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Abstract
Doppler Global Velocimetry (DGV) was successfully applied for the first time to a combustion chamber segment of a
stationary gas turbine at Siemens test rig NDP1 under atmospheric conditions. Mean velocity measurements of the
reacting gas flow were done under realistic combustion conditions, stationary (Fig. 1) and phase correlated to
combustion oscillations. Phase resolved velocity field maps under various combustion chamber conditions are
presented. The results are compared to OH* chemiluminescence images used as an indicator of the flame heat release.
Numerous application problems were solved prior to the DGV measurements. For the application a solid particle seeding
generator was developed to provide sufficient seeding rates at high mass flows. After first test measurements the air
purging device of the camera probe window as well as the windows for light sheet input to the combustor were modified
to prevent particle contaminations.
In the “vertical DGV configuration”, three divergent light sheets perpendicular to the main flow direction were used
which entered the combustion chamber through windows. A cooled endoscope with flexible image fiber bundle
transferred the scattered light to the DGV camera system. For the tested “horizontal DGV configuration” an additional
water cooled light sheet generating probe was developed to provide a divergent light sheet; parallel to the main flow
direction two further horizontal divergent light sheets entered through windows. The measurement area was then imaged
through the top window by another fiber bundle with objective through a window.
The first DGV measurements suffered from strong wall reflections which gave a dominant background light level. To
improve the signal to background ratio the chamber walls were painted with different temperature stable colours.
A selfmade long pulse Nd:YAG-laser in combination with gated CCD cameras was used to overcome the background
luminosity of flames and the incandescence of solid particles (soot as well as tracers). During the laser pulse the
scattered light intensity is much higher than the just mentioned background radiation intensity. In the time between the
pulses, the cameras were shuttered. The DGV system, measurement technique and long pulse laser were described in
detail by Fischer et al. (2000). Several laser improvements were done, electronics for phase correlated measurements was
developed and the data acquisition automated.
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Fig 1: DGV measurement of the velocity field near to the exit of test burner 1 under stationary conditions.
1

12 th International Symposium on Applications of Laser Techniques to Fluid Mechanics, Lisbon, Portugal, 12-15 July 2004

Introduction
Increasing demands for environmental protection simultaneous with an increasing electricity consumption of expected 23 % and decreasing acceptance of atomic energy production enforce an economical and careful use of fossil power.
Compared to elder coal fired steam power plants a replacement with combined cycle power plants results in a CO2
emission reduction higher than 55 %. The gas turbine technology development is therefore a key to achieve further CO2reduction goals with efficient and reliable combined cycle power plants.
The expected long term potential for improvements of the gas turbine technology by R&D is more than 8 % reduction of
the amount of CO2 emitted per produced kWh electricity. Furthermore, NOx reduction down to 9 ppm vol and an increase
of the combined cycle efficiency by 5 % to more than 60 % could be achieved. A huge demand on gas turbines of up to
120 billion Euro for combined cycle plants until 2005 is expected (DESIRE project proposal).
The measurements presented are part of the European project DESIRE (Design and Demonstration of highly reliable low
NOx combustion systems for gas turbines) which is addressed to these technological and economical aspects.
The most promising way to yield more energy efficient gas turbines is to increase the turbine inlet temperature. However,
increasing the combustion temperature whilst fulfilling the NOx-emission targets of future environmental regulations is a
major challenge for the whole combustion design. To yield low NOx emissions the use of a lean premixed combustion
system in which the reactands are mixed before entering the reaction zone is optimum. To this end the combustor design
has to be optimised to premix as much air as available minimising spatial as well as temporal fuel concentration
fluctuations that lead to elevated NOx values. Hence, the fuel air mixing has to be improved by a better arrangement of
the fuel gas injection device. The reduction of NOx emissions without using secondary NOx reduction, e.g., by exhaust
catalysts is an additional significant advantage concerning investment and operation costs.
The NOx reduction potential of the premix operation mode is often limited by thermoacoustically induced pressure
oscillations. Thermoacoustic oscillations cause increased wear and tear and hence restrict the reliability and availability
of the power station.
This instability is caused by the strong interaction between pressure fluctuations inside the combustion chamber and
heat release fluctuations. The basic mechanism was explained by Lord Rayleigh (1878) and is therefore called Rayleigh
Criterion. Applied to combustion oscillations it means that heat release will drive pressure fluctuation if it is in phase
with pressure fluctuations and vice versa. In reality some driving might occur even when the heat release lead or lag the
pressure fluctuation as much as ¼ of the acoustic period. On the other hand, if it is out of phase a damping effect will
occur (Greenwood 2001). Beside the design of robust combustor liners the thermoacoustic oscillations have to be
avoided or suppressed. This can be achieved by active and passive control systems (Greenwood 2001 and citations
herein). In active systems for example the fuel flow rate, or a portion of it, can be pulsed to effect the arrival time of rich or
lean packages of fuel/air mixture at the flame front. This approach provides a possibility of active oscillation damping by
control of the time evolution of heat release. The passive control approach roughly explained tries to optimize premixed
injector design, combustor design and flow velocity in a way that the arrival time of fuel rich pockets at the flame front
(followed by an increase of heat release) causes a suppression of flame oscillation.
Both examples make plain the relevance of combined planar velocity and heat release measurements. Also Quantitative
Light Sheet Measurements (QLS) were successfully performed for an analysis of the air/gas mixing but are not reported
here. This paper reports on the first successful application of
phase resolved DGV measurements in a realistic gas turbine
test combustor and on phase resolved OH* emission
measurements. The measurements were performed under
stationary flame conditions, with stable combustion oscillation
and near to the oscillation limit at locations downstream of the
burner exit and give information on the respective velocity
field and heat release of the flame measured at a single burner
atmospheric test rig (Fig. 2).

Fig. 2: Atmospheric single burner test rig (NDP1) at Siemens PG.
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Laser and electronics for DGV combustion applications
The DGV technique was invented by Komine (1990). In a previous publication (Fischer et al, 2000) we presented an
extension of the technique to flame applications using a selfmade long pulse Nd:YAG-laser especially designed for mean
velocity measurements in flames. The laser system was described in detail together with the complete DGV system.
The application of DGV in flames was hindered by the reduction of the signal to noise ratio due to background light
originating from flame luminosity and incandescence of solid particles (soot as well as tracers). To overcome this
problem, pulsed lasers can be used in combination with gated CCD-cameras. During the laser pulse the intensity of the
scattered light is much higher than the mentioned background radiation intensity (Fig. 3). In the time between the pulses,
the camera intensifiers are switched of, so that the cameras are not sensitive to light.
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Fig. 3: Principle of DGV in flames using pulsed lasers and shuttered cameras.
To achieve high measurement accuracy, it is advantageous, that the laser provides a narrow linewidth and is frequency
stabilized. The laser frequency is tunable over several iodine lines of different flank-slope which can be used to optimize
the measurement system for different velocity ranges. The long pulse laser is optimized to emit a Gaussian ”single-mode”
pulse with 300 ns pulsewidth (FWHM) corresponding to a nearly Fourier-limited linewidth (FWHM) of 1.5 MHz at
532 nm.
The laser repetition rate is kept at about 1000 Hz and has to be synchronized phase correct with the combustion
oscillation which is typically in the frequency range within 100 and 1000 Hz. Therefore we developed a concept to run
the laser at a multiple of the combustor frequency (Fig. 4). First the pressure fluctuation inside the combustion chamber
is measured by using a pressure transducer, to resolve the time evolution of a periodic flow field. Then the signal
frequency is filtered to suppress little noise and the second harmonic oscillation frequency, and converted to TTL
pulses. A commercially available phase shifter is used to create laser and camera trigger pulses at different phase angle
shifts relative to the combustion oscillation.

Fig. 4: Schematic layout of electronics for phase correlated measurements.
A phase locked loop electronics (PLL) was built which is able to follow frequency changes of the combustion chamber.
To be prepared for operation conditions with fast frequency changes where the PLL time constant (tuning time to match
a new frequency) is too slow we integrated an additional phase test and discrimination electronics. This electronics
creates a camera trigger (the intensifier gate trigger) only if the PLL-TTL-pulse is created in a predefined time window
(phase angle window) relative to the combustion frequency trigger. For safety reasons a window of 15 degrees was used
but the frequency stability of the tested stable oscillation was more than an order of magnitude better.
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Principle of Doppler Global Velocimetry
Like LDA or PIV, DGV also measures the velocity of tracer particles which need to be added to the flow. With one
orientation of the laser light sheet and one direction of observation, one component of the flow velocity is measured.
DGV takes advantage of the fact, that the frequency of the scattered light is shifted due to the Doppler effect:
∆ν=ν-ν0
ν0 : Laser frequency
ν : Scattered light frequency
∆ν : Doppler shift

(1)

r
r
r
This shift depends on the particle velocity v , the light sheet direction l and the direction of observation o :

∆ν = ν o

(or − lr )vr
c

(2)

The basic idea of DGV is to measure the scattered light frequency ν by transmitting the scattered light through an iodine
cell (Fig. 5). Iodine has strong absorption lines, which are used as a frequency to transmission converter. These lines
interfere with the 514 nm line of the Ar+ laser as well as the 532 nm line of the frequency doubled Nd:YAG laser.
Assuming the frequency ν to be on the slope of one absorption line, then ν can be determined by measuring the iodine
cell transmission of the scattered light. Therefore, two detectors are required to measure the light intensity before and
after the cell. To correlate ν and T, the transmission profile T(ν) of the iodine cell must be known.

Fig. 5: Doppler Global Velocimetry setup and transmission profile of the iodine cell. Direction of the measured
velocity component depending on the direction of laser light propagation and the direction of observation.
The laser frequency ν0 has to be known and precisely stabilized, so that the Doppler shift ∆ν can be calculated
r
according to equation
(1). With equation (2), one component of the vector v can be calculated. It is the component in
r r
the direction of o − l , the bisector of the angle formed by the direction of the laser light and the direction of observation
(Fig. 5). At a scattering angle of 90° a velocity of 1 m/s corresponds to a frequency shift of 2.7 MHz. Since the frequency
width of the slope of the absorption line is between 300 to 600 MHz (depending on the operation conditions of the gas
cell), the dynamic range of velocity measurement is between 100 and 200 m/s.
Another basic idea of DGV is to use two CCD-cameras as detectors, both watching the same section of a laser light
sheet. By pixel wise division of the two pictures and further post processing a map of one velocity component in the
light sheet is obtained. Depending on the type of laser (cw or pulsed) and the data acquisition mode of the camera
system, the result is either a time averaged or a frozen velocity image.
Even when we use a pulsed laser we perform a so called “on chip integration” of a larger number of single-pulse images
adding up the generated photoelectrons per pixel of each image. In this way, the turbulent velocity fluctuations are
averaged and therefore the result is an image of the mean velocity distribution. The exposure times were typically in the
order of several seconds per image. A set-up with three light sheets and one pair of cameras was chosen and is
described below to measure all three velocity components. Basics of DGV are presented in (Roehle 1999, Meyers 2000,
and Roehle, Willert 2001).
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2D-OH* Chemiluminescence imaging
For the indication of the reaction zone the radiation of electronically excited hydroxyl radicals OH* was used. The
electronically excited OH* is a product of the reaction:
HCO + O

OH* + CO

The formyl radical HCO is the most interesting intermediate of the hydrocarbon combustion. But at realistic combustion
conditions optical measurement of HCO is not mentioned in literature up to now. In contrast to this, the narrow band
structure of the OH* emission spectrum at 312 nm ± 7 nm enables a sensitive and selective detection of OH*
chemiluminescence (Haber et al. 2000). The variation of OH* chemiluminescence with the flow rate is linear, the slope
varies very weakly as a function of the equivalence ratio. So OH* chemiluminescence provides an indirect, but easy
measure of the formyl radical HCO, as a good indicator of heat release under steady and unsteady conditions and even
near extinction.
From a measurement of the OH* chemiluminescence only the volumetric information of the heat release can be deduced.
The intensity of an OH* image is always the integral of all contributions towards the camera view. On the additional
assumption of axial symmetry it is in principal possible to deconvolute OH* images to deduce the spatially resolved heat
release, provided we can simultaneously image the outer flame area containing no OH* signal (Dasch, 1992). Due to the
fact, that the field of view was smaller than the complete flame area, the presented OH* distributions of the examined
flames are not deconvoluted.
The integral OH* chemiluminescence intensity was imaged through a filter by an intensified CCD camera using a side
window. The image acquisition is synchronized with the combustion oscillations to deduce a ‘movie’ of the OH*
distribution during the combustion oscillations. The integration time was 100 µs for a single image. To discriminate the
influence of the turbulent fluctuation, the periodic fluctuations are deduced from phase averaged images comprising 400
single shots.

Experimental set up and application aspects
The first measurements suffered from strong wall reflections which gave a dominant background light level. To improve
the signal to background ratio the chamber walls were painted with different high temperature colours.
Two types of temperature stable colours were used. The first (VESUVIUS) was a newly tested laboratory mixture and
consisted of 2/3 Corundum (about 96% Al2O3) and 1/3 Lafarge-fire proof cement. The second water based colour
(zypcoating) was “HE6 type ZO Black” consisting of about 90% zirconium oxide, and some other oxides. After heating to
more than 600 °C and outgassing it is stable up to 1800 °C.
Both colours resulted in a successful reduction of reflection. The painting was renewed daily prior to the measurements
(Fig. 6a). The optical access was from the sides and from the top. During a test phase the window purging arrangement
and flow rate was optimized and enhanced to keep the windows free from particles (Fig. 6 b).

a)
b)
Fig. 6a): View inside of the combustion chamber with test burner, black painted to reduce laser reflexes.
Fig. 6b): Window adapter with air purging device, for the vertical light sheet arrangement.
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As can be seen in Fig. 6a the combustion chamber has thick ceramic walls. The segments to include the window adapters
(see opposite side) have slits for the light sheets. The combustion chamber orientation of Fig. 6a) and b) is the same. The
flow is from the left to right.
In the “vertical DGV configuration”, three divergent light sheets perpendicular to the main flow direction were used
which entered the combustion chamber through windows.

Fig. 7: Top view and cross section of the DGV arrangement for the measurements of the vertical planes.
A bigger side window mounted at the entrance position of light sheet 1 was used for the OH* measurements described
below.
A cooled endoscope with flexible image fiber bundle (Fig. 8) transferred the scattered light to the DGV camera system.

Fig. 8: Water cooled endoscope
with flexible image fiber bundle

Fig. 9: Solid particle seeding generator
for pressures up to 20 bar

The flexible image fiber bundle used was from HINZE and has a cross section of 2x2 mm. The sharpness of the images
was optimized with an eyeglass lens added to the standard entrance lens of this fiber bundle. The exit area was matched
to the cross section of the image intensifier (respectively chip area) using a f = 50 mm objective in retro-orientation and a
lens with 300 mm focal length as transfer optic. To suppress the flame background and broadband radiation from heated
6
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seed particles an interference filter (532 nm center wavelength) was used. First test runs were used to optimize the purge
air channel arrangement until the entrance window stayed clean during the experiments.
For the tested “horizontal DGV configuration” an additional water cooled light sheet generating probe was developed to
provide a divergent light sheet parallel to the main flow direction. Two further horizontal divergent light sheets entered
through windows. The measurement area was then imaged through the top window by another fiber bundle with
objective. Due to remaining intense light reflexes from the combustion walls the results were distorted and not presented
here. Further work on the correction of data acquired under such conditions is in progress.
For the application at high temperature a solid particle seeding generator was developed to provide sufficient seeding
rates at high mass flows (Fig. 9). The generator can be used for pressure up to 20 bar and the second development
generation had a stirrer to prevent clustering of the particles, which have to be dry to prevent agglomeration. Actually
we use a version with pin holes at the entrance and exit of the pressure container, without stirrer. Provided the pressure
ratio before and after the hole is two or more we have a sonic flow with the same mass flow through entrance and exit
pinhole and a constant seeding rate. The entrance pin hole prevents a too rapid pressure increase compressing the
particle material and the exit pinhole substitutes the valve used before to destroy particle agglomerates.

Results and Discussion
Mean velocity measurements and OH* emission measurements of the reacting gas flow were performed at two test
burners under realistic combustion conditions, stationary and phase correlated to combustion oscillations. Phase
resolved velocity field maps are compared to planar OH* emission measurements and discussed.
Swirled flows are an essential part of the internal flow structure of gas turbine combustors. One important task of these
flows is to generate recirculation regions (corner vortices and axial recirculation), which are needed to stabilise the
combustion. In the scope of a prior study carried out for Siemens PG, the phase-resolved velocity field of a generic swirl
nozzle was investigated (Roehle, Willert 2001) under cold flow condition. The axial recirculation region of this flow
exhibited a precessing movement around the nozzle axis, called precessing vortex core (PVC). This movement causes
periodic pressure variations (noise), which were detected by a microphone. The structure of the axial velocity component
v z (colour coded) also deviated from the axial symmetric case.
In contrast to these results we did not find any PVC and we measured a nearly symmetric flow field especially under
stable combustion oscillation. Fig. 10 shows the stationary results for test burners 1 and 2 in comparison, measured in
the first plane near to the burner exit.
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Fig. 10: Velocity fields near the burner exit under stationary flame conditions.
On the left for test burner 1 on the right for burner 2.
Both velocity fields show a slight off-axis shift of the swirl with inner recirculation. The recirculation velocity is about
15 % of the maximum forward (downstream) velocity. The velocity profile of burner 1 shows steeper flanks and a higher
maximum velocity and appears to be a little bit more symmetric compared with burner 2. Burner 2 shows a somewhat
broader and bigger ring of enhanced velocity indicating the same overall mass flow.
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The OH* emission images reveal a significant
difference between both burners under stationary
flame conditions (Fig. 11). Test burner 1 is in and
outside of the burner exit stabilized whereas test
burner 2 is only inside the burner exit stabilized due
to the pilot burner. Both burners show the zones of
highest heat release in the outer image regions.
Burner 1 shows the zone of strong heat release
extended over a bigger range of the flame.

pilot

main

0

1

The test burners use a pilot flame to extend the lean
operation range of the gas turbine. To generate the
stable combustion oscillation the pilot gas flow rate
was reduced. Fig. 12 shows the measurement results
under stable oscillation condition for test burner 1.
For the OH* intensity the same colour code is used
on an arbitrary scale. Using a delay line the camera
trigger pulse of both measurement techniques was
preadjusted to the maximum of the used Kulite
pressure transducer signal.

pilot

At 0° phase angle the OH* intensity is still low and
structureless. The DGV result shows a slight
increase in the mean maximum velocity (compare
270°) with nearly no recirculation.

main

Fig. 11: OH* emission images for test burner 1 (top) and 2 (bottom)
under stationary flame conditions.
In the range between 0-90° phase angle the gas enters the combustion chamber with increasing velocity. Simultaneously
the flame reignites at the edges of the burner outlet. At 90° the flame appears lifted downstream with maximum OH*
intensity at the border of the region of interest and an increase of heat release near to the burner outlet edges. The phase
angle range 90-135° (center of the range at about 113°) shows the maximum velocities at 90° without recirculation and at
135° with recirculation. At 180° phase angle the recirculation is maximum and the maximum forward velocity decreases.
At the same time the OH* intensity has already reached its maximum and shows (recirculation of radicals) the strongest
extension towards the burner exit. The maximum OH* intensity is in the range 135 – 180° and the center of this maximum
region therefore at about 158° phase angle. Velocity maximum and OH* intensity maximum are found to be about 45° out
of phase and a stable combustion was driven. A more detailed interpretation in comparison to the pressure fluctuations
is in progress. Compared to the stationary combustion the maximum heat release is found on the burner axis and not in
the outer flame region and the OH* emission of the pilot flame near burner exit is missed. The symmetry of the DGVresults with respect to the burner axis also shows a slight off-axis shift in most of the images.
Finally at 270° the OH* emission shows still similar symmetry features but the intensity has decreased near to the
minimum level, while the velocity reaches its minimum with a medium recirculation.
In fact the stored internal energy of the flame radicals has to relax to thermal equilibrium by collisions to finish the “heat
release”. This relaxation time has to be taken into account as well as the phase shift between pressure at the
measurement area and at the pressure transducer signal for a detailed discussion regarding the Rayleigh criterion.
The second burner (Fig. 13) showed a similar development of the velocity field with the phase angle, showing a maximum
velocity in the range 90 – 135° phase angle but about 20 % lower maximum velocities and a radial velocity profile more
flat and broadened compared to burner 1.
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Fig. 12: OH* chemiluminescence images (on the left) and DGV velocity fields (on the right) for test burner 1 under
stable oscillation condition. Phase angles: 0, 90, 180 and 270° are shown.
0°: maximum of pressure transducer signal
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Fig. 13: OH* chemiluminescence images (on the left) and DGV velocity fields (on the right) for test burner 2 under
stable oscillation condition. Phase angles: 0, 90, 180 and 270° are shown.
0°: maximum of pressure transducer signal
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From the OH* images it was seen that the flame has an increased heat release at the burner axis already at 90° but
without extension to the burner exit edges (compare Fig. 12.) Its maximum heat release with strongest extension to the
central burner exit also occurs around 180° phase angle.
OH* measurements with flow parameters near to the combustion oscillation but without any oscillation already showed
a distinct change of the spatial heat release distribution which might be used for online monitoring and regulation of the
combustion process (Fig. 14). Compared to the stable flame (Fig. 11) the flame front is lifted in the direction downstream
from the burner exit.

0.5

0

Fig. 14: OH* emission with flame conditions near stable oscillation.

Conclusion
The presented DGV- and OH* measurement results
oscillations and may contribute to the development
oscillations in gas turbine combustors. Especially the
operation conditions of the combustor in order to get
could be helpful in avoiding costly damages.

improve our understanding of the processes of combustion
of new solutions to suppress these intolerable combustion
OH* emission might become a useful online monitor of the
a preindicator for the detection of starting oscillations, which
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