required amount of EGR.
With the increase in the EGR rate, the intake oxygen mass fraction
decreased from ~23% (non-EGR) to 12.3% in the high-EGR LTC
strategy (Case C). Intake air temperature was maintained at 45+5°C.
Engine lubricating oil and coolant temperatures were maintained at
90+1°C and 80+1°C, respectively. In-cylinder pressure and radiation
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signals from the optical pyrometer were acquired at 0.5 °CA interval,
200 consecutive cycles were recorded and averaged.

Table 3: Test points (Constant engine speed, 1500 rpm)

Case | Fuel Inj. P. Start of Intake O, | Smoke | NOx
mass (MPa) injection mass (FSN) (g/
/ (SOI) fraction Kk
(mg . . %)/ gfuel)
cycle) timing (%)
(°CA EGR (%
ATDC) | Vol)
A 8 65 3 22.8/3.8 0.32 21.70
B 8 65 -15 13.5/59.3 | 0.15 0.33
C 8 65 27 12.3/62.0 | 0.09 0.24

Case A: Conventional Diesel / Low Load; Cases B-C: High-EGR
LTC /Low Load

As LTC is expected to produce low, but non-negligible, soot
emissions, an AVL415 smoke meter was used to measure exhaust soot,
reported in terms of filter smoke number (FSN). Connecting the
tailpipe soot to in-cylinder conditions is critical to interpreting both KL
and temperature results generated by the pyrometry system for this
very temperature sensitive combustion mode.

Results and Discussion

Region-of-interest integrated pyrometer data is calculated based on
the radiant intensities received at the two PMTs, 550 and 700 nm
wavelengths. These values are compared, along with the calculated
net energy release rate, in Figures 7a and 7b for the non-EGR
conventional diesel combustion (Case A) and high-EGR LTC (Case
B), respectively. As would be expected for LTC, the combustion rate
is slower and the peak energy release rate is lower than in
conventional diesel combustion. This is a direct result of the dilution
of the charge and corresponding premixing of the fuel and air prior to
ignition [42]. In both cases, the start of the radiation signal coincides
with the start of the main energy release rate. This is not surprising,
as chemiluminescence from initial reactions during the ignition and
cool-flame processes will emit in the ultra-violet region of the
spectrum (< 440 nm) and therefore will not be detectable at the
wavelengths used in the pyrometer system.
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Fig. 7 a. Energy release rate, radiation signals at 550 nm and 700 nm of Case A; b. Energy release rate, radiation signals at 550 nm and 700 nm of Case B; c. SNR of
PMT at 700 nm in Case A; d. SNR of PMT at 700 nm in Case B.

The signal to noise ratio (SNR) was determined as a ratio of the were recorded with a camera gain of 20 dB and are presented as
measured signal with fuel injection to the noise from an equivalent recorded (after averaging). The LTC case (Figure 8b) used a 30 dB
case without fuel injection; Figs. 7c and 7d show the SNR for camera gain and to make the region with visible flame more evident
conventional diesel and LTC, respectively. In both cases, the SNR in the images, the upper limit of the colour scale was reduced, so that
was acceptable throughout the main combustion phase, providing the image was saturated at a pixel intensity of 75, instead of the 255
confidence in the quality of the data. In general, for this system an used in the raw image. Note that the dark area (sharp curved edges)
SNR > 65 dB is considered to be acceptable, although this is on the right-hand side of each image is the piston pip as shown in
recognised as an arbitrary limit. Fig. 1. The FOV of the borescope covers a part of the piston bowl
and piston pip. In the conventional diesel case, the visible sooting
The average in-cylinder natural luminosity, imaged through the FOV area filled nearly the entire field of view between 8 and 20 °CA and
of the borescope (shown in Fig. 1) and averaged over 10 consecutive decreased rapidly thereafter. In LTC, the luminous area reaches a
engine Cycles’ are shown in Flgs 8a and 8b for Cases A and B’ maximum between 8 and 16 °CA but never Completely fills the field
respectively. The intensities in these images are not directly of view; some luminosity remains visible until 28 °CA ATDC.

comparable. The conventional diesel combustion images (Case A)
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Case A (a)

8 °CA ATDC

12 °CA ATDC

Case B (b)

8 °CA ATDC 12 °CA ATDC

16 °CA ATDC

20 °CA ATDC 28 °CA ATDC

20 °CA ATDC 22 °CA ATDC

Fig. 8: 10 cycle average flame images at low-load condition (8 mg/cycle fuelling quantity); (a) Case A—Conventional diesel combustion (as observed), (b) Case B—
High EGR LTC with SOI at -15 °CA ATDC (colour map scaled so that sooting area is discernible). Intensity bars show grey-scale map to measured incident intensity at

the camera (255 counts for full sensor saturation).

Since the FOV of the borescope is not filled up with soot luminosity,
it is important to determine the percentage of luminous area so that
the KL factor may be corrected to provide meaningful average values
within the FOV of the borescope. To assess the sooting (luminous
flame) area, the averaged images were processed in Image-Pro Plus
2D image analysis software. For Cases A and B, a threshold intensity
of 6 and 4, respectively (out of 255 for the monochrome 8-bit
camera) was used; any region above this was identified as having a
visible flame. Automated processing was used to define the sooting
area boundary, as shown in Figure 9 for both conventional and low-
temperature combustion cases. Note that to avoid introducing

Al

8 °CA ATDC 12 °CA ATDC

Case A

16 °CA ATDC

Case B

8 °CA ATDC 12 °CA ATDC 16 °CA ATDC

excessive noise, non-intensified images were used for sooting area
detection. The blue dotted lines represent the sooting area boundaries.
It should be noted that no edge-smoothing was applied to the images.
In most of the conventional diesel combustion frames, the sooting
area was near 100% of the FOV. For LTC (Case B), the FOV was
only partially filled with radiant soot. The temporal variations of soot
area (as a fraction of the FOV area) at different crank angles for these
two cases are shown in Fig. 10, at 2 °CA resolution.

26 °CA ATDC 32 °CA ATDC

20 °CA ATDC

20 °CA ATDC 22 °CA ATDC 26 °CA ATDC

. 9: Selected sooting area in the field of view of the borescope with threshold radiation intensity varying between 6 and 255 for conventional diesel (Case A) and 4
and 55 for LTC (Case B). Grey-scale intensity map is the same as in Figure 8(a) for both cases shown.
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Fig. 10: Soot (flame) area as a fraction of control volume generated by the
FOV for conventional diesel and high-EGR LTC cases

0

The area correction method demonstrated for the spatially resolved
PIDING data was implemented by correcting the KL factor for the
resolved sooting area. As the sooting (luminous flame) area were
determined using a camera with a lower sensitivity than the PMTs
used in the pyrometry, it is possible that the actual area from which

radiation was emitted was larger than recorded in the camera images.

As analysis of the PIDING engine data previously showed, this
would not significantly impact the calculated T, but would lead to an
overprediction of KL.

With the criteria outlined above, the apparent temperatures,
calculated from the PMT voltages and incorporating the calibration
factors that incorporate optical system losses, were processed to
determine the flame temperature and KL factor for a baseline
conventional diesel and an LTC case (Cases A and B in Table 3), as
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shown in Fig. 11. Both the uncorrected and corrected flame
temperatures and KL factors are shown in the figure. Corrected KL
values are only applied for where comparable combustion images
containing a non-negligible luminous area are available to define a
representative sooting area. For both conventional diesel and LTC
cases (Cases A and B), the difference in temperature between the
sooting area corrected and the uncorrected (raw) data remained small
(<30 K). The uncertainty in the flame temperatures and KL factors
due to random errors (corresponding to a 95% confidence interval)
for Case A (conventional diesel combustion) and Case B (high-EGR
LTC) are shown in Figs. 11 (e) and 11(f) respectively. It can be seen
from the figures that close to the peak temperature region, the
uncertainty in the flame temperature measurements is ~ 0.2%,
whereas it is ~0.5% in the late combustion phase for conventional
diesel combustion and ~0.7% in the high-EGR LTC condition. The
uncertainty in the KL factor for both conventional diesel and high-
EGR LTC cases is ~10%.

As expected, LTC is characterized by lower peak flame temperature,
rapid temperature drop and shorter high-temperature residence time
compared to conventional diesel combustion. The corrected KL
factor results suggest that soot concentrations are generally
significantly lower in-cylinder with LTC compared to conventional
diesel, as would be expected. As well, substantial soot luminosity
ends earlier in the cycle, suggesting that the remaining energy release
may be dominated by oxidation of partially-reacted hydrocarbon
species in the low-oxygen, high-equivalence ratio environment of
LTC.
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(Case B).

Using the correction methodology developed above, a low-
luminosity, high-EGR (62% by volume) LTC case (C in Table
3) was assessed using the pyrometer. Sequential images for
the peak heat release rate are shown in Figure 12(a), with the
image brightness increased in post-processing for image
presentation (however, all calculations are based on the
original non-intensified images). Only small and indistinct
pockets of visible flame are evident. The maximum sooting
area as a fraction of the FOV was found to be ~ 0.5% (at 6
°CA ATDC), based on an intensity threshold of three (out of
255). Figure 12(a) suggests a larger area of faint (low-
luminosity) flame, at such low intensities that much of this
area was below the minimum sensitivity threshold. Significant
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energy release is still observed, and the PMTs do record
radiant emissions and the SNR of the PMT is high (>65 dB)
(see Figs. 12 (b) and 12 (c)) even if there is no visible natural
luminosity. This suggests that the observed sooting area is
likely being significantly underpredicted. The temporal
variations of Uncorrected and Corrected flame temperatures
and ‘Uncorrected’, and ‘Corrected’ KL factors are shown in
Figs. 12 (d) and 12 (e) respectively.
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Fig. 12: Flame images at high-EGR advanced SOI (-27 °CA ATDC) operating condition Case C; (a) flame images, with colour map scaled so that sooting area is
discernible, (b) energy release rate, radiation signals at 550 nm and 700 nm; (¢) SNR of PMT at 700 nm (d) flame temperature () KL factor. f. Uncertainty (95%
confidence interval) in flame temperature; g. Uncertainty (95% confidence interval) in KL factor for high-EGR LTC (Case C).

The ‘Uncorrected’ flame temperature is relatively constant (1494 K
to 1450 K) over the resolved region (between 4 and 12 °CA ATDC).
However, the ‘Corrected’ flame temperature reduced significantly
from 1470 K to 1343 K between the same crank angle interval.
Unlike Cases A and B, here the difference between the ‘Corrected’
and ‘Uncorrected’ flame temperatures was high and in reality, the
actual flame temperature is expected to lie in between these two
limits, depending on the actual sooting area. For the PMTs, it is likely
that the sooting area was relatively limited at this high-dilution LTC
condition; this leads to an unrealistic monotonic increase in KL at
later crank angles for the uncorrected KL, as shown in Fig. 12 (e).
This is likely a result of unrepresentative soot luminosity area.
Nevertheless, the ‘Corrected’ KL factors followed the expected trend
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of the KL factor. Clearly, the PMTs are detecting radiant emissions at
intensities below the detection threshold of the camera. Better
understanding of the radiating area through, for example an IR-
transmitting borescope combined with an intensified camera, could
provide a better sooting area definition and correspondingly better
estimate — and lower range of uncertainty — for the Case C. Average
temperature, however, as being relatively insensitive to sooting area,
is likely to still be representative of the average sooting flame
temperatures in the borescope FOV. The uncertainties in the flame
temperatures and KL factors due to random errors (corresponding to
a 95% confidence interval), shown in Figs. 12f and 12g, are 1% and
10% respectively.
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