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ABSTRACT

Two different high-speed cameras, a Photron SA-Z and a Vision Research
Phantom v7.3, were used together with a large-aperture endoscopic system to
visualize the early flame in a nearly unmodified production IC engine. At very
low light levels, the patterned read-out noise on the Phantom v7.3 becomes
significant. Filtering in the Fourier domain was effective in suppressing this
noise component to acceptable levels. A previously-developed algorithm with
automatic dynamic thresholding was expanded to separately detect spark
ignition and flame kernel in the image sequences. The robustness of the
algorithm was examined by processing data sets from different engine
operating conditions as well as at different levels of lens collection efficiency
(f-number) for the same engine operating point.

Keywords: Endoscopic imaging,; Flame propagation, Spark-ignition engine;
Image post-processing; Thresholding
Introduction

Flame chemiluminescence imaging from excited hydroxyl, OH- and CH
radicals [1,2], and sodium- contained fuel additive [3] have been carried out in
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spark ignition (SI) engines, mainly to investigate combustion events, in
particular with respect to engine cyclic variability.

However, most of these studies were carried out in optical engines with
fully optical access. The heavy modifications to the engine limit the engine
speed and load and change heat transfer behavior. The large optical access in
a research engine, on the other hand, allows low-light imaging through large-
aperture lenses with good light-collection efficiency.

The main advantage of endoscopic access is the ability to operate the
engine at higher speed and load range as close as possible to that of the metal
engine. Chemiluminescence signal from premixed combustion in SI engines is
relatively weak, much of it in the UV spectrum range. However, the previous
works have shown that the new UV-transparent endoscope [10] has the ability
to detect much weaker signals, like those from premixed combustion [11][13]
or LIF in the UV [12].

In this paper we evaluate how well the premixed flame front can be
detected from broadband CL imaging through such an endoscope system.
Fourier-domain filtering is used for images from one of the cameras. In
extension of our previous work [13], an improved algorithm was developed to
simultaneously extract the shape of the early premixed flame and that of spark.

Experiments

Engine

Experiments were carried out in a 4-cylinder production spark-ignited engine,
equipped with an endoscopic system. The engine was operated at
stoichiometric condition with engine speed at 2000 rpm and 75 Nm of torque.
The engine parameters and operation conditions are tabulated in Table 1.

Table 1: Engine parameters and operating conditions

Engine BMW N46B20
Compression ratio 10
Displacement per cyl. [cm®] 499

Bore / stroke [mm] 84 /90

Speed [min™'] / load [Nm] 2000/ 75

Fuel Gasoline
IMEP [bar] 44

Endoscopic imaging systems
The optical arrangement of the experiments is shown in Figure 1.
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Endoscope Camera

lens

Figure 1: Engine and optics.

The endoscopic system utilizes two stages concept. The endoscope was
mounted in the engine to form the first projection image on the lens. The
projection creates a Field of View (FOV) with about 40 mm diameter in the
center of the engine cylinder. A relay optic, then projected the first image onto
the detector sensor. In this experiment, this endoscopic system was coupled
with two different camera systems. The characteristics of the cameras are
summarized in Table 2.

Table 2: Camera specifications and parameters of the imaging systems. CU =
achromatic close-up lens

Phantom v7.3 Photron SA-Z
Pixel size 22.0 pm? 20.0 um?
Read noise 21le rms 29¢" rms
Sensor 176X 132mm  20.5x20.5 mm
size
Frame rate 6.7 kHz 20 kHz
@ 800 x 600 px @ 1024 x 1024 px
Exp. time 20 ps 20/ 12 ps
Rep. rate 11 kHz 20/ 75 kHz
Actual 860 x 660 px /
ROI 608 x 456 px 552 x 384 px
Projected
pixel size S0 pm/px 35 pm/px
Lens 50 mm £/1.2 + S0mm f/1.2 +
250 mm + 500 mm
system 250 mm CU cu

Both cameras are active-pixel CMOS cameras capable of kHz frame rates.
However, they are most sensitive in a spectral range between 400 and 800 nm.
In premixed flames, such broadband sensing in the visible mainly detects the
luminescent species CH*, CO, COz, and H20. These may not be directly
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associated with the flame front, but our previous work had shown that
nevertheless reasonable information on spark and flame could be extracted
from broad-band imaging.

Results and discussion
Wide-field imaging: Variation of camera and aperture

Figure 2a shows samples from the Photron SA-Z at the maximum relay lens
aperture f/1.2.

6.6°CAalT

Figure 2: Sample of image series for different imaging system and lens
aperture. The red line indicates the flame front as detected by the binarization
process. (a) Photron SA-Z, (b-d) Phantom v7.3 with the relay lens at (b)
/1.2, (c) £/2.8, and (d) f/5.6.

220



Improved Imaging and Post-Processing of Early Combustion in SI Engine

Compared to images from the Phantom v7.3 in Figure 2b, the image “quality”
appears similar. This is consistent with the specifications listed in Table 2:
Read noise is higher, but the sensor area is larger, and at low light levels, both
read, and photon noise are relevant. On a per-pixel level, however, the images
from the SA-Z had significantly worse signal-to-noise because of the smaller
projected pixel size, or equivalently, the higher resolution. For further
comparison, the SA-Z images were resized by a factor of 1.5, to 573 x 440
pixels, by interpolation. The projected pixel size is then nearly the same. Of
course, the newer Photron SA-Z is much faster than the older Phantom v7.3,
which can help analyzing fast phenomena such as the spark, as discussed
below. Figure 2b-d shows image samples from the Phantom v7.3 at different
apertures[13]. With reduced aperture, signal is lost, but not as much as the
reduction in the entrance pupil would indicate. This is due to the fact that the
relay lens is imaging off the field lens, which is not an isotropic light source,
but directs the rays towards the relay.

The Phantom v7.3 CMOS detector shows a periodic and moving pattern
in the read-out noise. To lower the pattern noise, each image was subtracted
with the last 10 dark images in each cycle. The image sequence in Figure 2b
show that this works quite well for the late crank angles after ignition, because
of high signal intensity at this stage of combustion. However, in the early phase
of combustion the intensity of flame kernel close to the read out noise. The
effect of the periodic noise on images becomes more obvious for datasets at
higher f-number (/2.8 and £5.6) for the same engine operating conditions, as
shown in Figure 2¢ and Figure 2d respectively. Figure 3a shows a close-up of
one of the images from the {/5.6-series. In order to reduce the effect of the
periodic noise on image, a Fourier filtering technique was applied. Because the
noise is patterned, it is associated with distinct regions in the Fourier
magnitude image, shown in Figure 3c. These regions can be identified and set
to zero. Back-transformation yields significantly lower background level, as
seen in Figure 3c. The red line indicates the border of the burnt area, identified
by the binarization algorithm described below.

Predictor-corrector binarization scheme

In order to obtain some statistical results, we developed an algorithm that
exploits the temporal correlation of the high-speed images in a predictor-
corrector scheme, dynamically adjusting the intensity threshold for image
segmentation.
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Figure 3: Pattern-noise suppression by Fourier filtering. (a) and (b): Enlarged
area of an image from the Phantom v7.3 at a relay lens aperture of £/5.6. (a)
after background subtraction, (b) after additional Fourier filtering. (c)
Magnitude of the Fourier transform of a dark image, displayed on a logarithmic
false-color scale with blue indicating low, red high values.

It is described in [13] and summarized below, including further improvements
made since.

1. Background subtraction

2. Fourier filtering via Fast Fourier Transform (FFT)
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3. Spatial median filtering
4. Thresholding: Predictor-corrector scheme

In this paper, we propose a new thresholding scheme to segment sequence of
flame images into two classes; background and foreground (flame). The main
principle of the algorithm is shown in Figure 4. Flame images are used as input
to calculate and predict the threshold value of the image based on Otsu’s
method. The threshold value of the current image is corrected to compute the
flame boundary. The main idea is to exploit the images' correlation in time to
predict a suitable binarization threshold from the previous image. The
algorithm is expected to compute the projected burnt area, which will be used
to obtain the flame characteristics in a fast, robust, and reliable way. We
summarize the entire process of the algorithm in Figure 5.

Predicted burnt area, A; pre
Ti(h) = Tiy (1)

<Bil> =B |,/ B, Corrected burnt area. A, yew
Ti new(l) = SC <Bil> + L Ti new(h) = Tisq (ieq)

Figure 4: Principle of the predictor-corrector binarization scheme
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Figure 5: Sketch of the principle of the predictor-corrector binarization
scheme.

Equivalent flame radius

In this section, the “quality” of the binarization procedure was examined by
plotting the flame radius as a function of time, derived from endoscopic high-
speed image sequences.
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Figure 6: Flame radius for 50 consecutive cycles (colored lines) and the multi-
cycle mean of these 50 cycles (solid black line). Camera systems are indicated
in each graph.

Figure 6 shows the equivalent flame radius for the two cameras and for
the Phantom v7.3 for the largest f-number. Consistent with the visual
appearance of the images in Figure 2a and b, the two plots are very similar.
There is a small systematic deviation, which may be due slightly different
thermal conditions in the engine. In both plots, scatter is low, and lines mostly
do not cross, which is physically plausible [1, 2].

For the Phantom v7.3, results from {/2.8 are very similar to those from
/1.2, and (not shown) results without Fourier filtering are also similar.
However, at /5.6, Figure 6c, scatter at early crank angles appears despite
Fourier filtering.
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Conclusions

Early flame-front propagation was investigated with a large-aperture UV
endoscope in a nearly unmodified production SI engine. Two different
unintensified high-speed imaging systems with two different CMOS camera
were applied and compared in terms of detecting premixed burnt area. The
projected burnt area was derived by morphological post-processing. A new
edge detection scheme was introduced to enhance the accuracy of early kernel
detection. FFT filtering process increases the robustness of the algorithm for
detecting the flame boundary at low light conditions.
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