
A High-Speed Camera-Based Measurement
System for the High-Pressure Entrained-
Flow Gasification

A continuously operated optical measurement system for observation and charac-
terization of the flame structure in an entrained-flow gasifier operated at 40 bar
and 1200 �C is presented. The experimental setup, the image processing system,
and the derived parameters for flame characterization are introduced. First results
from gasification experiments concerning flame lift-off distance, flame angle, and
flame dynamics are demonstrated.
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1 Introduction

High-pressure entrained-flow gasifiers (EFGs) produce synthe-
sis gas with high quality from fossil and biomass-based feed-
stocks [1]. In the bioliq� process, developed at the Karlsruhe
Institute of Technology (KIT) for the production of synthetic
fuels from dry biomass residues, a high-pressure EFG converts
a suspension fuel produced from biogenic residues in a fast
pyrolysis step into a synthesis gas for the subsequent synthesis
steps [2, 3]. The feedstock is being extended to plastic waste-
based pyrolysis oils.

Flame stability is a major issue for the operation of EFGs
with waste-derived fuels. These are by nature characterized by
fluctuating specification, i.e., they may vary in calorific value,
viscosity, and solid particle content, all affecting flame stability,
flame shape, and flame volume. In order to assure stable flame
operation, EFGs fed with waste-based fuels are typically oper-
ated with a natural gas or fuel oil-fed pilot flame. The need for
this auxiliary fuel, which is unfavorable for process efficiency
and economics, can be minimized if the operator has a tool to
directly assess flame stability during operation. An on-line
monitoring is of high value for operation with fluctuating fuel
specification, but also for optimization of burner design, e.g.,
for scale-up or new fuels.

In order to monitor flame structure as a function of fuel
specification and operational parameters, e.g., gas-to-liquid
ratio (GLR) for atomization, overall stoichiometry of the gasifi-
cation process as well as steam-to-fuel ratio, an optical mea-
surement system with a high-speed camera has been developed
and operated during numerous test runs of the EFG.

In [4], an EFG at KIT is described which is operated under
atmospheric pressure with optical access. A high-speed camera
is used to take images at different distances from the burner to
generate a composite image of the flame that allows qualitative
statements on jet breakup and droplet formation. In [5], an
optical measurement system for the analysis of the ignition
behavior of powdered fuels is presented. Due to the atmospher-

ic pressure in the furnace, the use of an inspection window as
optical access for a high-speed camera is possible. For the anal-
ysis of the ignition behavior, the distance between burner noz-
zle and flame base (lift-off) is determined for different fuels.
For this purpose, the camera images are binarized via the Otsu
thresholding method, i.e., segmented into flame and back-
ground pixels. By time averaging of the thus determined igni-
tion distances over image sequences taken at 500 fps, represent-
ative values for each fuel are obtained. The authors in [6] use a
back-lighting photography technique to capture the instantane-
ous self-pulsated spray and stable spray images with a high-
speed camera of liquid-centered swirl coaxial injectors.

In [7], optical measurements are reported on an EFG with
an operating pressure of 15 bar and an operating temperature
of 1400 �C. By design, the operating pressure allows inspection
windows in the reactor as optical access. The aim of the optical
measurements is to detect the chemiluminescence radiation in
the UV range. For this purpose, a special measurement system
is presented that uses a CCD camera and a filter wheel with six
different optical filters to allow the subtraction of broadband
Planck radiation and thus the extraction and analysis of chemi-
luminescence radiation in the UV.
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In [8], an optical measurement system for studying the dep-
osition of macroscopic particles in an EFG for coal gasification
is presented. The measurement system has two high-tempera-
ture endoscopes (one with straight-on view 0�, one with
oblique view 90�) that are inserted into the EFG and to which
various camera systems can be connected outside the gasifier.
The reactor is operated at temperatures up to about 1500 �C.
No information is given about the process pressure.

In [9], the authors describe the experimental study on the
atomization and particle evolution characteristics in an
impinging EFG with coal water slurry. With image processing
and statistical methods the particle size distribution after atom-
ization is obtained as well as the spray angle and breakup
length. In [10], the particle motion and evolution characteris-
tics in the impinging-flow zone of an impinging entrained-flow
gasifier are studied using a visualization system.

The measurement systems presented in literature mainly use
inspection windows, which provide access for commercially
available optical measurement technology at the low operating
pressures and temperatures of the EFGs used. These measure-
ment systems cannot be employed in large-scale EFGs such as
those in the bioliq� plant at operating pressures of up to 80 bar
and temperatures of up to 1500 �C. In particular, methods with
backlighting and multiple optical access points are not feasible
there.

In the patent [11], a device for video diagnostics in pressur-
ized gasification reactors is described. The patent uses an endo-
scope optics, as well as a special pressure and cooling probe,
which contains the endoscope as well as the camera system.
The system was operated at a POX-system in Freiberg
(Germany) with natural gas as feedstock. Successful operation
in an EFG using liquid or solid fuel has not been reported.

In contrast to the optical measuring systems known from the
literature, the measuring system presented
in this paper allows the use under high-
pressure conditions up to 80 bar and at
high temperatures up to 1500 �C for the
application of liquid and solid fuels. Here,
optical access via inspection windows is no
longer possible. Different image processing
methods are described that provide charac-
teristic parameters for flame characteriza-
tion. Results from gasification experiments
with variable process parameters are re-
ported.

2 Camera System

The camera system consists of a water-
cooled probe installed at an angle of 25� to
the vertical burner axis at the reactor top
(see Fig. 1). A pressure- and heat-resistant
nitrogen-purged protection lens installed at
the tip of the camera probe allows the oper-
ation of the camera and optics inside the
probe under atmospheric pressure condi-
tions. If the protection lens breaks, the
pressure-resistant camera probe is auto-

matically flushed with nitrogen, preventing hot synthesis gases
from escaping the reactor. A high-pressure resistant cable feed-
through enables the power supply of the camera, the control of
the motor focus as well as the data transmission via Ethernet.
Due to an initial strong soiling tendency of the protective lens,
a metallic disk was integrated that allows a nitrogen flow mixed
with rinsing water to be directed radially onto the lens.

The interior of the camera system consists of an endoscope
with a remote-controlled motor focus. A view angle of 45� and
an angular aperture of 60� allows for a direct view of the burner
tip and the flame. Due to the installation angle of the camera
optics as well as the viewing angle, there is already an almost
perpendicular view onto the flame. Due to the large aperture
angle, this results in somewhat larger integral lengths for each
pixel for the upper and lower areas of the image. However,
these differences are not noticeable in the images and are there-
fore ignored in the following. Different camera systems in the
visual spectral range (VIS), e.g., a high-speed camera or a high-
dynamic-range camera, can be mounted on the endoscope.
The live camera images are transferred to the control room dis-
play and can be recorded for analysis.

The used high-speed camera ‘‘Sprinter’’ from Optronis [12]
delivers monochrome images (gray scale images with 8 bit
resolution). With the used frame size of 896 ·800 pixels, re-
cordings with a frame rate of 3500 fps are possible. For all
experiments, images were taken at the six exposure times of 12,
30, 40, 50, 70, and 125 ms. An exemplary raw image is shown in
Fig. 2 left. The burner tip is located in the center of the top edge
of the image.

In the subsequent analysis of the images, it is assumed that
the radiation recorded is predominantly black-body (Planck)
radiation due to the hot soot particles in the flame. Other radi-
ation effects such as chemiluminescence radiation in the UV
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a) b)

Figure 1. a) Camera probe with field of view (orange) and the multicomponent burner
installed at the top of the reactor. b) Interior of the camera system showing the camera,
motor focus, and part of the endoscope.
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and short-wave VIS (blue, green) are neglected. To validate this
assumption, in addition to the monochrome images of the
high-speed camera, images were taken with a standard RGB
camera mEye in the VIS. Fig. 2b gives a representative image.
Although additional other radiation effects may also be present,
the orange flame color shows that the measured radiation is
predominantly Planckian radiation from the soot particles.

3 Image-Processing System

This chapter describes the image processing system for the
automated calculation of characteristic flame parameters. For
this purpose, the image preprocessing steps are explained in
Sect. 3.1 and then the procedures for determining different
flame parameters are presented in Sect. 3.2.

3.1 Image Preprocessing

3.1.1 Compensation of Optical Distortion and Geometric
Rectification

The aim of the compensation of optical distortion and geomet-
ric rectification is to calculate an image with a virtually perpen-
dicular (undistorted) view of the flame. For this purpose, first
the optical distortion, mostly barrel distortion, caused by the
endoscope optics has to be compensated. For this, a camera
model with the intrinsic and extrinsic camera (and optics)
parameters is identified via images of a checkerboard pattern at
different angles and distances to the camera. By applying the
inverse camera model, an optical distortion-minimized image
is obtained.

Then, based on an image of the checkerboard pattern at the
same distance and angle as the flame is to the camera, a homo-
geneous transform is determined, which later allows perspec-
tive rectification of the flame images. After compensation of
optical distortion and geometric rectification, a virtual perpen-
dicular view of the flame with absolute metric information is
obtained.

3.1.2 Temporal Mean Image

For the subsequent calculation of the characteristics, a tempo-
ral mean image is calculated, which contains the time average

of the gray value from, e.g., 1000 consecutively recorded indi-
vidual images for each image pixel. With the used framerate of
3500 fps the temporal mean images thus represent the average
flame in a time interval of about 0.3 s.

3.1.3 Inverse Abel Transform

For the analysis of the radiation intensity in single volume ele-
ments of the flame, an inverse Abel-transform is used, based
on the simplifying assumption that the flame is a rotationally
symmetric volume radiator. Due to the symmetry requirement,
only half the flame image (left or right half) is necessary for the
inverse Abel transform. Because of the stronger contamination
on the right side of the optics in the images, the temporal mean
image of the left half of the image is used here as the basis for
the inverse Abel transform in each case. For the computation
of the inverse Abel image an implementation described in [13]
is applied. Like the original image, the inverse Abel image does
not represent absolute physical quantities, but only proportion-
al information about the radiation intensities occurring in the
flame. In addition, it should be noted that the inverse Abel
transform – like all tomographic methods – is particularly sen-
sitive to disturbances in the original image.

3.2 Flame Parameters

3.2.1 Lift-off Length

The lift-off length of a flame is an important information on
flame stability and heat impact to the burner nozzle. A flame sit-
ting on the nozzle will most likely generate a material problem
for the burner tip, a stable distance between burner and flame
root implies stable operation. A fluctuating distance is a signal
for unstable operation and may result in a blow-off of the flame.
The flame lift-off is therefore a very valuable information for
burner design and gasifier operation, especially for waste-based
fuels with potentially inhomogeneous specification.

In order to determine the lift-off length, the average gray val-
ue in a small region around the center axis of the flame is cal-
culated for each image row. Fig. 3 shows the gray value curves
of the temporal mean images for the acquired exposure times
determined in this way. For a better representation, the
acquired gray values were normalized with the corresponding
exposure times.

One method for determining the lift-off length is to identify
the position at which the gray value exceeds a certain threshold
in the temporal mean image (cp. Fig. 5). The threshold value
can be defined, e.g., relative to the maximum gray value in the
respective gray value curve. The authors in [14] discuss this
method for an application of direct-injection diesel spray using
a relative threshold of 8 %. In the images for the EFG flame
(cp. Fig. 5), this threshold would still be in the region of low
radiant intensity of the flame, presumably caused by reflection
and heating processes in the fuel. For this reason, a relative
threshold value of 90 % is used here (see Fig. 3).

In principle, the relative threshold value can be chosen arbi-
trarily. Due to the continuous increase of the radiation inten-
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a) b)

Figure 2. a) Raw image from monochrome high-speed camera
at 3500 fps. b) Image from standard RGB camera.
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sity, this results in a shift of the determined lift-off length. In
the end, the application is not about absolute lengths, but about
tracking changes over time. It should be noted, however, that
for exposure times at which the saturation of the camera is
reached, the relative threshold value ultimately becomes an
absolute threshold value, since it then refers to the saturation
value (e.g., 255) of the camera. In Fig. 3, the points at which the
gray value reaches 90 % of the maximum gray value are
depicted as circles. In the example, it can be seen that the val-
ues determined for the lift-off distance vary
strongly with the relative threshold method.

Another method to determine the lift-off length
is to identify the inflection point in the course of
the increasing gray value (see crosses in Fig. 3). The
idea behind this is that at the point of ignition the
radiation intensity increases rapidly. The inflection
point can also be sensibly determined for exposure
times that lead to saturation of the image sensor.
The best results for the inflection point determina-
tion were obtained when the first derivative was
calculated by numeric backward difference of the
gray level gradient in conjunction with a moving
average filter for smoothing. The position of the
maximum of this derivative then corresponds with
the inflection point and thus with the distance from
burner to flame. In the example in Fig. 3, the inflec-
tion point method provides a significantly smaller
variance of the lift-off length compared to the
threshold method.

3.2.2 Flame Angle

The flame angle, i.e., the opening angle of the lumi-
nous flame at the flame root close to the burner
nozzle, is determined by the radial fuel spray distri-
bution (spray angle, droplet size distribution, and
velocity) and the aerodynamics of the gas flow
emerging the burner quarl. It is a qualitative mea-
sure for fuel conversion in the flame, temperature
distribution in the reactor, heat impact on the reac-
tor wall, and slag flow. It can be determined based
on optical measurements [13, 14]. In the following,
two methods for the determination of the flame
angle are presented, one based on detecting the
flame edge, the other based on the maximum radi-
ant intensity.

3.2.2.1 Flame Angle Based on Flame Edge

When determining the flame angle on the basis of
the temporal mean image, the horizontal position
of the flame boundary (edge) is first determined for
each image row. This is done analogously to the
previous section by determining the inflection
point of the gray value curve, but now each image
row is considered.

Fig. 4 shows exemplarily the gray value progression through
an image row (blue). Since here also larger local fluctuations of
the gray value can occur in a single image row, a direct numeri-
cal determination of the inflection point via smoothing and
derivation is not robust enough. For this reason, a curve fit is
first performed and the inflection point is then determined
using the fitted curve (red in Fig. 4).

For the curve fit the function g = a1 exp[–((x – b1)/c1)2] +
a2 exp[–((x – b2)/c2)2], which represents two superimposed

Chem. Eng. Technol. 2022, 45, No. 12, 2313–2322 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 3. Lift-off length determination with 90 % threshold and inflection point
method.

Figure 4. Gray values in a single horizontal image row (blue) and Gauss2 curve
fit (red). The cross marks the left inflection point of the fitted curve.
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Gaussian functions, is used and the parameters a1 to c3 are
determined individually for each image row by a least-squares
approach. Using the fitted curve, the inflection points at the left
and right flame boundaries can be determined.

Due to stronger contamination effects in the right half of the
image, only the left half of the flame is used here and for all fur-
ther evaluations as an example for the characteristic flame
parameter calculation. If the limits of the flame are determined
for each image row within a defined region of interest (ROI),
as shown in Fig. 5a by blue crosses for the left half of the flame,
the flame angle can then be determined by a least-squares
straight line fit (red in Fig. 5). In the straight line fit, the known
position of the burner tip (green in Fig. 5) is explicitly taken
into account as a constraint. The flame angle for the considered
flame half (here left) is then determined between the fitted
straight line and the burner axis (light green in Fig. 5). In

general, the flame angle is obtained by adding the left and right
angles. In the case, as here, that only one half of the flame is
analyzed, the total flame angle is obtained by multiplication
with factor 2.

3.2.2.2 Flame Angle Based on Maximum Radiant Intensity

In the inverse Abel image (see Fig. 5b), the flame zones with
the highest radiation intensity can be detected and, based on
this, the flame angle between these zones can be determined.
For this purpose, the position of maximum intensity is
searched for in each image row of the inverse Abel image in
the area of a predefined ROI. Analogous to the determination
of the flame angle on the basis of the temporal mean image, the
positions found are used for a straight line fit.

3.2.3 Analysis of the Flame Size Dynamics

In addition to the steady-state characteristic flame parameters
based on the temporal mean image and the inverse Abel image
obtained from it, it is also possible to determine parameters that
characterize the dynamics of the flame. Their value for technical
application has to be investigated in future campaigns.

The fluctuation of the luminosity of the flame, i.e., the time-
dependent area of high luminosity detected by the camera, may
provide information about the flame dynamics and stability.
For this purpose, a constant threshold-based segmentation is
first performed in each image of the acquisition sequence into
flame and background. Then, the number of pixels occupied by
the flame in the current image can be determined.

Fig. 6 illustrates the time course of the flame size over 1 s of
recording time. In particular, the smoothed signal (red) shows
a low amplitude oscillation at low frequencies (in the example
of about 7 Hz). A frequency analysis using fast Fourier trans-
form of the mean-free raw signal confirms this visual impres-
sion with a peak at about 7 Hz. Such oscillations can indicate a
transition to unstable operation of the burner when the ampli-
tude increases.

Chem. Eng. Technol. 2022, 45, No. 12, 2313–2322 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

a) b)

Figure 5. a) Flame borders for each row based on inflection
point (blue) and straight line fit (red) for flame angle estimation.
Burner tip position and axis are depicted in light green, ROI in
dark green. b) Determination of the flame angle based on maxi-
mum radiant intensity with inverse Abel image. Black crosses
mark points of maximum intensity in each row of the ROI. Bur-
ner tip position and axis are depicted in light green, ROI in dark
green, straight line fit result in magenta.

a) b)

Figure 6. a) Time course of the flame size (blue: raw signal, red: filtered signal). b) corresponding frequency analysis result.
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4 Experimental Setup

All test runs for the experimental validation of the methods
presented in Sect. 3 were carried out at the KIT-bioliq�-EFG
described in [2, 3]. The EFG is designed for operating pressures
of 40 and 80 bar.

Four different parameter settings were used over a period of
about 30 h total. The operational parameters are listed in
Tab. 1.

Experiment V107.1 and V107.5 have the same settings and
are used to test reproducibility. For each of the settings, except
for V107.5, two separate measurements were performed with
the high-speed camera system at intervals of approx. 1.5 h,
which will henceforth be denoted by, e.g., V107.1(1) and
V107.1(2). The parameters varied are: (i) fuel load from
4.5 MW (standard load) to 3.5 MW, (ii) stoichiometric ratio
from 0.45 to 0.55, and (iii) atomization steam flow from 50 %
to 100 %. These variations are within the typical range of oper-
ation of the KIT-EFG.

5 Results and Discussion

In this chapter, results of the experimental
validation of the methods presented in
Sect. 3 for calculating camera-based flame
parameters are presented and discussed.
On the one hand, the reproducibility of the
camera-based flame parameters with the
same test settings, but also the significance
for varying test parameters will be pre-
sented and discussed.

5.1 Lift-off Length

First, the reproducibility of the camera-based
lift-off distance measurement is to be investi-
gated. For this purpose, experiments 107.1
and 107.5 are regarded, since they have the
same operational settings. The recordings
V107.1(1) and V107.1(2) were taken within
a 80-min interval, whereas the V107.5(1)
recording was taken at the end of the experi-
mental series about 29 h after V107.1.

Tabs. 2 and 3 present the results for settings 107.1(1),
107.1(2), and V107.5(1). For the calculation of the mean values,
only the exposure times 30–70 ms are considered here and in all
further investigations, in order to eliminate the outliers that
can arise due to underexposure effects with too short exposure
times or due to saturation effects with too long exposure times.
The so calculated mean values form a reliable basis for further
investigations.

The inflection point-based method consistently yields small-
er lift-off distances than the method based on a relative thresh-
old of 90 % with respect to the maximum gray value. In princi-
ple, it would be possible to adjust the results of the two
methods by the choice of the relative threshold. However, the
camera-based parameters are primarily intended to reflect rela-
tive changes as the experimental parameters change.

If the individual procedures with the different exposure
times for experiments 107.1(1), 107.1(2), and 107.5(1) are con-
sidered, it can be seen that similar results are obtained in each
case and thus reproducibility is given, even after 29 h of opera-
tion. It should be mentioned here, however, that the values
with different exposure times differ greatly from each other.
The results are dependent on the exposure time used. There-
fore, as mentioned before, mainly the mean values of the lift-
off distances over exposure times 30–70 ms are considered here.
These mean values differ between V107.1(1) and V107.5(1) by
only 4 mm for the threshold method and are identical for the
inflection point method.

Now it is to be investigated how sensitively the camera-based
determined lift-off distances react to changes in the operational
settings. For this purpose, the results of the mean values over
the exposure times 30–70 ms for experiments 107.1(1)–107.5(1)
listed in Tab. 4 are considered.

The data from Tab. 4 show a remarkable influence of atom-
ization steam ratio on flame lift-off distance (V107.1 vs.
V107.2) whereas the careful shift in stoichiometric ratio and
fuel load only show minor effects (V107.1 vs. V107.3 and
V107.4)

Chem. Eng. Technol. 2022, 45, No. 12, 2313–2322 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Table 1. Overview of experiment settings.

Setting No. Fuel input Stoichiometric
ratio l

Atomizing
steam ratio

V107.1 4.5 MW 0.45 100 %

V107.2 4.5 MW 0.45 50 %

V107.3 4.5 MW 0.55 100 %

V107.4 3.5 MW 0.55 75 %

V107.5 4.5 MW 0.45 100 %

Table 2. Lift-off length for experiments 107.1(1), 107.1(2), and 107.5(1) for different ex-
posure times using the inflection point method.

Exposure
time

12 ms 30 ms 40 ms 50 ms 70 ms 125 ms Mean

V107.1(1) 73 mm 67 mm 71 mm 65 mm 54 mm 42 mm 64 mm

V107.1(2) 84 mm 67 mm 68 mm 61 mm 56 mm 42 mm 63 mm

V107.5(1) 75 mm 75 mm 65 mm 63 mm 51 mm 39 mm 64 mm

Table 3. Lift-off length for experiments 107.1(1), 107.1(2), and 107.5(1) for different ex-
posure times using the 90 % relative threshold method.

Exposure
time

12 ms 30 ms 40 ms 50 ms 70 ms 125 ms Mean

V107.1(1) 95 mm 85 mm 80 mm 70 mm 59 mm 48 mm 74 mm

V107.1(2) 101 mm 84 mm 75 mm 65 mm 52 mm 46 mm 69 mm

V107.5(1) 101 mm 90 mm 69 mm 67 mm 55 mm 42 mm 70 mm
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5.2 Flame Angle

5.2.1 Flame Angle Based on Flame Edge

First, for the camera-based determined flame angles based on
the flame edges, the reproducibility is also to be investigated
with initially identical test settings. For the experiments
V107.1(1), V107.1(2), and V107.5(1), the average flame images
with edge-based flame angles are depicted in Fig. 7. For the cal-
culation of the flame angles based on flame edge, only the left
halves of the images are used here.

For the flame angles, the values in Tab. 5 are obtained. Anal-
ogous to the camera-based determination of the lift-off dis-
tance, there is also a strong dependence of the flame angle on
the exposure time used. Therefore, the respective mean angles
over exposure times 30–70 ms will be considered as the repre-
sentative quantity.

A comparison of the images of V107.1(1), V107.1(2), and
V107.5(1) yields similar mean flame images as can be seen in
Fig. 7. However, the contamination of the camera optics in the
right half of the image of 107.5(1) should be noted, which has
built up after more than 29 h of testing. This contamination is
of no further importance here, since only the left halves of the
images are used for the calculations of the flame angles. For the
flame angles averaged over the exposure times 30–70 ms, 32.8�,
34.4�, and 31.9� result. This means only small deviations are
obtained, which indicate a good reproducibility of the camera-
based flame angle determination.

Now the sensitivity of the camera-based measurement of the
flame angle with respect to operational settings is considered.
Tab. 6 shows the results for all settings. Again the effect of
atomization steam ratio is rather pronounced (V107.1 vs.
V107.2), whereas the other parameter changes do not influence
the flame angle significantly.

5.2.2 Flame Angle Based on Maximum
Radiant Intensity

For the flame angle of the maximum radi-
ant intensity, the reproducibility of the
parameters is also first investigated with
the same experimental settings. The analy-
sis is carried out here on the basis of the
images with 12 and 30 ms exposure time.
Longer exposure times partly lead to satu-
ration effects of the camera chip and to
invalid results of the inverse Abel trans-
form. Thus, here only the recordings with
12 and 30 ms are considered. The obtained
flame angles for all operational settings are
listed in Tab. 7.

Also the comparison of the experiments
V107.1(1) and V107.5(1) with the same
experimental settings carried out at inter-
vals of approx. 29 h show acceptable results
with 9.8� and 9.7� at 12 ms exposure time
and with 18.6� and 21.7� at 30 ms exposure
time. However, the results for 12 ms expo-
sure time show larger variations even with-
in the same experimental settings. The
results for 30 ms exposure time are better

Chem. Eng. Technol. 2022, 45, No. 12, 2313–2322 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Table 4. Distance burner to flame. Mean values over exposure
times 30–70ms for all operational settings with inflection point
as well as relative threshold method.

Experiment Inflection point
method

Relative threshold
method

V107.1(1) 64 mm 74 mm

V107.2(1) 53 mm 57 mm

V107.3(1) 70 mm 84 mm

V107.4(1) 69 mm 84 mm

V107.5(1) 64 mm 70 mm

a) c)b)

Figure 7. Average flame images for V107.1(1) (a) and V107.1(2) (b) taken about 80 min
apart and for V107.5(1) (c) taken about 29 h after V107.1 for exposure time 30ms.

Table 5. Flame angle based on flame edge for experiments 107.1(1), 107.1(2), and
107.5(1) with different exposure times and mean values for 30–70 ms.

Experi-
ment

12 ms 30 ms 40 ms 50 ms 70 ms 125 ms Mean

V107.1(1) 23.3� 29.4� 29.3� 32.6� 40.0� 47.3� 32.8�

V107.1(2) 23.3� 29.9� 30.5� 35.7� 41.4� 46.3� 34.4�

V107.5(1) 22.0� 27.1� 31.3� 32.5� 36.7� 48.8� 31.9�

Table 6. Mean values of flame angles based on flame edge
over exposure times 30–70 ms for all operational settings.

Experiment Mean

V107.1(1) 32.8�

V107.2(1) 39.2�

V107.3(1) 30.7�

V107.4(1) 26.8�

V107.5(1) 31.9�
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here. The dependency on the exposure time is already a sign
that the method is not particularly reliable. Since here for the
inverse Abel transform only two exposure times can be used
meaningfully, there is hardly any possibility to use mean values
over several exposure times as more reliable quantities. Consid-
ering the wide range of the obtained flame angles between 7.6�
and 23.9�, deviations between the flame angles at the same
operational settings of max. 3.2� for V107.3 and on average 1.9�
are still acceptable as validation of reproducibility.

Nevertheless, it must be noted that the calculation of the
inverse Abel images is very sensitive to disturbances of the cap-
tured flame image, e.g., due to contamination of the camera
optics. This results in greater uncertainties when determining
parameters on the basis of the inverse Abel image.

Fig. 8 displays the inverse Abel images for experiments
V107.3(1) and V107.3(2) as well as the corresponding temporal
mean images. Only the left half of the mean images is used for
inverse Abel transform. Although the corresponding temporal
mean images are very similar in the left half at first glance,
there are some significant differences in the corresponding
inverse Abel images and can thus also lead to differences in the
calculated flame angles of the maximum radiant intensity.

5.3 Analysis of the Flame Size Dynamics

Fig. 9 demonstrates the dynamics of the flame size for experi-
ments V107.1(1)–V107.4(1) with 40 ms exposure time. The blue
line is the raw signal, the red line a filtered (smoothed) signal,
and the green line the mean. In all experiments the flame size
is almost constant with a low amplitude and low frequency
(below 10 Hz) oscillation. An increase of the oscillation ampli-
tude could be monitored to detect instabilities of the flame at
an early stage.

6 Conclusion

A camera-based measurement system with a high-speed cam-
era for automated analysis of flame properties and first experi-
mental results from a research campaign at the KIT EFG are
presented. The system is developed for operation under harsh
operational conditions (1200 �C, 40 bar). Endoscope optics with
an oblique view, a special optics cleaning system, and a pres-
sure- and temperature-resistant, hermetically sealed pressure
probe for the camera are the major parts of the system. Stable
operation of the camera system with reproducible results was
demonstrated over 29 h operation.

Image processing methods are presented which allow an
automated calculation of characteristic parameters of the flame.
On the basis of a temporal mean image, an estimate of the lift-
off distance can be determined using the axial (vertical) gray
value curve. The flame lift-off distance can be used to judge
flame stability and heat impact to the burner nozzle. In addi-
tion, the temporal mean image can be used to calculate the
flame angle which is related to the flame length and can be a
valuable information on fuel conversion and heat release over
the length of the reactor.

Based on a tomographic analysis of the flame radiation by
means of an inverse Abel transform, the flame angle based on
the zone of maximum radiant intensity in the flame can be
determined, alternatively. In addition, parameters characteriz-
ing the dynamics of the flame can be calculated. For example, a
frequency analysis of the flame size can reveal oscillations that
can be an indicator for an unstable flame.

Chem. Eng. Technol. 2022, 45, No. 12, 2313–2322 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Table 7. Flame angles based on maximum radiant intensity for
12ms and 30ms exposure time.

Experiment 12 ms 30 ms

V107.1(1) 9.8� 18.6�

V107.1(2) 12.5� 18.2�

V107.2(1) 13.4� 21.3�

V107.2(2) 8.0� 23.9�

V107.3(1) 12.6� 18.4�

V107.3(2) 18.8� 21.6�

V107.4(1) 7.2� 7.6�

V107.4(2) 10.8� 9.0�

V107.5(1) 9.7� 21.7�

a) b)

Figure 8. Temporal mean images and inverse Abel images for experiments V107.3(1) (a) and V107.3(2) (b) for
30ms exposure time.

Research Article 2320

 15214125, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ceat.202200434 by K

arlsruher Inst F. T
echnologie, W

iley O
nline L

ibrary on [21/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The new methods and characteristic parameters are vali-
dated on the basis of recordings from a measurement campaign
lasting several days on the KIT EFG. The reproducibility of the
parameters is demonstrated for the same experimental settings
over a period of more than 29 h of operation, especially if aver-
aged values over several recorded exposure times are consid-
ered. In addition, changes in the operational parameters of the
burner are reflected in the camera-based parameters. Further
measurement campaigns are needed to further analyze the cor-
relations between operating parameters of the burner and the
camera-based measured characteristics.
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Figure 9. Dynamic of the flame size for experiments V107.1 (a) to V107.4 (d).
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