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Abstract

To meet stringent emissions regulations on soot emissions, it is critical to further
advance the fundamental understanding of in-cylinder soot formation and oxidation processes.
Among several optical techniques for soot quantification, diffuse back-illumination extinction
imaging (DBI-EI) has recently gained traction mainly due to its ability to compensate for beam
steering, which if not addressed, can cause unacceptably high measurement uncertainty. Until
now, DBI-EI has only been used to measure the amount of soot along the line of sight, and in
this work, we extend the capabilities of a DBI-EI setup to also measure in-cylinder soot
temperature. This proof of concept of diffuse back-illumination temperature imaging (DBI-TT)
as a soot thermometry technique is presented by implementing DBI-TI in a single cylinder,
heavy-duty, optical diesel engine to provide 2-D line-of-sight integrated soot temperature maps.
The potential of DBI-TI to be an accurate thermometry technique for use in optical engines is
analyzed. The achievable accuracy is due in part to simultaneous measurement of the soot
extinction, which circumvents the uncertainty in dispersion coefficients that depend on the
optical properties of soot and the wavelength of light utilized. Analysis shows that DBI-TI
provides temperature estimates that are closer to the mass-averaged soot temperature when
compared to other thermometry techniques that are more sensitive to soot temperature closer to

the detector. Furthermore, uncertainty analysis and Monte Carlo (MC) simulations provide



estimates of the temperature measurement errors associated with this technique. The MC
simulations reveal that for the light intensities and optical densities encountered in these
experiments, the accuracy of the DBI-TI technique is comparable or even better than other
established optical thermometry techniques. Thus, DBI-TI promises to be an easily
implementable extension to the existing DBI-EI technique, thereby extending its ability to

provide comprehensive line-of-sight integrated information on soot.
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1. Introduction
1.1. Background

Today’s energy demands are largely met by devices that utilize combustion
processes [1]. One of those devices is the internal combustion engine (ICE). While the ICE is
reliable and relatively power-dense, it does emit air pollutants. Soot-particle emission is both a
local and a global pollutant, as it negatively affects human health locally [2,3] while it is also
detrimental to the global climate by increasing the greenhouse effect [4].

Engine-out soot emissions are the net result of the two competing processes of soot
formation and soot oxidation. While it is understood that the net difference between soot
formation and soot oxidation inside the engine results in the amount of engine-out soot
emissions, current understanding of the governing factors that control both processes remains
insufficient to design engines to fully minimize soot emissions. Therefore, it is desirable to
achieve a more complete understanding of the factors controlling both of these processes to be
able to further reduce soot emissions.

One factor known to control both processes is the temperature of in-cylinder gases, as
higher temperature enhances both the formation and oxidation rates [5-7]. However, it is not
straightforward to measure the temperature of a soot cloud or a flame. While thermocouples
can measure primarily the gas temperature in the vicinity of the soot [8], they are intrusive and
can change the local temperature. Ideally, a less intrusive technique that does to not perturb the
flame and soot cloud is preferrable.

Optical techniques are often used since they can be much less intrusive than
thermocouples. To elucidate the processes occurring within an ICE, optical access [9] is
sometimes employed. In an optically accessible engine, transparent windows are secured in
various ports in the combustion chamber. However, even with optical access, it is not

straightforward to measure soot or flame temperatures, especially in complex systems such as



optical engines. While techniques such as coherent anti-Stokes Raman spectroscopy
(CARS) [10] can provide relatively accurate temperature measurements of the gases in the
vicinity of the soot, it is challenging to use it for a two-dimensional (2-D) mapping of the
temperature field, and hence is most often employed as a point-measurement technique. Due to
the widely varying temperature-gradients inside an optical engine, it is not sufficient to use a
point-measurement technique to help understand the global behaviour within an optical engine
since the temperature in one specific point is not necessarily representative of the global
behavior. One way of measuring the 2-D soot temperature field within an optical engine is two-
color pyrometry (TCP).
2. Theory

TCP is quite possibly the most commonly used method of optically measuring soot
temperature in ICEs [11-13]. By measuring the spectral radiance of a soot cloud at two (or
more) wavelengths, often using high-speed imaging techniques, 2-D temperature maps of the
soot field can be attained. TCP relies on measurements of soot particle incandescence, which is

well represented by the blackbody spectral radiance E}, 4 of Planck’s law. E}, ; depends on the

radiator temperature T, the emission wavelength A, and the two radiation constants C; and C,:

C
/’]_S(eCZ;-lT_l) (1)

Epar=

Though individual soot particles behave approximately as blackbodies, a soot aerosol is
generally not a blackbody, i.e., its emissivity is less than unity. The theory for TCP is
comprehensively described by H. Zhao and N. Ladommatos [14], where they introduce Hottel
and Broughton’s [15] empirical relationship for soot-aerosol emissivity that uses a dispersion
coefficient a to describe the dependence of the line-of-sight emissivity €; on wavelength and
on the base-e optical density KL of soot with a path-integrated extinction coefficient K along

the line of sight of path length L:

€, =1— eKL/AD (2)
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They also describe the concept of an apparent temperature 7, which is the temperature
of a hypothetical blackbody having the same spectral radiance at a particular wavelength as a
non-blackbody, such as the soot cloud in an engine (i.e., using eq. 1 to determine 7, using the
measured spectral radiance along a line of sight of a soot cloud). Then, the line-of-sight soot

emissivity can be written as:

eCz/)lT_l
6/1 - eCZ/ATﬂ.—l (3)

On the right-hand side of eq. 3, the numerator accounts for the spectral radiance of a black body
at the at the same temperature 7 as the non-black-body (e.g., soot), and the denominator
accounts for the measured spectral radiance of the non-black-body.

By combining egs. 2 and 3, it is possible, by measuring the spectral radiance of the soot
aerosol at two different wavelengths, to obtain a unique solution for the true non-black-body

temperature 7, as shown in eq. 4.

AT L
eC2/11T_q eC2/22T_4
<1 B (eCZ/AlTa1—1)> = (1 o (eCz/lzTa2_1)> “4)
Again combining eqs. 2 and 3 but for a single wavelength, it is further possible to

estimate KL using eq. 5.
KL = —2%n (1 _ (%)) )
One uncertainty associated with Hottel and Broughton’s empirical relationship in eq. 2
lies in the wavelength dependence of the emissivity. According to Rayleigh theory, the
emissivity of soot aerosols should, assuming a constant index of refraction, have a wavelength
dependence corresponding to o= 1. However, experiments confirm that empirically, a is highly
variable, ranging between 0.5 and 7 at different wavelengths or for different conditions [16, 17].

Uncertainty in a affects the accuracy of both the TCP temperature measurements as well as soot

extinction measurements.



One way of circumventing the uncertainty in a is by directly measuring the extinction
by soot, using a technique such as the light extinction method (LEM). With a direct
measurement of the extinction by soot, the aforementioned assumptions to estimate o are not
necessary, and the temperature measurements should thus be more accurate [18, 19].

LEM is a technique where light directed through the soot aerosol [20], and by using
Beer-Lambert’s law, KL can be computed by comparing the intensity of incident light to the

intensity of transmitted light when there is soot in the beam path:
—KL _ ltr
e == (6)

While the extinction coefficient K consists of both an absorption and a scattering component,
the scattering component can be considered negligible for a particle size much smaller than the
wavelength of the illumination source [21]. Using LEM, it is possible to make quantitative soot
extinction measurements with a temporal resolution of several tens of kHz [22].

One issue with LEM is that it can be affected by beam steering [21]. Beam steering is
caused by gradients in the refractive index, which are often due to density gradients that are
especially common in high-pressure, high-temperature environments such as the turbulent
combustion inside optical engines. Without being able to account for the effects of beam
steering, it is impossible to assign changes in the intensity of the transmitted light to either
actual extinction or to light refracted into or out of the line of sight due to beam steering. A
further unavoidable issue with TCP and beam steering is that two different wavelengths may
refract differently, which will cause light emitted from the same spot to appear at two different
locations at the detector, thus skewing the detected intensity ratio between the two
wavelengths [23].

Diffuse back-illumination extinction imaging (DBI-EI) has been previously developed
as a means to overcome the issues of beam steering encountered in extinction

measurements [24-26]. It has largely been utilized in high-pressure constant-volume
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chambers [25, 27]. Since beam steering is largely caused by density gradients, a more turbulent
environment will likely cause more pronounced beam steering. The amount of beam steering,
which can be expected under the conditions applied in this paper, has previously been
estimated [21]. In this work, we intend to show that by using DBI-EI instead of a traditional
LEM to measure soot absorption, and by combining that with high-speed imaging of the flame
at a single wavelength, it is possible to produce 2D soot temperature maps with higher
accuracies.

The DBI-EI system developed for this optical engine experiment builds on the previous
DBI-EI work done in a high-pressure constant-volume vessel [25], which was in turn motivated
by previous work carried out by Gandhi and Heim [28]. By using an engineered diffuser to
create a diffused light source with a Lambertian intensity profile instead of a collimated light
source, DBI-EI can compensate for beam-steering effects [25]. DBI-T1 is a further development
of the DBI-EI technique and hence in addition to soot temperature, soot KL along the line of
sight can be calculated using Beer Lambert’s law (eq. 6). We also consider and quantify the
effects of negative image lag [29] and its subsequent effect on temperature measurements. In
the last part of this work, the accuracy of diffuse back-illumination temperature imaging (DBI-
TI) is evaluated using uncertainty analysis and Monte Carlo simulations.

The theory of DBI-EI is rigorously described elsewhere [24, 26, 30] but to briefly
summarize, the physical diameter (D) and full spreading angle (6) of the diffuser, as illustrated
in Figure 1, must fulfill the following relations:

0= f+w (7)

D=>S+tan(f +w)-L (8)

From geometric ray-tracing considerations, eq. 7 defines the requirement that the full angle of
the ray bundle emanating from the diffuser must be sufficient to accommodate both the
anticipated full-angle beam steering £ (~ 3.8°for our setup) along all of the ray paths to the

9



camera detector array, as well as the full-angle aperture @ of the collection optics (v ~ 3.5°for
our setup). Additionally, ray tracing also defines the requirement in eq. 8 that the size of the
diffuser must at least span the lateral dimension (S) of the measurement volume projected back
along the length (L) of the optical axis between the measurement volume and the diffuser,
accounting for spreading due to both beam steering (via f) and the aperture angle of the

collection optics (via w).

Diffuser

Collimated Dl — " JI e — L ’ el
light / S Bcan’;r g w EF

steering ()

Figure 1. An overview of the parameters of specific interest in the DBI-EI setup.

With the ability to directly measure KL at a single wavelength (KL, here, at 632 nm),
and using Kirchhoff’s law of radiation in combination with eq. 2 & 3 yields eq. 9:

Co /AT _
_ p(-KLp) — 2" -1
1—e M= ~C2/iTa ] 9)

Hence, the availability of the measured KL, effectively bypasses uncertainties in the wavelength
dependence of the soot emissivity on the temperature measurement, as the emissivity
dependence on wavelength in eq. 2 does not appear in eq. 9. From eq. 9 it is possible to derive

an expression for 7, and by measuring KL; and 74, eq. 9 can be solved for 7 directly:

C2

r= In ((%—1)(1—(3""%)“)-/1

(10)

Furthermore, without the need for employing two wavelengths, uncertainties related to some of
the beam steering effects previously mentioned can also be avoided. However, uncertainties
relating to the soot optical properties still remain if it is desired to extract soot mass or volume

from the measured KL,.
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Although the DBI-TI technique requires an apparent temperature measurement at only
one wavelength to solve eq. 9, careful camera calibration to measure the absolute intensity of
the collected soot luminosity at the photodiode wavelength remains essential. Appendix A
describes the calibration technique, which uses an integrating sphere in place of the cylinder
head to retain the same optical collection efficiency as in the operational engine experiments,
and also addresses calibration issues associated with the much lower intensity of the integrating
sphere relative to a sooty combusting jet.

3. Experimental Overview
3.1. Optical setup and the optical engine

Figure 2 shows the schematic layout of the optical engine and the DBI-EI setup along
with the beam path. The wavelength selected for the LED is 632 nm. While a shorter
wavelength would suffer less from background luminosity interference originating from the
flame, it would on the other hand suffer more from absorption by soot precursors such as
polyaromatic hydrocarbons [16]. Since the background luminosity was well suppressed by the
630-nm bandpass filter, this wavelength was utilized to minimize soot precursor absorption that
might confound the soot measurements. Assuming equally good filters, output power, and
repetition rate, an even longer wavelength may have been preferable, but at the time of the
experiments, no such LED was available.

The 10° engineered diffuser used in the experiment, as well as the other engineered
diffusers used for validation of the technique (c.f., section 3.3) were procured off the shelf from
RPC photonics. DBI-EI and DBI-TI relies on uniform illumination of the engineered diffuser,
and previous setups have used combinations of Fresnel lenses for this purpose [26, 30]. Here,
a condenser lens in combination with a 1.8 mm? pinhole and a subsequent collimating lens
uniformly illuminated the engineered diffuser with sufficiently good signal to noise ratio to

resolve KL up to 5. It is to be noted that the DBI-TI technique is limited by the ability of the
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system to reliably measure KLy. With our current system we are able to resolve KL of 5 and
below with good accuracy and precision, but once the medium becomes optically thicker than
this limit, the signal to noise ratio becomes unfavorable, which has been discussed in detail
elsewhere [24].

Engine and fuel-injector specifications are listed in Table 1, and Figure 2 is a schematic
of the experimental setup. The engine is a modified Cummins N14 single-cylinder, heavy-duty
diesel engine with a displacement of 2.34 L. It is equipped with a Bowditch piston with a large
flat window spanning the full diameter of the bottom of the piston bowl, providing optical
access to the piston bowl as viewed from below using a stationary 45° mirror. To provide optical
access to a portion of the squish region, one of the two exhaust valves is replaced with a quartz
window, and a periscope with a 45° mirror allows viewing from above through the cylinder
head. With windows on both the top and the bottom of the combustion chamber, optical pass-
through diagnostic imaging techniques, such as DBI-EI and LEM, can thereby be utilized in
the region where the two round windows overlap. This overlapping pass-through optical access
is maintained throughout the entire piston stroke, making it possible to measure soot KL and
temperature throughout the entire engine cycle.

The engine is operated at constant speed of 1200 rotations per minute. A Delphi DFI-1.5
common-rail injector delivers consistent n-heptane fuel injections at 1200 bar fuel-rail pressure.
Though the experimental setup presented in Figure 2 shows a beam splitter and a two camera
setup, only the Phantom 7.3, 14-bit camera is used for the DBI-TT measurements described in
this work; the Phantom 7.1, 12-bit CMOS camera was used for natural luminosity imaging in a
related effort [31]. CMOS cameras typically suffer from negative image lag [29], and the

evaluation and mitigation of negative image lag is described in Appendix B.
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Table 1. Engine and injector specifications.

Engine Specifications

Engine base type Cummins N-14, four-stroke DI Diesel
Number of cylinders 1

Number of intake valves 2

Number of exhaust valves 1*

Combustion chamber type Quiescent, direct injection
Swirl Number (-) ~0.5

Bore x Stroke (mm) 139.7x 152.4

Bowl Width, Depth (mm) 97.8,15.5

Displacement (L) 2.34

Piston pin offset None

Connecting rod length (mm) 304.8

Geometric Compression Ratio (-) | 11.2

Fuel Injector Specifications

Common Rail, solenoid actuated

Fuel injector t
uel imnjector type Delphi DFI 1.5

Orifices and diameter (mm) 8 equally-spaced, 0.131
Included spray angle 156°
Fuel High-purity (>99%) n-heptane

* In this optically accessible diesel engine, one of the two exhaust valves of

the production cylinder head is replaced by a window.
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Figure 2. Schematic of the optical engine and the diagnostic setup.

3.2. Camera and LED pulsing scheme

Although the 630-nm bandpass filter removes much of the background soot luminosity
from being detected along with the transmitted light from the LED, background subtraction is
nevertheless required to account for the remaining background offset. This is done by acquiring
one frame before the LED emits light and then by removing the intensity in that frame from the
next frame with the LED pulse. An implicit assumption in this approach is that the background
emission changes insignificantly from one frame to the next, and hence it is paramount to
minimize the time between frames. However, as described in Appendix B, one extra “blank”
image must be added after each LED pulse to minimize the effects of negative image lag.
Hence, the time between frames necessarily includes this negative-image-lag correction step.

The schematic in Figure 3 shows the timing of the LED pulses in relation to the camera
acquisition scheme. Though one crank angle degree (CAD) corresponds to roughly
140 microseconds at an engine speed of 1200 rpm, images are acquired only during the first

half of each CAD due to limitations on the permissible duty cycle of the LED source. The LED
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source [33] is operated near its maximum pulse energy at a pulse rate of 40 kHz, and the
capacitors associated with the LED circuit do not fully recharge between the pulses, resulting
in a gradual decrease of energy in subsequent pulses. To sufficiently recharge the capacitors, a
dwell time of about 90 microseconds between pulses is required. This can be achieved by either
reducing the LED pulse rate to 14 kHz, or by using by using higher-frequency pulse bursts but
with sufficiently long dwell time between bursts to sufficiently recharge the capacitors. We
elected for the latter method, employing pulse bursts with three consecutive LED pulses during
each CAD at the fastest achievable LED pulse rate (40 kHz), as constrained by the camera

frame rate (120 kHz), and with a dwell of about 90 microseconds between pulse bursts.

D LED pulse I Camera exposure

Figure 3. Schematic showing timing of the LED pulses in relation to the camera pulse train
used for image acquisition. The three LED pulses shown in the magnified section correspond
to images I3¢s,, I365,, and I35,

Although 90 microseconds is sufficient to recharge the LED capacitors to a useful state
of charge, the first LED pulse in the whole pulse train is up to 20% stronger than the steady-
state level achieve later in the pulse train, shown in Figure 4. The steady-state capacitor charge

state is achieved within about 1 millisecond, so the pulse train of Figure 3 is initiated 10 CAD
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(1.4 milliseconds) before the start of injector solenoid energization (SSE) so that the LED pulses
reach a steady and repeatable behaviour well before any combustion or soot formation.

The Iy image of eq. 6 for each of the three pulses in the burst is the ensemble average of
all images acquired after achieving steady state but before the fuel jet enters the field of view
(FoV), which with our setup corresponded to seven CADs. While running the LED for only
half a CAD prevented complete capacitor depletion, there were minor, but consistent, decreases
in the intensities of the three pulses in each burst in Figure 4. That is, although steady-state LED
behavior was achieved from burst to burst, the intensities of the pulses within each burst were
not constant. Due to the varied, but consistent, differences in pulse intensity, the recorded LED
intensity integrated over the FoV for each of the three pulses (Icapy,, Icapy,, and Igapy,) in a
burst, and then averaged of the seven-CAD time interval described above, provide the reference

intensity /y for use in eq. 6.
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Figure 4. LED pulse intensity variations during three consecutive CAD:s.

3.3. Validation of the DBI-EI beam steering capabilities
To gauge whether the setup can compensate for beam steering, the engine was motored

and fuel was injected into an inert ambient consisting of 100% nitrogen gas (N2). Under this
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condition, the fuel jet does not ignite and burn, but the difference in the index of refraction of
the unburned fuel relative to the air creates strong index of refraction gradients in the turbulent
fuel jet. For our setup with an estimated 3 ~ 3.8° and o ~ 3.5°, based on eqgs. 7 and 8, a diffuser
with a spreading angle of 10° (6 > B+w) is expected to sufficiently compensate for beam
steering, while a diffuser with a spreading angle of 4° (6 < +w) would not be expected to
compensate adequately'.

Figure 5 shows a comparison of DBI-EI images acquired during fuel injection into inert
ambient using either the 4° (left) or the 10° (right) diffuser. As no combustion or soot formation
is expected under inert conditions, a setup that compensates fully for beam steering will indicate
near-zero KL values. The DBI-EI image using the 4° diffuser shows clear signs of beam steering
throughout while it is observable only in the outmost regions with the 10° diffuser. This is due
to the FoV being slightly larger than the diffuser, hence resulting in eq. 8 not being applicable
over the entire region of interest. Such regions where eq. 8 was not satisfied are removed in
post processing.

4 ° Diffuser 10 ° Diffuser

Figure 5. DBI-EI images acquired with 4° (left) and a 10° diffuser (right) by injecting fuel
into inert nitrogen ambient for validating beam steering. The red circle marks the spatial
extent of the diffuser used for this validation.

! For the validation of beam steering capabilities test, we used a 1 diffuser, since RPC photonics at that point did
not carry any 4° diffusers of the same size (2”) as the 10° diffuser used in the rest of the experiments. Therefore,
though the FoV in the validation tests (c.f. Figure 5) is different, the conclusions drawn hold good regardless of
the size of the 4° engineered diffusers used.
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4. Results and Discussions
4.1. Theoretical comparison to two color pyrometry (TCP) temperatures

According to the diesel conceptual model of Dec [32], the thermal distribution of soot
within a combusting diesel jet can be characterized as a relatively cool (~1000 K) and uniform
distribution of soot within the core of the jet, surrounded by a thin region near the diffusion
flame on the periphery of the jet, which approaches the adiabatic flame temperature. Using the
method described in [23, 34] to discretize along the line of sight for this characteristic soot-
temperature distribution of a thin, hot flame-zone surrounding a cool core, the expected
temperature measurements from the DBI-TI technique can be compared to the TCP technique,
which allows for an easier assessment of the expected experimental values. Svensson et al. [23]
have derived and applied such an approach to the analysis of the TCP technique. Here, we
follow their approach using a diesel-jet model discretized in one dimension along the line of
sight, as shown in Figure 6. As derived by Svensson et al. [23], the accumulated soot emission

intensity along the discretized elements of soot along the line of sight can be written as:

Cq 1 n C 1 n
G 1 _yn G 1 (g 10
A3 e(cz/)lTa)_l Zl_l A3 e(CZ/lTi)_l ]_H-l( al]) ( )

In eq. 10, the apparent monochromatic blackbody emission intensity of the soot
radiation at an apparent temperature 7, on the left-hand side is the sum of the emission from
the discretized soot elements on the right hand side, accounting for the product of attenuation
through the stack of elements. By establishing a weighting factor W¥; as described by eq. 11,

kili) n kil

W, = (1 — 7@ | g~ Ljmieiaa (11)

eq. 10 can be rewritten as:

1

(Parg)_y

w
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By evaluating the LHS of eq. 10 and substituting the value of 7, into eq. 12, the theoretical
DBI-TI temperature can be computed. This can then be compared to values of the same

theoretical temperatures evaluated for the TCP setup described in Svensson et al. [23].
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Figure 6. Theoretical flame structure used for DBI-TI and TCP temperature calculations.

Assuming that each flame zone has the same soot mass, the mass-averaged temperature
is 2127 K, with a total KL of 4.2. The same soot distribution with the TCP setup of Svensson et
al. [23] has a temperature of 2509 K and a total KL of 0.23. Using the DBI-TI method, the
temperature is 2082 K and the KL is 4.2. Thus, though the DBI-TI method yields temperatures
that are lower when compared to the TCP estimates, these values are much closer to the mass-

averaged radiation temperature, whereas the TCP temperature matches closely the values at the

edge of the flame.

4.2. Experimental results

Figure 7 shows the field of view for the DBI-TI technique as implemented here (~ 10%
of the bowl area, i.e., area ~ 3 cm?), and Figure 8 shows the 2-D distributions of KL (top) and
temperature (bottom) for two different oxygen concentrations of 15% (left) and 18% (right).
All other operating conditions in Table 1 are maintained constant. Figure 8 shows lower
temperature distribution throughout the field of view at lower oxygen concentrations, which is
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consistent with expectations for lower combustion temperatures. Of note, some regions
highlighted by the red ellipse exhibit higher KL values (soot concentrations), while soot
luminosity and temperatures remain relatively low, which indicates that for these conditions

and within this FoV, the regions with the highest soot KL are also relatively cool.
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Figure 8. 2-D distributions of KL (top) and DBI-TI based temperature estimate (bottom) in
the field of view for two different oxygen concentration 15% (left) and 18% (right). All other
operating conditions are maintained constant. 4.2.1. Effects of beam steering

A DBI-TI setup that fulfills eqs. 7 and 8 should adequately compensate for beam
steering. By analysing areas in the field of view, where eq. 8 is not expected to be fulfilled and
comparing them to the regions where eq. 8 is expected to be fulfilled, we can gain insight into

how beam steering might affect the measured temperature. Figure 9 compares the maximum
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temperature estimated by DBI-TI for 10 consecutive cycles using an uncropped FoV (area ~ 3
cm? with some beam steering at the boundaries, c.f. Figure 5) to those extracted from a suitably
cropped FoV (area ~ 2.7 cm?, no beam steering, c.f. Figure 5). It is clear that the calculated
maximum temperature shown in Fig. 9 is overestimated due to beam steering, which also tends
to cause rapid and drastic fluctuations in the temperature estimates (by as much as 200 K within
a few CAD). On the other hand, beam steering compensation can effectively minimize these

fluctuations in addition to estimating a lower maximum temperature.
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Figure 9. Evolution of maximum temperature estimated by DBI-TI for 10 consecutive cycles
using a FoV with and without beam steering.

Figure 10 compares the spatially averaged temperature within the field of view estimated by
DBI-TI for 10 consecutive cycles with and without beam steering by choosing a suitable
cropping scheme as described earlier. It is clear that though the maximum temperature
estimated with beam steering (no compensation) is higher, the corresponding estimate of
spatially averaged temperature tends to be lower. This trend, though possibly counter-intuitive,

can be explained i.e., if a source radiates a fixed amount of energy, the highest spatially
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averaged temperature that one can measure will occur when the radiance is homogenously

distributed (no beam steering).
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Figure 10. Evolution of spatially averaged temperature estimated by DBI-TI for 10
consecutive cycles using a field of view with and without beam steering.

4.2.2. Window fouling

One issue with measurements in an optical engine is the effect of window fouling. As
soot is deposited on the windows, it will add a positive bias to the measured KL, which affects
not only the KL measurement, but also the temperature measurements that depend on KL
through eq. 10. Furthermore, the deposited soot will absorb some of the soot luminosity,
decreasing the measured intensity and hence the apparent temperature 7, as well. With a passive
technique like TCP, there is no clear way to compensate for this window fouling during the
course of a run. However, with an active technique such as DBI-TI, it is possible to account for
window fouling, at least that accumulated during previous cycles. The method of calculating
the reference intensity 7y described above already accounts for soot-deposition effects on KL,
but a further correction is required to fully remove the temperature bias. Here, for each pixel, a
soot-deposition KL value is measured prior to fuel injection of each cycle, which is then used

to compute the fraction of flame radiation that is absorbed by the accumulated soot deposition
22



during the previous cycles. The captured flame radiation is then multiplied by the inverse of
this fraction. Figure 11 compares the spatially averaged mean temperature during 365 to
370 CAD for 10 consecutive cycles with and without the compensation algorithm to account
for window fouling. The uncompensated data exhibits a fictitious and misleading (unrealistic)
decreasing temperature trend while no such trend is evident when the compensation algorithm

that accounts for window fouling due to soot deposition is employed.
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Figure 11. Effects of window fouling on the temperature.

The window fouling data also provide insight into the effects of in-cylinder soot that
may exist in the bulk gas, along the line of sight but outside the notional jet cross-section
illustrated in Figure 6. Similar to soot deposited on the windows, such soot would be relatively
cold and hence of low luminosity compared to the hot soot in the combusting jet. Because of
this similarity, the effects of cold bulk-gas soot should be similar to that shown in Figure 11 at
the same KL value. For instance, an amount of cold soot in the bulk gas corresponding to

KL = 0.3 would be expected to bias the measured temperature lower by 67 K.
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4.3. Uncertainty analysis

As was noted earlier, one of the main advantages of DBI-TI is that the use of the
uncertain dispersion coefficient a can be avoided. Since the use of a single wavelength LED
source and the inherent beam steering reduction capabilities of the DBI-EI technique minimizes
the uncertainties caused by density gradients, the uncertainties associated with DBI-TI are
mainly dominated by camera traits.

These camera uncertainties are similar to those encountered with the TCP technique
with two exceptions. TCP most often utilizes two cameras, which introduces some uncertainties
in pixel mapping, as it is not feasible to ensure an exact cross correlation map between the two
cameras. On the other hand, DBI-TI utilizes a single camera, which avoids pixel mapping;
however, uncertainties do arise due to the time steps involved in camera acquisitions used for
KL and apparent temperature measurements.

Especially in a turbulent environment, it becomes critical that the frame rate is
sufficiently fast to “freeze” the combustion event in time. If the time between two images is
sufficiently long, it is likely that both the flame and the soot cloud will have undergone
considerable motion and or scalar changes to soot temperature or KL. Thus, the image used to
determine the KL value will not be compatible with the image used to measure 7,. By simply
taking the difference in intensity between two consecutive images, it is possible to estimate this
induced error.

Lyirrerence = i — li41 (13)
Figure 12 shows such a “difference” image as defined by eq. 13 and the corresponding

distribution in the resultant intensity is shown in Figure 13.
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Figure 12. Image showing liifference (1 - Ij+1). The maximum intensity difference of ~600 counts
between the two subsequent images is less than 4% of the total bit depth of the 14-bit camera.

As seen in Figure 12, the liiference map shows no distinctive features, which would have been
the case if the time interval between the two images /; and /;+; was long enough for obvious
bulk motion within the FoV. As shown in Figure 13, lugerence follows a random normal
distribution. For this specific case, the spatially averaged intensity of both /; and /;+; is greater
than 2000 counts, and the Zuierence distribution is on the order of 1% of the intensity, with a mean

value of 20, indicating that there is a slight decrease in luminosity between the two images.
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Figure 13. Distribution of liifference (I; - 1j+1) evaluated for the entire field of view.
25



To predict the extent of the error in a single camera pixel, a Monte Carlo (MC) model
is created. In this MC model, 10000 samples are used and the various sources of error /
uncertainty are accounted for as follows. The error in 7, used to compute KL and T is estimated
by determining the value of lijerence for every single CAD and fitting it to a Gaussian
distribution to compute the standard deviation. A similar approach of using a random normal
distribution is used to estimate the error in /. However, since /Iy is calculated as the average
intensity from seven individual images in experiments, to make the MC simulation as close as
possible to the processes involved in the experiments, each value of Iy for MC simulation is
estimated based on the average of seven random samples from a normal distribution.

On the other hand, the calibration error is better modeled using a uniform random
distribution. For the lowest intensity values, this error is estimated to be around + 10% while
the corresponding value for higher intensities is around +1%. However, to cover all possibilities
with reasonable certainty, a worst-case scenario is evaluated in the MC simulations by using a
+10% uniform random distribution error for all intensities. Figure 14 shows the distribution of
all possible temperature values according to the MC model for a pixel (x: 50, y: 64) at 373 CAD

for the 18% O dilution case presented earlier in Figure 15.
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Figure 14. Monte Carlo simulation based distribution of all possible temperature values for a
random pixel (x: 50, y: 64) at 373 CAD for the 18% O: dilution case.

The standard deviation of the MC-simulation-based temperature distribution presented
in Figure 14 is 7 K. By running the MC simulation not just at 373 CAD as in Figure 14 but for
all CADs it is possible to see how the standard deviation varies during the cycle. Figure 15(a)
shows the variation in the standard deviation of the MC simulation based temperature
distribution as a function of CAD for pixel (x: 50, y: 64) during three cycles and Figure 15(b)
for three different randomly selected pixels from a single cycle. The standard deviation here

varies between 5 K and 25 K.
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Figure 15. The standard deviation of MC simulation based temperature distribution as a

function of CAD for (a) a random individual pixel(x: 50, y: 64) for three cycles (b) three
random individual pixels from the same cycle.

The uncertainty of the DBI-TI technique does thus appear to be well within the
uncertainty limits of a TCP and MAE (Modulated Absorption Emission). Reported error
estimates on TCP temperature measurements often vary in literature but are typically
50-100 K [23, 35, 36] without fully accounting for the uncertainties in a. For one experiment

using a single three-color camera [23], the estimated temperature was greatly influenced by the
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choice of wavelength. Using the green and red channels instead of the blue and red channels
underestimated the TCP temperature by roughly 100 K. Though this was originally attributed
to the change in penetration of the different wavelengths, it is not unreasonable to assume that
the change in a with wavelength also significantly contributed to this mismatch. MAE
measurements report uncertainties in the range of 20 K to 96 K for equivalence ratios ranging
between 2.13 and 2.36 with an averaged absolute error of 67 K [18, 19]. These measurements
do not take into account beam steering effects, however, which might further affect the reported
uncertainties.

5. Conclusions

DBI-TT has the potential to be an accurate soot-thermometry technique for use in optical
engines, especially due to its ability to circumvent the evaluation and usage of the uncertain
dispersion coefficient a. The dispersion coefficient a varies with the optical properties of soot,
which may be continuously changing during the cycle and is dependent on the wavelength of
light utilized in the technique. Monte Carlo simulations carried out in this work reveal that for
the light intensities and optical densities encountered here, the accuracy of the DBI-TI technique
is comparable or even better than those of TCP and MAE.

The DBI-TI technique has been implemented in an optical engine to provide 2-D
temperature maps. Analysis shows that DBI-TI provides temperature estimates that are closer
to the actual mass-averaged soot radiation temperature when compared to other thermometry
techniques that are more sensitive to soot closer to the detector source. Due to its accuracy,
precision, and low costs, DBI-EI imaging has gained traction in recent years and is widely used
for 2-D soot extinction measurements. Hence, DBI-TI promises to be an easily implementable
extension to the existing DBI-EI technique, thereby extending its ability to provide more

comprehensive information on soot evolution.
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DBI-TI seems especially well suited for applications with large fields of view, such as
high-pressure combustion vessels with large windows or open flame environments, which
guarantee fairly wide, unrestricted and flexible optical access. Its inherent ability to compensate
for beam steering also makes it attractive for in-cylinder soot-temperature measurements in
optical engines despite its restricted field of view when compared to other traditional
thermometry techniques such as TCP.
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Appendix A: Camera response calibration

The camera used in this experiment is a Phantom 7.3, 14-bit camera. To measure the
apparent temperature 75, an absolute intensity calibration for the camera is required. In this
work, an integrating sphere (Hoffman Sphere Optics, LRD-6Z7) is used for camera calibration.
To replicate the transmission of the engine experiments’ optical system during calibration, the
engine cylinder head is removed and an integrating sphere is mounted in place of the cylinder
head, as shown in Figure Al. With this arrangement, the light emitted from the integrating
sphere followed a similar optical path to that of light emitted by luminous soot during engine
experiments. The luminosity from the integrating sphere for a given wavelength is continuous
and stable, and is spectrally pre-calibrated by the manufacturer. For our experiments, the

relevant spectral radiance is 237 mW/(m?.sr.nm) at a wavelength of 630 nm.

Integrating
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Figure Al. Schematic layout of the camera response calibration setup.

Figure A2 shows the results from a camera exposure-time sweep that was carried out.
Each data point in Figure A2 represents the averaged intensity of all pixels in the field of view

averaged over 100 images.
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Figure A2. Mean (averaged over 100 images) intensity in the field of view for various camera
exposure times.

The general trend of this curve is linear except for the 1us exposure case. Despite this,
the 1 microsecond exposure time is used in the experiments to minimize the amount of
background luminosity recorded during the DBI-EI measurements, which necessitated
additional sensitivity calibration. Due to the relatively low spectral radiance of the integrating
sphere, it is necessary to perform the second set of camera calibration using an LED source as

shown in Figure A3

630 nm filter (10 nm FWHM)

ND

Figure A3. Schematic layout of the camera calibration using an LED source and filter stack.

A second 632-nm LED proved to be a strong enough light source for camera calibration
at relative short exposure times. The LED is operated in a continuous wave (CW) mode to
mimic the illumination from the integrating sphere. Various calibrated neutral density (ND)
filters are placed in front of LED to adjust the light intensity incident on the camera. After that,
the camera is then replaced by the integrating sphere to quantify the LED intensity with each
ND filter. The output current from the photodiode of the integrating sphere and the pixel

intensity response for various exposure times are shown in Figure A4. For each curve, the



exposure time and the LED illumination intensity are held constant with each individual data

point representing a different ND filter.
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Figure A4. Camera absolute intensity calibration. Each individual data point on a given
curve (constant exposure time and LED illumination intensity) represents a different ND

filter.

The 1 pus exposure-time curve in Figure A4 is not as linear as the other longer exposure
times. Nevertheless, the data provide a means to convert the absolute intensity among the
various exposure times for quantitative calibration. As the data points in Figure A2 relate the
absolute intensity to the exposure times, by using one of these calibration points and pegging
that to the data in Figure A4, the photodiode output current (left Y-axis) can be converted to an
absolute intensity (right Y-axis). In Figure A2, the mean intensity counts from 1 ps exposure
time is so low that it is likely to be within the background noise level. Hence, we use the longer
exposure time (90 us) data to do the pegging described in Figure A4 . By doing so, the 1 ps
exposure time data can also be calibrated for the absolute light intensity. Once the two-step
camera calibration is complete, a transformation matrix is generated for the camera to convert

the recorded pixel intensity to absolute light intensity.



Appendix B: Negative image lag effects

Complementary metal oxide semiconductor (CMOS) cameras suffer from various
degrees of pixel intensity transfer effects from frame to frame due to an incomplete reset during
a CMOS pixel readout [32]. For instance, if a pixel is exposed to decreasing intensity from one
frame to the next, the second frame will appear slightly fainter than it should. This “negative
image lag” occurs both for saturated and unsaturated exposures. The negative image lag is
quantified by exposing the detector array to a continuous background illumination with varying
intensity gradients across the array as shown in Figure B1. Once a satisfactory background
illumination is achieved, images were acquired with the LED pulser turned on. By using a
camera-framing rate that is twice the LED pulser frequency, quantitative negative image lag
assessment is carried out according to eq. 8.

Inegative = Ipefore LEp — lafter LED (8)
Where Inegarive 1s the negative image lag, lpefore LD 1 the intensity in the frame acquired before
the LED pulse and Iuer 2£p 1s the intensity in the frame acquired after the LED pulse. It is to be
noted that the frame that captures the LED pulse is not used for negative image lag
quantification purposes. The resolution and exposure time of the camera is set to 96 x 160 pixels
and 10 ps respectively.

Figure B1 (right panel) shows that the negative image lag caused by a 50 ns long LED
pulse is spatially well correlated with the corresponding intensity distribution of the LED pulse.
Clearly, no or minimal pixel blooming to adjacent pixels is noticeable in the lower parts of the
image, which remains unaffected by negative image lag as this region is devoid of LED-pulse
illumination. Depending on the camera used, this might not always be the case [32]. The
negative image lag clearly shows two distinctly different intensity distributions in the top and
bottom halves. Thus, it is evident that the camera readout consists of (at least) two separate

analog to digital converters that are not calibrated to be identical thus resulting in varying



negative image lag intensity effects between the two arrays. Though the maximum intensity in
the frame with the LED pulse (middle panel of Figure B1) is only around 3100 counts (~ 19%
of the total bit depth), there is still a small but measurable effect of negative image lag with the
worst affected regions exhibiting negative image lag intensity counts as high as 110 (0.6% of

the available bit depth).
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Figure Bl. Left: Steady background illumination exhibiting spatially varying intensity
gradient (first frame). Middle: Intensity distribution due to the 50 ns long LED pulse
illumination (second frame). Right: Negative image lag in the third frame caused by the 50 ns
long LED pulse.
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As the intensity of the LED pulse increases, so does the negative image lag. However,
further evaluation revealed that negative image lag caused by exposure timing that is barely
above the saturation limit as well as one well above the saturation limit resulted in the same
negative image lag. While the effects of negative image lag could be potentially estimated based
on the current and preceding (earlier) pixel value, it is however a cumbersome procedure and
introduces uncertainties in the data. However, as seen in Figure 20, there are no visible signs of
negative image lag on the subsequent frames. This is true irrespective of the time in between
the acquisitions (framing rate). That is, even if the time between the acquisitions were as long
as 1 s (1 Hz) or as short as 1 us (1 MHz), the frame after the LED pulse had the same amplitude
and spatial extent of negative image lag. Figure B2 shows that the negative image lag decreases
sharply to noise level in the very next frame (after the frame with negative image lag) even
when acquisitions time steps are as small as 8 ps (125 kHz). Therefore, if the camera frame rate

is chosen to be fast enough that frames may be periodically discarded while retaining



sufficiently high data rates using the remaining frames, it is feasible to simply add one “blank”
frame between each set of three frames used for soot KL and T measurements to decrease the
effects of negative image lag. Though it is unrealistic to completely bypass natural flame
luminosity to record a blank frame during the engine run, it is possible to choose a combination
of filters and camera settings that can ensure that the maximum detected intensity due to natural
flame luminosity stays below 30% of the total bit depth throughout the experiment. This helps

in maintaining the amplitude of negative image lag below 1% of the total bit depth.

Figure B2. Left: Intensity distribution due to the 50 ns long LED pulse illumination (second
frame). Middle: Negative image lag in the third frame caused by the 50 ns long LED pulse.
Right: Near zero negative image lag observed in the fourth frame. The exposure time is 1 us

and the acquisition time step between any two frames is 8 us (125 kHz).
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