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ABSTRACT A single-laser single-camera imaging technique
was demonstrated for in-cylinder temperature distribution
measurements in a direct-injection internal combustion engine.
The single excitation wavelength two-color detection tech-
nique is based on toluene laser-induced fluorescence (LIF).
Toluene-LIF emission spectra show a red-shift with increas-
ing temperature. Temperature can thus be determined from the
ratio of the signal measured in two separate wavelength ranges
independent of the local tracer concentration, laser pulse en-
ergy, and the intensity distribution. An image doubling and
filtering system is used for the simultaneous imaging of two
wavelength ranges of toluene LIF onto the chip of a single
camera upon excitation at 248 nm. The measurements were per-
formed in a spark-ignition engine with homogeneous charge
and yielded temperature images with a single-shot precision of
approximately + 6%.

PACS 32.50.4d; 42.62.-b; 47.80.Fg

1 Introduction

Detailed knowledge of in-cylinder mixture forma-
tion and combustion is crucial for the development of modern
combustion engines with high efficiency and low pollutant
emissions. Local mixture conditions, equivalence ratio and
exhaust gas fraction, along with the temperature before igni-
tion largely determine the performance of an engine. There-
fore, it is important to experimentally determine quantities
like fuel and air concentration as well as temperature and use
this information either in engine development programs or
towards the development and validation of advanced compu-
tational tools for engine design.

One way of gathering these quantities is laser-induced flu-
orescence (LIF) imaging in an optically accessible engine.
The physical principle of this method is the electronic ex-
citation of tracer molecules (e.g. toluene) by laser light and
the detection of their subsequent fluorescence by a camera.
Commerecial fuels contain a variety of fluorescent molecules.
The photophysical properties of these components in gen-
eral are not well known and interaction of different fluores-
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cence signals along with the ever varying composition of
commercial fuels prevents quantitative interpretation. Thus,
single fluorescing components are added to non-fluorescing
fuel (e.g. aliphatic hydrocarbons) for quantitative measure-
ments. The intensity of the LIF signal depends on pressure,
temperature and local concentration of the tracer. The review
article by Schulz and Sick [1] presents more details about
the current state of tracer-LIF diagnostics in engine combus-
tion systems. The work presented in this paper will exploit
the temperature-dependent fluorescence intensity of toluene
as a non-intrusive gas-phase imaging thermometer for in-
cylinder measurements in IC engines.

Several approaches for fluorescence tracer-based ther-
mometry have been presented in the past, taking advan-
tage of temperature-dependent absorption and emission spec-
tra [2-5]. The use of broadband absorbers such as organic
molecules like ketones or aromatic molecules provides some
advantages at higher pressures and temperatures in that the
spectra are much broader than the line width of the exciting
laser and therefore temperature and pressure-dependent over-
lap integrals do not have to be considered. This, however, is
necessary when using small molecules such as nitric oxide or
hydroxyl radicals as a temperature indicator [6, 7].

For homogeneous concentration distributions of the fluor-
escent tracer, temperature can be determined after single-line
excitation from the signal intensity measured in a single wave-
length band. The signal strength is a unique function of gas
density and the known total temperature-dependent fluores-
cence yield so that a single-point calibration will allow quanti-
tative measurements of temperatures [2, 4]. During the mixing
phase in engine environments, however, the tracer distribution
is not spatially homogeneous and the signal depends on local
tracer number density and temperature at the same time. Thus,
temperature is not accessible via a single-line measurement.

In LIF thermometry with two excitation wavelengths
using ketones (i.e. 3-pentanone [8,9] or acetone [2]) the
restriction to homogeneous spatial tracer distributions is over-
come by measuring the LIF signal ratio after exciting at two
wavelengths where the LIF signal intensity shows a different
temperature dependence. Here, the local tracer concentration
cancels as long as the two different excitation wavelengths
are used quasi-simultaneously (i.e. with a short time delay to
separate the respective signals that are detected in the same
wavelength interval via a 50/50 beam splitter or by obser-
vation from different angles). This had been demonstrated
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for 3-pentanone tracer by Einecke et al. [3] and Fujikawa et
al. [10] using toluene. In both cases, the measured tempera-
ture fields were used to process the initial LIF images to obtain
quantitative concentration distributions.

In contrast to two-excitation-line thermometry [2, 9] the
measurement technique described here uses a single excita-
tion wavelength only. Kakuho et al. [11] have measured the
temperature distribution in an HCCI engine with a single light
source, using two types of fluorescent tracer (3-pentanone
and triethylamine (TEA)). This single-excitation two-tracer
method relies on the spectrally-separated fluorescence from
the two tracers and the different temperature dependencies
of their fluorescence signals. However, the assumption that
quenching and temperature effects for TEA fluorescence sig-
nals are multiplicative has not been demonstrated in detail.

The single-excitation two-color detection technique based
on toluene takes advantage of the temperature-dependent
red-shift of the emission spectra [4] (Fig. 1). This technique
has been demonstrated before for the determination of tem-
perature distribution in mixing gas jets at atmospheric pres-
sure [12, 13]. Again, the local tracer concentration r; (x, y)
cancels for each pixel location (x, y). As an additional advan-
tage, spatial variations in laser fluence Ej,er(x, ¥) cancel in
contrast to two-line excitation methods where the laser light
sheet profile must be measured for each laser sheet. The in-
tensities Sy in the two spectral ranges can be detected simul-
taneously by using appropriate dichroic mirrors and bandpass
filters. The signal intensity ratio is a function of temperature
and both, local tracer concentration and laser fluence cancel at
each point (x, y) in the images, thus
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where oy is the absorption cross-section, ¢q the fluorescence
quantum yield of the fluorescing species and 7 the detec-
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FIGURE 1 Red shift of the emissions spectrum with increasing tempera-
ture (adapted from [4])

tion efficiency for the respective wavelength band. The su-
perscripts are used to distinguish between the two detection
bandpasses (“blue” and “red”).

The function f(T) depends only on temperature as long
as the oxygen partial pressure is at least 200 mbar. At lower
O, partial pressure the toluene fluorescence emission spec-
tra also depend on oxygen partial pressure [14] and therefore
temperature can not be determined without knowing the local
oxygen pressure.

The numerical values of f(T) have been determined for
the entire emission wavelength range in calibration experi-
ments [4]. It must be noted that these measurements were
performed at atmospheric pressure only. It was therefore as-
sumed here that there is no additional pressure dependence
that would vary with wavelength. Before applying f(T) to ex-
tract temperature from measured fluorescence intensity ratios,
a two-step calibration must be performed. First, the expected
intensity ratio for the particular filter combination in use must
be determined by multiplying the measured emission spectra
with the filter transmission curves and integrating over the re-
spective band pass. Second, potential differences in spectral
sensitivity of the detector must be determined. A calibration
measurement at known temperatures can accomplish this.
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2 Experimental

The temperature measurement technique was ap-
plied in a four-stroke spark-ignition engine with optical access
to the chamber through a full-length quartz cylinder liner (see
Smith and Sick [15] for details on the engine). Figure 2 shows
the experimental setup. A broadband excimer laser (Lambda
Physik COMPEX 102) operated at 248 nm (KrF*) was used
as the excitation light source. Laser light was formed to a light
sheet (0.5 mm thick, 35 mm wide, 17 mJ/pulse) which illu-
minated a vertical plane within the cylinder. The plane inter-
sected the piston through its piston bowl and then the spark
plug electrode and the injector tip. Spark plug and injector
are inclined toward each other on the head. The center sec-
tion of the piston bottom and two small windows on the side of
the piston are made from quartz which allows for optical ac-
cess into the bowl. The sectional drawing in Fig. 3 illustrates
the laser sheet position and viewing area inside the cylinder.
Figure 3 also displays the shape of the piston with its piston
bowl. The signal was detected by a CCD camera (FlowMas-
ter3S Imager Intense, LaVision) lens-coupled with an image
intensifier unit (IRO, LaVision). On-line dark current subtrac-
tion was used for the camera. The image acquisition system
was situated orthogonally to the plane of the laser light sheet
in a position to capture the fluorescence through the side
of the engine. The signal passed through an achromatic UV
lens (f = 100 mm, fx =2, Halle) onto the image intensifier.
The filter setup was placed in front of the achromatic lens.
In order to detect information from two spectral regions on
a single camera a filter and mirror assembly [16, 17] was set
up as shown in Fig. 2. A dielectric 45° mirror on a quartz
substrate centered at 335 +45 nm was used to split the inci-
dent signals into two parts. The “red” (> 310 nm) portion of
the spectrum was reflected, the “blue” (< 310 nm) region of
the toluene-LIF emission spectrum was transmitted. An UV-
enhanced aluminum mirror reflected the signal towards the
camera. This allows simultaneous recording of “blue”/“red”
image pairs on the same camera chip. Additional filters were
used in both signal paths to further isolate the desired spectral
ranges for each channel. For the “blue” channel a combina-
tion of a Schott WG 280 long-pass filter and a UG 11 filter cut
off scattered laser light and reduced the interference by am-
bient light. In the “red” channel a Schott WG 320 long-pass
filter suppressed scattered laser light as well as toluene fluo-
rescence below 320 nm. The transmittance characteristics of
the two imaging channels were measured by a fiber optic spec-

FIGURE 3 Left: Sketch of the laser sheet
position and the observed area inside the
cylinder. Right: Piston with a flat quartz crown
window and two small side windows
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trometer system (Ocean Optics, USB 2000) and are shown in
Fig. 4.

Note that in experiments with commercial fuels wave-
length-dependent signal absorption by fuel components or
interfering fluorescence might bias the calibration curve; laser
light attenuation is not important since the single line excita-
tion strategy does not dependent on local laser energy. Even if
absorbing or fluorescing compounds are not part of the fuel,
they might be formed in pre-ignition chemistry (e.g. in HCCI
combustion close to auto ignition).

The single-cylinder four-stroke spark-ignition direct-
injection engine was operated at a speed of 2000 rpm. Oil
and coolant were heated and stabilized to 95 °C and the in-
take manifold pressure was controlled at 95 kPa. A premixing
unit was used to produce a homogeneous mixture of toluene
and air that then was introduced into the intake air flow. Dur-
ing these experiments, the engine was motored without fuel
injection. The convention used in this work is to refer to top-
dead-center (TDC) at the beginning of the power stroke as 0°
CAD and TDC at the beginning of the intake stroke as 360°
before TDC.

Fluorescence images were taken from 40-90° CA after
TDC. That late in the cycle, temperature inhomogeneities
are expected to be lowest and thus, a baseline evaluation of
the temperature measurement precision is best under those
conditions.

Temperature reference images were recorded with the en-
gine at rest. Intake and exhaust valves were opened simultan-
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eously to flow a premixed fuel/tracer/air blend through the
engine. The temperature of the gas under this condition could
be monitored with thermocouples.

3 Data evaluation

Processing of the raw LIF images included a num-
ber of steps to ensure that any non-toluene-LIF background
signals and spatial distortions are removed before calculating
the intensity ratio. Figure 5 demonstrates this process. First,
the raw LIF images were corrected for background scattering.
The background images were captured for each crank angle
where LIF images were taken by motoring the engine with-
out adding tracer to the intake air while the laser was firing.
Second, a 3 x 3 pixel spatial filter was applied to smooth all in-
dividual images for noise reduction. The signal from the two
wavelength ranges is available as image pairs acquired sim-
ultaneously on the camera chip. Hence, each image was then
split into two images which represent “red” and “blue” sig-
nals respectively. In the next step, the images were corrected
for spatial distortion which is mainly caused by the detection
optics. This was done by using images of a calibration plate
(i.e. a grid with equidistant crosses on a flat plate). A correc-
tion routine integrated in the Davis (LaVision) software pack-
age was used to straighten and scale the corresponding im-
ages. The ratio Syyi0 = Srﬂed / Slﬁlue was calculated for each indi-
vidual image pair resulting in a two-dimensional image where
the signal intensity is a non-linear function of temperature.

Reference image pairs have been measured at known tem-
peratures (368 and 296 K) and were used to normalize the
measured two-color intensity ratio to the value that was given
by f(T) at those reference temperatures.

In order to determine temperatures from the resulting sig-
nal ratio a calibration curve was obtained from previous spec-
troscopic studies in a static cell [4]. The curve was calculated
for the filter combination in use. The temperature-dependent
toluene spectra were weighted with the filter transmissions
for both detection wavelength ranges (Fig. 4) and then inte-
grated over the respective detection bands. This produced the
integrated signal that is expected for a given temperature. The
calibration curve was fitted by:

Sred
1 —=26x107°T*-93x107°T+0.7, with TinK.
Sa 2)

This function (Fig. 6) was then used to assign absolute
temperatures to each pixel for the measured LIF ratio image.
A mask was finally added to the images to highlight the sig-
nificant area and to indicate the engine head profile and spark
plug position.

FIGURE 5 Simplified illustration
of image processing. The ratio “red/
blue” corrected a slight nonlinearity
in the dependence on temperature
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FIGURE 6 Fluorescence signal ratio as a function of temperature in an air
environment. Signal ratio was normalized at 368 K

Note the horizontal streaks in the images in Fig. 5. Those
mark the location of the piston top where signals are either
blocked or additional signal is captured by the camera after re-
flection off the surface of the piston bowl side windows (see
Fig. 3 for reference). It was therefore not expected that reli-
able temperature values would be obtained in this region of the
images.

4 Results

Sets of 30 individual temperature distribution im-
ages per crank-angle degree and operating condition were
obtained from the fluorescence measurements. These images
were analyzed individually and as ensemble averages. Data
from the expansion stroke were selected to illustrate the ap-
plicability of the single-excitation single-camera temperature
measurement technique and to find the precision limitations
under conditions with the lowest expected spatial temperature
gradients.

Examples of single-shot temperature images are shown
in Fig. 7 (top line). The examples shown in Fig. 7 (bottom
line) illustrate the reduction in spatial noise by the ensemble-
averaging over 30 individual temperature fields. The images
show a high level of spatial homogeneity, though a slight gra-
dient is noticed towards the cylinder wall in the right and the
cylinder head on top of the images. The expected tempera-
ture drop with increasing crank angle is clearly captured. Note
again the artifact that was introduced at the position of the
piston side window location. It can be observed how the pis-
ton moves downward by following the horizontal streak in the
image sequence.

An assessment of the precision of the temperature meas-
urement can be made through a statistical analysis of the
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results. Mean and standard deviation results were obtained
from temperature histograms. Those were assembled from
data taken in a rectangular area (4 x 10 mm?) near the spark
plug in the center of the combustion chamber where near-
adiabatic conditions can be assumed. The selected region is
marked with arectangle in some images shown in Fig. 7. Sam-
ple histograms for single-shot and ensemble-averaged tem-
peratures are depicted in Fig. 8. The averaged temperatures

FIGURE 7 In-cylinder single-shot temperature
-700 ¥ distributions with homogeneous mixing of fuel
o and air (top). Each image is the ensemble average
T 600 5 of 30 single-shot temperature images (bottom)
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(black bars) were computed from temperature fields taken in
30 cycles. The white bars show the single-shot temperature
data points within the selected rectangle from all 30 images.
The shape of the histograms is reasonably described by a nor-
mal (Gaussian) distribution so that means and standard devi-
ations could be used in the conventional manner. Note that
for the display in Fig. 8 the bin size was chosen to highlight
the single-shot data. As a result, the ensemble-averaged data
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FIGURE 8 Histogram for temperatures at various example positions of the piston. The temperatures (black bars) used are the averaged temperatures from
30 images within the selected rectangle at each respective crank angle position. The white bars derived from single data points within the selected rectangle.
Descriptions to the right of the bars refer to the averaged data points (black bars) and those to the left refer to the single data points (white bars)



674 Applied Physics B — Lasers and Optics

3 single data points
mm averaged data points
650 T T T T T —36

g B

[m]
O [m]

600{ Y 132
\D 128

550 1 v

20

\ 116
\ 112
400 . . L]

—n T T T T T
40 50 60 70 80 90

Crank Angle / Degree, ATDC

FIGURE 9 Measured mean temperatures (black triangles), standard devia-
tion of single data points (white squares) and of averaged data points (black
squares) vs. crank angle

500 -

450+

Mean Temperature T/ K
a
Sl
S
Standard deviation Temp. T/K

exhibits an apparent asymmetry due to the limited display
resolution. The standard deviation of the temperatures derived
from the single-shot data set increases from 40 to 90° CA after
TDC from 24 to 34 K. For the ensemble averaged results the
standard deviation shows no systematic variation with crank
angle (see Fig. 9). It is important to note that the measured
standard deviation of the temperature includes cycle-to-cycle
variations in the engine and the statistical error of the meas-
urement. The temperature measurements can be obtained with
a (lo) precision of £34 K for single-pulse measurements.
This corresponds to a relative error of approximately 5.5% at
600 K. Ensemble-averaging improved this precision to £7 K
which corresponds to 1.2% at 600 K. The reduction of the
precision error by ensemble averaging follows exactly the ex-
pected N'/? relation where N = 30 in this case confirming
that random noise is the source for limitations in measurement
precision.

While every attempt was made here to address the tem-
perature measurement precision as independent of engine op-
erating conditions as possible, it has to be kept in mind that the
reported precision values will include natural cycle-to-cycle
variations and therefore do not fully show the real (lower) pre-
cision error of the measurement technique. A brief compari-
son to similar measurements that are reported in the literature
will have to be interpreted in this context.

Fujikawa et al. [10] used toluene with two-excitation
wavelengths (248 and 266 nm) to measure the temperature
distributions in a SI engine both in PFI and DI operation prior
to ignition. The precision of this technique is determined from
a homogeneous PFI experiment. The standard deviation is
within 5% for the average temperature, which is considered as
the error of this technique if the temperature field is uniform.
The accuracy to the adiabatic temperature is estimated as 8%
at the maximum.

Einecke et al. [3] measured the instantaneous tempera-
ture distribution fields during the compression stroke and the
unburned end-gas region of an optical two-stroke SI engine
with a 3-pentanone two-wavelength excitation LIF technique.
They selected the wavelengths which are located on opposite
sides of the absorption maximum (248 and 308 nm) in order
to reach a strong temperature dependence of the ratio, hence
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I w —— heat release model
600 Y + homogeneous charge
X
L
s
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®
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E
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i

40 50 60 70 80 90
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FIGURE 10 Comparison of measured and calculated temperatures derived
from thermodynamic analysis

accuracy. For single-shot temperature measurements in the
motored engine they obtained a precision of better than 17 K
which corresponds to a relative error of approximately 4%.

The two-wavelength scheme based on 3-pentanone has
higher temperature sensitivity (three times in the tempera-
ture range of 368—575 K) than the single-wavelength scheme
based on toluene. This might lead to higher accuracy and
precision if suitable referencing to the local laser intensities
is implemented for the ketone-based technique. However, in
practice, this might be extremely difficult especially when
beam steering effects are present that could affect the laser in-
tensity distribution of the two beams differently. The use of
a single excitation wavelength eliminates the effect of tempo-
ral and spatial variations in laser beam intensity.

Figure 10 shows the experimental results in comparison
to the calculations from thermodynamic analysis of meas-
ured in-cylinder pressures. The upper limit of the expected
temperature range is set by assuming isentropic compression
starting from intake valve closing (IVC). An analysis using
a heat release model that includes the option of heat and mass
transfer [18] produces somewhat lower temperatures.

Deviations between measured and pressure-derived tem-
peratures increase with increasing temperature. While still
within a 2o uncertainty limit to the isentropic temperature it is
also reasonable to assume that the temperature in the core of
the in-cylinder volume should be higher than the bulk average
temperature. The cylinder walls, piston surface, and cylinder
head are all at a significantly lower temperature and therefore
a gradient, at least qualitatively similar to what is observed in
Fig. 7 could be expected.

5 Conclusions and future work

A single-wavelength excitation two-color detec-
tion toluene-LIF imaging technique was applied for the first
time to measure in-cylinder temperature distributions in a mo-
tored optical spark-ignition direct-injection engine. Appli-
cation will be feasible for fired engine operation and would
provide temperature information for unburned regions. The
simultaneous measurement of two spectral ranges of toluene
LIF allowed the determination of temperature distributions
without the need for corrections for variations in laser pulse
energy, light sheet intensity, and local tracer concentration.
Measurements were performed using a broadband KrF* ex-
cimer laser and a single image-intensified CCD camera that
was coupled with a combined image splitter/filter unit. Using
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the spectral calibration data from Koban et al. [4] and meas-
ured filter transmission data, a function was determined that
uniquely linked the measured fluorescence intensity ratio
from two spectral bandpasses to temperature. Measurements
were performed for a premixed operation of a motored single
cylinder engine to define the precision limits for single-shot
and ensemble-averaged temperature distribution measure-
ments. A 1o temperature measurement precision of +34 K
was obtained for single-pulse measurements. Ensemble-
averaging improved this precision to £7 K.
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