Fachtagung "Lasermethoden in der Strömungsmesstechnik"
6. - 8. September 2011, Ilmenau

3D Sichtbarmachung von gemessenen, kohärenten Strukturen in einer
rotierenden Wasserströmung
3D Visualisation of Measured Coherent Structures in a Swirling Water Flow
Christoph Strangfeld
Institute of Fluid Dynamics and Technical Acoustics
Technical University of Berlin

———————–
Katharina Göckeler
Institute of Fluid Dynamics and Technical Acoustics
Technical University of Berlin

———————–
Steffen Terhaar
Institute of Fluid Dynamics and Technical Acoustics
Technical University of Berlin

———————–
Prof. Dr. Christian Oliver Paschereit
Institute of Fluid Dynamics and Technical Acoustics
Chair of Fluid Dynamics
Technical University of Berlin
Key words: Stereo-PIV, precessing vortex core, combustor aerodynamics, vortex breakdown

1

Summary

The three-dimensional coherent structures in the cold flow of a gas turbine chamber were investigated by means of stereoscopic particle image velocimetry. Data were taken within the
streamwise and crosswise measurement planes with respect to the combustor axis. To avoid
problems arising from the different refraction indices of air, glass, and water, different PIV setups were tested and optimised. A helical large-scale coherent structure was observed in the
periphery of the central recirculation zone. The three-dimensional shape of this structure is
reconstructed from the streamwise data, employing a proper orthogonal decomposition. This
provides reliable data of the coherent velocity distribution for future comparison to time-resolved
numerical investigations.
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Introduction

In modern gas turbine combustors the flame is usually stabilised by a swirling flow, which
breaks down after entering the combustion chamber due to an adverse axial pressure gradient induced by centrifugal effects. The so-called VB (Vortex Breakdown) is followed by a
recirculation zone that decelerates the flow for flame stabilization and supports the transport of
heat and combustion radicals. Furthermore, in lean-premixed combustors the swirl contributes
significantly to the mixing of the reactants upstream of the flame resulting in low NOX emissions. Due to its importance for gas turbine combustors, the mechanism of vortex breakdown
has been intensively investigated. A review of the phenomenon is provided, among others, by
[Lucca-Negro and O’Doherty, 2001], and more recently by [Huang and Yang, 2009]. Different
types of breakdown have been observed: an axisymmetric bubble, a helical or a conical form,
depending on Reynolds number, swirl intensity and combustor geometry [Leibovich, 1978,
Sarpkaya, 1995]. In turbulent flow regimes the vortex core was often found to be oscillating periodically around the burner axis [Syred, 2006]. This phenomenon is known as a PVC
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(Precessing Vortex Core). Paschereit [Paschereit et al., 1999] related acoustic instabilities to
flow instabilities in the recirculation region on the combustor axis and the separating shear layer
at the burner exit.
The VB phenomenon is also known in many other technical applications. Free SJ (Swirling
Jets) were often investigated experimentally, numerically and theoretically. In 1998, Billant et
al. [Billant et al., 1998] carried out highly accurate flow visualisations of the VB types in a water
tunnel for low Reynolds numbers. In 1994, Panda et al. [Panda and McLaughlin, 1994] used
smoke to visualise the flow for moderate Reynolds numbers and quantified the velocity field using hot-wire anemometry. Other examples for VB are pressure-induced rolled up shear layers,
emitted by delta wings or notchbacks and fastbacks of vehicles. In the delta wing case, a rolling
up shear layer emitted at the leading edge generates a large and strong vortex. Along the
whole vortex axis, vorticity is generated in the shear layer and transported in the vortex centre.
Thus the circulation permanently grows [Visbal and Gordnier, 2003]. In 1962, Lambourne et
al. [Lambourne and Bryer, 1961] used smoke to visualise the PVC, helical instabilities and the
different VB types.
Flow measurements in combustors are often
performed in water tunnels. The nondimensional parameters like the Reynolds number
or the Strouhal number are equal, whereas
the density variations and temperature gradients can not be simulated in water. Therefore,
the flow structures can vary between the setups. However, at combustion conditions with
high rate of steam dilution the reacting flow
pattern is similar to that tested in the water
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setup [Terhaar et al., 2011]. High steam contents in gas turbine combustors promise an increase in cycle efficiency at very low NOX emissions [Göke et al., 2010]. The presented ve0.
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locity measurements in the water tunnel reveal
a deeper insight in the flow structures in the
tested combustor. In future, the results will be
compared to hot and wet combustion test tracks
and serve as a reference for the effect of heat
release on the flow field in gas-fired tests. By
means of StereoPIV (STEREOscopic Particle
Image Velocimetry), all three velocity compo- Figure 1: Time averaged velocity field of the SJ
nents could be measured at once. Figure 1 in the combustion chamber; black contour lines:
shows the flow field in the combustion cham- azimuthal velocity; bold black lines: outlet
ber. The axes are normalised by the hydraulic
diameter Dh (20 mm) of the slot at the outlet.
In this figure, a cylindrical coordinates system is used since the flow is axisymmetric. The illustrated velocity vectors indicate the axial and radial components and the contour lines illustrate
the azimuthal velocity component.
Downstream the outlet, the axial velocity reaches its maximum (r/Dh ± 1,x/Dh = 1). Around
(r/Dh = 0) the negative axial velocities denote the inner recirculation zone. Directly downstream of the burner outlet at (r/Dh = ±0.875) the recirculation is caused by the wake of the
centre body. Nevertheless, VB occurs at approximately (x/Dh = 1), defined by a stagnation
point of the axial flow. The main factor governing VB is the so-called swirl number, S. A recirculation zone follows downstream of the VB, the inner recirculation zone. At (±3.5,3) parts
of two counter rotating vortices are visible. The two vortices are forming one big ring vortex
which is the outer recirculation zone. The black contour lines represent the azimuthal velocity
(perpendicular to the plot) normalised by the free stream velocity. This is positive on both sides
because the fluid is injected as a swirling flow.
The time averaged image of the flow field looks homogenous and axisymmetric. The vortex
core of the swirling flow and the inner recirculation zone interact and are twisted to each other,
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forming a helical instability. This is the so called PVC.
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Experimental setup

The combustion chamber possesses a centre
400 mm
body with a diameter of 35 mm, a slot width of
camera 1
200 mm
10 mm and an inner diameter of 200 mm, see
figure 2. The length is 700 mm and there is
no orifice at the downstream end. Upstream of
camera 2
the outlet, a swirling flow with S = 0.7 is generated. The water tunnel is quadratic with an prism 1
prism 2
edge length of 400 mm. Five optical accesses,
one on every side and one on top, are available.
laser
behind
This enables StereoPIV measurements streammeasurement
the tunnel
x
wise and crosswise to the combustor axis. Figlevels
center
ure 2 shows the first setup, the dotted lines
body
mark the different measurement levels. The
55 mm
35 mm
laser light sheet orientation is orthogonal to the
combustor axis.
Figure 2: Side view of the water tunnel; dotted
The crosswise measurements took place at lines represent the different StereoPIV measurex/Dh = 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, ment positions
10 , 12, 14.
To record the images, two PCO 2000 cameras with a resolution of 2048 x 2048 pixels, 14 bit
and a frame rate of 6 Hz were used. To minimise the measurement errors of the PIV system,
both cameras should have an angle of 45◦ to the target (in water). For this setup, the cameras
would need an angle of 70◦ (in air), due to the different refraction indices of air na and water
nw .
nw
1.33
= sin(45◦ ) ·
= sin(αa ) ⇒ αa = 70.13◦
(3.1)
na
1
Thus, two prisms, filled with distilled water, were
used, such as recommended in [Prasad, 2000].
Therefore, the lenses of the cameras are not
tilted to the first water surface. Furthermore,
the prisms enlarge the resolution by the factor
of two (counted in pixels) in the aligned direction of the measurement level. Still 40% of the
pixels of the images were wasted during the dewarping and recombination. Figure 3 shows a
photo of the nonlinear distortions. In the upper
side of the image is the centre body and the
bottom of the combustion chamber. The black
cross marks the image centre of the uncropped
image. The distortions grows from top to bottom. This can be observed as the two lower
screws are heavily distorted whereas the outlet is almost undistorted. If the lenses would
cause this problem, the distortions would rise
from the image centre to the corners. In the Figure 3: Photo of the nonlinear distortions at the
presented case the distortions become notice- bottom side; black cross marks the image centre
able right in the image centre and rise to the
bottom and were associated with unsharpness.
However, closing the aperture could only increase the contrast significantly but not reduce the
distortions. Possible reasons might be the thickness variations in the two plexiglass surfaces of
each prism or the glass windows of the water tunnel. Further tests are needed to understand
sin(αw ) ·

and resolve this issue.
The whole measurement setup, including two cameras, two prisms and the light sheet optic
of the Nd:YAG laser with 150 mJ per pulse, was mounted on two parallel moving traverses.
Hence, the relative position to each other remained constant and only one calibration for all
levels was needed. Silver-coated hollow glass-spheres with an average particle diameter of 15
µm were used as seeding material. To evaluate the PIV images, the ILA software VidPiv was
used. A cross-correlation followed by four, adaptive cross-correlations, with a final resolution of
32 x 32 pixels, calculated the velocities. Two different targets with a diameter of 190 mm were
tested for calibration.
A one-level (point distance 20 mm or 5 mm) and a two-level target with a height difference of 2
mm (point distance 20 mm), as Raffel et al. did [Raffel et al., 2007]. The nonlinear distortions
of the calibration target caused the use of a quadratic mapping. In this case, the one-level
target with 5 mm generated the best results. Nevertheless, at the outer edge of the target, a
difference of maximum 5 pixels between the two cameras was observed.
The vertical setup is shown in figure 4. The
dotted line illustrates the measurement plane
directly in the middle of the centre body. As
camera 2
space is limited around the test section, two
mirrors were used to get the laser light sheet
mirror 2
as close as possible to the diagonal of the wa- camera 1
◦
ter tunnel (45 ). Thus, it was possible to reach
laser
an angle of more than 30◦ respective to the wall
of the water tunnel windows. The two cameras
were turned around to the maximum of approxmirror 1
imately 10◦ . Hence, almost the optimum setup
was realised. Since both cameras were almost
measurement
parallel to the water tunnel windows and no displane
tortions occurred, no prisms are needed. Furcenter body
thermore, almost no pixels were wasted during the recombination. For this setup, two PCO Figure 4: Sketch of the streamwise StereoPIV
sensicam cameras were used with a resolution setup
of 1024 x 1024 pixels and a Minilite II Nd:YAG
532 17mJ laser.
A cross-correlation followed by four, adaptive cross-correlations with a final resolution of 24 x
24 pixels evaluated the streamwise images. The target measured 150 mm, which is smaller
than the combustion chamber diameter of 200 mm. The crossing lines had a distance of 10 mm
and a quadratic mapping was used again. In the region of the target, the pixel displacement is
less than 1 pixel, whereas the error rises quickly outside the target. This could arise from a bad
extrapolation of the mapping, especially in water, or from the cylindrical combustion chamber.
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Data processing

The high resolution of the StereoPIV data enables not only the calculation of the mean flow, but
also exposes the coherent structures in this highly turbulent flow. The POD (Proper Orthogonal
Decomposition) processing will be briefly summarised. For more details, refer to Oberleithner et
al. [Oberleithner et al., 2011] and [Hussain and Reynolds, 1970]. A POD projects the turbulent
flow field on an orthonormal vector base that maximizes the turbulent kinetic energy content for
any subset of the base. It allows an accurate description of the turbulence data using only a
limited number of modes. Given a vector X containing the field variables and an orthonormal
base Φ, the expansion reads
X (x, tk ) ≈ X N (x, tk )

N
X
i=0

ai (tk ) Φ (x) .

(4.1)

Note that the approximation X N of the turbulence data set converges to X when N goes to
infinity and that i = 0 corresponds to the averaged field. The index k indicates that the flow field
X is only given at a discrete time tk , the time where a PIV snapshot has been acquired. The
base vectors were computed so that they satisfy the eigenvalue problem,
X (x, tk ) ∗ X T (x, tk ) Φ (x) = λΦ (x) ,

(4.2)

where the superscript T denotes the transposed vector and h. . .i is the time-averaging operator.
In our case, the two strongest POD modes of the crosswise measurements contain more than
20% of the turbulent kinetic energy of the spectrum and have a phase shift of π2 . The streamwise
measurements contain more than 15% and the same phase shift.

Results
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Figure 5: Depiction of the PVC for one period, divided in four phases.

Figure 5 shows reconstructed, phase-averaged, velocity fields from the crosswise measurements, thus the axial velocity u is the through plane component. Each measurement consists
of 1260 snapshots. The measurement position is Dh = 1.5. The streamlines in figure 5a
illustrate the counter clockwise rotation of the swirling flow. The white star at (-0.7,0) in 5a symbolises the vortex centre, determined by the minimum azimuthal velocity. The axial velocity u
is colour-coded. Inside the brighter cycle (±1,±1) (the vortex tube of the swirling flow) are two
clearly delimited areas. On one hand, the bright area occupies high positive axial velocities,
this is the jet. On the other hand, the black area possesses high negative axial velocities, this is

the inner recirculation area. Figure 5a shows the flow field for a phase angle of 0◦ (determined
from the POD). In figure 5b, a phase angle of 90◦ is illustrated. Thereby, all mentioned flow
structures interact with each other. Moreover, the two other phase angles 180◦ and 270◦ , figure
5c and 5d, complete one period of the oscillation. It can be observed that the whole flow field
is rotating around the coordinate origin (0,0) by the respective phase angle. The reconstructed
flow field at α = 90◦ is similar to the flow field at α = 0◦ rotated by 90◦ around (0,0). The jet
and the recirculation area rotate periodically around the vortex core. This coherent structure,
described by the first two POD modes, is the PVC and a helical structure in the axial velocity
component corresponding to an azimutal mode of wave number one.
The streamwise measurement consists of 990
images. The same procedure as for the crosswise measurements was used in order to reconstruct the phase of each image regarding
the coherent structure described by the first
B**
A**
two POD modes. Figure 6 shows the flow
structures of the first POD mode. The black
A*
B*
lines illustrate the centre body, the vectors
the radial and axial velocity. The normalised
through-plane component of the vorticity vecA
B
tor in Cartesian coordinates of the first mode is
colour-coded (the magnitude itself has no physical explanation) and the first mode is the dominant one. As it is known from the crosswise
measurements, the two detected POD modes
represent the first azimuthal mode. Thus, the
clockwise rotating vortex A* in figure 6 corresponds to the counter clockwise vortices on the Figure 6: Flow field of the burner outlet streamwise
right hand side A and A**. The oscillation starts measured; the azimuthal vorticity is colour-coded.
at (±1,2) and finishes one period at (±2.2,4.5)
and shows the streamwise footprint of a helical movement, which was already encountered in
the phase reconstructed crosswise measurements. The three velocity components were interpolated and smoothed to reduce the influence of stochastic turbulence. Using the method
introduced by Oberleithner et al. [Oberleithner et al., 2011] one may reconstruct the coherent
velocity field within the entire cylinder volume. To prove the reliability of the results, the velocities that are reconstructed from the streamwise data are compared to the velocities from the
crosswise measurements.
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Figure 7: Colour-coded axial velocity u at x/Dh = 2 Figure 8: Colour-coded axial velocity u of the
of the first POD mode measured crosswise
first POD mode measured streamwise, then transformed by the phase angle and interpolated to the
whole cylinder and finally extracted at x/Dh = 2

The two figures 7 and 8 show the colour-coded axial velocity of the coherent structure (i.e.
without the mean flow) at the axial position x/Dh = 2. Figure 7 was measured streamwise
whereas figure 8 was derived from crosswise measurements. The contours shown in figure
8 was extracted at x/Dh = 2 from the reconstructed 3D flow field. There is a good agreement between both images. Small variations are caused by measurement errors coming from
the StereoPIV uncertainty and the POD approach as well [Oberleithner et al., 2011]. The high
agreement confirms the phase angles determined by the POD, the symmetry to the vortex axis
line and the coherent helical structures.
Knowing the 3D flow field in the combustor enables the extraction of 3D flow structures like the
helices formed by the vortices (A,B) in figure 6. Figure 9 shows the calculated helical structures.
Note, this plot is generated by using data taken only in one streamwise measurement plane.
The black contour surface downstream of the centre body (small black circle), illustrates 70%
of the maximum coherent kinetic energy Ec of the coherent structure. The gray surface shows
30% of the maximum Ec and the gray dotted surface represents the area of reversed axial flow.
At x/Dh = 1.2 the reversed flow behind the bluff centre body almost ends but merges with the
reversed flow coming from the VB at around x/Dh = 1. Around x/Dh = 1.3 coherent structures of various azimuthal wave numbers are present and fragments can scatter in the first two
POD modes. Nevertheless, the strength of the single helical mode evolves fastest and hence
dominates the whole downstream flow field. This can be seen clearly by the double helix starting at around x/Dh = 1.8. According to empirical, theoretical and experimental investigations
of unconfined swirling flows, the helical mode is triggered by a wave-maker that is located on
the jet centre somewhere near the region of VB [Ruith et al., 2003], [Oberleithner et al., 2011].
This is consistent with our results that indicate the emergence of the helical instability from the
background noise at approximately x/Dh = 1.2 which agrees qualitatively with the location of
VB [Oberleithner et al., 2011].
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Figure 9: Depiction of the coherent kinetic energy of the first mode (gray and black contour surfaces)
downstream of the centre body and the inner reversed flow area (dotted surface)
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Conclusions

StereoPIV measurements were taken to visualise the flow structures in a gas turbine combustion chamber. For the crosswise StereoPIV setup, prisms were used which increased the resolution by the factor of two. Nevertheless, nonlinear distortions occurred. A quadratic mapping
was able to compensate most of the non-linearity. For the streamwise setup the laser sheet
was tilted and the cameras were orientated almost perpendicular to water tunnel windows. This
avoids the distortions arising from different refraction indices. The high accuracy of the data
allowed the exposure of coherent structures by means of the approach from Oberleithner et al.
[Oberleithner et al., 2011]. The POD enables the reconstruction of the whole 3D velocity field.
The PVC, the oscillation of the inner recirculation zone and the helical mode downstream of
the vortex breakdown were detected. The high agreement of the streamwise and crosswise
measurements confirm reliability of the two measurement setups.
Using the three-dimensional velocity field, calculated by one, and only one, streamwise StereoPIV measurement, yields the three-dimensional visualisation of the flow structures and the
helical movement downstream of the VB. This innovative approach (POD) in axisymmetric flow,
which was applied for the taken velocity measurements, could be used in several cases as a
remarkable alternative to the use of complex tomographic PIV systems.
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