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Abstract: Knowledge of the shock wave position is quantitative information which helps in gathering
and understanding the character of transonic and supersonic flows. Therefore visualisation techniques such
as the Schlieren method or holographic interferometry are applied to wind tunnel experiments where the
structure of the flow field is essentially two dimensional.
In this report a recently developed non-intrusive technique to analyse three dimensional shock configurations without the need of velocity measurements is introduced. Thereby, the optical set-up allows the
application of the technique to test sections with restricted optical access, e.g. to transonic compressors with
a complex geometry of the casings. Up to now, only point-wise measurement techniques have been used to
analyse the air flow velocities inside of those machines.
The shock wave generates a considerable increase in the density of the flow. If particles are added
upstream of the shock, it can be assumed that the concentration of the particles increases nearly in the same
way. To visualise this, a laser light sheet is brought into the test section and illuminates the particles. The
scattered light is captured by a CCD camera so that the position of the shock wave can be determined. To
analyse the three dimensional structure of a shock wave, the light sheet is moved perpendicular to the flow
direction.
This new measurement technique (called Tracer based Shock Visualisation, TSV) is applied to both, a
supersonic wedge flow at Ma = 2.43 and a more complex shock wave configuration in a transonic cascade
flow at Ma = 1.09. The gathered results are conclusive with Schlieren photographs, numerical simulations
and, in case of the cascade flow, also with the simultaneously recorded surface pressure distribution.
The applicability of the measurement technique to a rotating compressor is discussed. The problem with
those measurements is not only the restricted optical access but also the synchronization of the image
capturing process with the rotational speed of the rotor. Both problems have been covered within the
development of the TSV technique.
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2. Introduction
In transonic or supersonic wind tunnel experiments, visualisation techniques such as the
Schlieren method or holographic interferometry are used to analyse the shock wave configurations.
This helps in gathering and understanding the character of the flow. But these techniques need good
optical access to the test section and can not be used to analyse three dimensional structures. That is
why they are not applicable, for example, to investigate the flow topology inside of a transonic
compressor.
To analyse the flow field in a blade passage of such a machine, point-wise velocity
measurement techniques like the Laser-2-Focus velocimetry (L2F) have been used up to now
[Foerster et al., 2000; Karpinski, 2000; Lang, 1998a,b; Schodl, 1999a; Schodl and Foerster, 1991].
The gained data have been integrated into the development of numerical simulation models. Using
point-wise techniques, it is time consuming to analyse the entire flow field in detail. Therefore
validation measurements are often made with two dimensional blade profiles in transonic cascade
flows, since a lot of measurement techniques are available for wind tunnel experiments. A new
technique which allows a simple visualisation of the three dimensional shock wave structure in a
blade passage of a compressor would offer the possibility to gain more validation data on the
internal flow structure of turbo machines. That is why the TSV technique has been developed
[Gawehn, 2005].

3. The measurement technique
A shock wave in a transonic flow is associated with a velocity drop and a considerable increase
of the density. If small particles are homogeneously added upstream of the shock, it can be assumed
that the concentration of the particles increases in nearly the same way. This can be visualised by
illuminating the particles with laser light.
The added particles should be small enough to follow the significant variations of the flow
velocity across a shock wave. In the past, Schulze [Schulze, 1993], Lang [Lang, 1998a,b] and
Olejak et al. [Olejak et al., 1992] have tested the behaviour of small particles passing shock waves.
From those investigations it can be stated that concerning the flow conditions inside of turbo
machines (relative Mach number in the rotor section up to Ma = 1.5) the diameter of the particles
should be less than dp = 1.0 µm. In that magnitude, liquid particles can be easily generated with the
principle of a laskin-nozzle.
3.1

Measuring system

As shown in Figure 1, the laser-light of the Argon-Ion-Laser is guided by fibre optic to the
optical system. The generated light sheet with an intensity of 200 … 300 mW is oriented parallel to
the flow direction. The light scattered by the particles in the flow is captured with the CCD camera
which looks perpendicular to the light sheet. If necessary, endoscopes or optical data cables can be
linked between the test section and the camera, because it is not necessary to get a detailed image of
a single particle. By displacing the light sheet parallel and recapturing images, the whole flow field
can be investigated.
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Figure 1
3.2

Optical set-up.

Image capturing procedure

As a first step before the experiments, the intensity distribution in the light sheet has to be
determined and normalised to get a reference image. This can be done by producing a nearly
homogeneous particle distribution in the test section and then averaging across several captured
images. The measurements themselves consist of background images taken without particles in the
flow and signal images taken with particles. Both images are saved separately. The differential
images are than divided through the reference image to correct the inhomogeneous intensity
distribution.
If the scattering characteristic of the particles is available (e.g. from measurements [Voigt,
1999]), the influence of the camera orientation relative to the light sheet can be corrected
automatically. The result is an image which shows the local concentration of the particles in the
flow scaled in light intensities. This image will further be called TSV-image and is used to
determine the position and the structure of the shock wave in the analysed plane (called shock line).
As already mentioned, the whole flow field is resolved by capturing images successively in
different planes all parallel to the flow direction. To keep the distance between the light sheet and
the camera constant, the camera is moved as well.

4. Wedge flow measurements
A free standing wedge with a span narrower than the width of the wind tunnel 1 is positioned in
a supersonic flow with Ma = 2.43 and induces a three dimensional shock configuration at its tip.
The light sheet in the test section is formed by a sweeping laser beam from a probe at a downstream
position (Figure 2). The CCD camera is oriented perpendicular to the light sheet and captures an
image of the marked area.
The aerosol-particles are added to the flow upstream of the plenum chamber with a mass
concentration of 1 ... 2 ppm of the air mass flow. To protect the tilted mirror at the end of the probe
from being contaminated, clean pressurized air is blown through the probe. As the rotation of the
probe is controlled by the camera software, it is possible to capture a single sweep of 5 … 10
degrees with an exposure time of 2 … 4 seconds. For that the LightStar camera system of LaVision
with a high signal to noise level is used.
1

Dimensions: Test section: width 35.6 x height 110 mm
Wedge: width 17.5 x height 8.4 mm, tip angle 25°
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Figure 2

Laser light sheet for investigating the wedge flow.

The camera is operated with the graphical user interface DAVIS which can be programmed in a
macro language to automate the image capturing and analysing process or to actuate step motors
and probes. This permits to reduce the time effort for the measurements to a minimum. Assuming
symmetrical flow conditions only one half of the test section (the boundary layer at the side wall not
included) is investigated within 16 planes in a distance of 1 mm. Taking into account the averaging
process for each plane (5 signal and 3 background images are taken) the total time required for the
measurements is about 25 minutes.
4.1

Post processing procedure

The left side of Figure 3 shows a TSV-image and below the intensity distribution following the
marked ray. The intensity of the scattered light does not increase in a step function as the density of
the flow does. The reason for that is the non-ideal behaviour of the particles following a streamline
across the shock wave. The velocity of those particles changes with an exponential function which
depends on the diameter or better the momentum of inertia of the particles. From that behaviour, a
function for the particle concentration across the shock wave in dependency of the particle diameter
(Figure 3, right) can be derived using the equation of continuity.
Particle behaviour across a normal shock (Ma = 2.0)
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TSV-image and intensity distribution, particle behaviour across a normal shock.
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So the intensity curve in Figure 3 left is fitted with a linear and an exponential function. For
that, the section just left of the steep increase has been left out as it is supposed that the intensity in
that section is influenced by multi-scattering. The intersection point of the fitting functions marks
the position of the shock wave on the ray. Repeating the procedure for numerous rays that all
intercept in one point on the tilted mirror, the whole shock line in the investigated plane is found.
As this procedure has been integrated into the camera software it is run automatically after the
image capturing process. Therefore the shock lines for each plane are available instantaneously
after the measurements.
4.2

Results

The TSV-images of two different planes are shown in Figure 4. In the middle of the wedge, the
shock angle can be measured to about σ ≈ 51.6° and the intensity increase is about I2/I1 ≈ 2.3. Both
values are in agreement with the theoretical values of σ = 51.55° and ρ2/ρ1 = 2.52 (density increase)
derived from the below equation for β = 25°, Ma = 2.43 and к = 1.4. In the plane about 4 mm
beside the wedge the shock wave is steeper and the intensity increase drops to approx. I2/I1 ≈ 1.8.
According to this, the shock wave in that section is less intensive than in the middle of the wedge.
ρ2
( κ + 1) ⋅ Ma 2 ⋅ sin 2 σ
=
ρ1 ( κ − 1) ⋅ Ma 2 ⋅ sin 2 σ + 2

⎡
tan σ ⎤
⎢= tan(σ − β) ⎥
⎣
⎦

(1)

Z = 13 mm

Centreline of the wedge

I2
I2
I1

Figure 4
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≈ 1,8
I1

TSV-images of the wedge flow for different planes.

The shock lines of the investigated planes can be composed into a three dimensional model
which is shown on the left side of Figure 5. It gives an impression of the shock configuration for
the supersonic wedge flow. On the right side of that figure, the shock lines of four selected planes
are compared in a diagram to demonstrate the variation of the shock wave with increasing distance
to the centreline of the wedge. As already recognised, beside the wedge the shock wave moves
downstream and becomes steeper. These results confirm that the shock configuration is complex
and fully three dimensional. It is influenced by interaction of the shock wave with the boundary
layer of the side wall (see shock line for Z = 13 mm).
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Centreline of the wedge

Figure 5

Shock wave configuration of the wedge flow.

The Schlieren photography is an established measurement technique for visualising shock
waves in wind tunnels. Because of the integrative character of that technique, three dimensional
shock wave configurations cannot be visualise with spatial resolution. Thus, a Schlieren photograph
of the wedge flow can only be used to validate the TSV shock line measured in the centreline cross
section of the flow field around the wedge. Therefore in Figure 6 a Schlieren image is shown where
the mentioned TSV shock line is superimposed. In a wide range, the intensity change of the
Schlieren image is in good agreement with the shock line. The discrepancy at the top of the image
may be caused either by three dimensional effects or by shock oscillations because the Schlieren
photograph has an exposure time of 1 ms in contrast to the 2 … 4 s of the TSV-image.

Figure 6

Schlieren image with TSV shock line in the middle of the wedge.

The three dimensional wedge flow has been simulated in a rough estimation with the 3DNavier-Stokes solver TRACE (Turbo machinery Research Aerodynamic Computational
Environment). The Mach number distributions for two planes parallel to the flow axis are shown in
Figure 7 together with the related TSV shock lines. In general, the calculation and the
measurements show consistency. The noticeable discrepancies can have different reasons e.g.
tolerances in the manufacturing or installation process of the wedge or also a non-optimized mesh
for the numerical simulation. As it can be seen in the figure, if the mesh is not fine enough, it leads
to a ‘smearing’ of the shock wave across the width of the cells.
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Centreline of
the wedge

Z = 13 mm

TSV shock line

Figure 7

Simulated Mach number distribution and TSV shock lines.

5. Transonic cascade flow measurements
The next milestone in the development of the new measurement technique was the investigation of compressor blade profiles in a transonic cascade flow at Ma = 1.09. Four blades (length
125 mm x width 168 mm) are positioned in the test section 2 between two plexiglass sidewalls. The
flow field in a blade passage is mainly dominated by two shock waves which interfere with the
boundary layer flow of the profiles and the sidewalls. This interaction leads to an extremely
complex flow field where the boundary layer separates at the sidewalls [Weber et al., 2002].
Schlieren videos of former experiments have shown that the second shock wave oscillates due
to the shock-boundary-layer interaction. To resolve this oscillation with the TSV technique a
special probe has been developed which delivers a constant light sheet into the test section from a
downstream position [Gawehn, 2005].
In the probe an optical fibre is guided within a narrow metal casing nearly to the end of the
probe. There, the laser light exits the fibre divergently and is focused in one plane by a cylindrical
lens before it is deflected against flow direction by a tilted mirror. The divergence angle of the light
sheet in the other plane ( γ ≈ 9.2° ) is therefore defined by the numerical aperture of the fibre
(NA= 0.08).
Because the intensity in the light sheet has a Gauss distribution, an exchangeable sleeve is set
to the end of the probe to cut off the areas where the intensity is less than 20% of that in the central
area. However, to correct the inhomogeneous intensity distribution it is necessary to generate a
reference image.
The probe is positioned in a way that the investigated blade passage is fully illuminated
(Figure 8). During the experiments the probe is moved perpendicular to the flow direction to get
TSV-images of different planes. Like before, the translation is controlled by the camera software so
that the measurements can take place full automatically.
As the dew point of the flow can be varied without changing the total temperature, the fine
water droplets which occur during the expansion phase can be used as tracers for the TSV
measurements. The advantage of using the water droplets is that the huge air mass flow can be
sufficiently seeded with particles to do time resolved measurements. Therefore, an intensified CCD
camera (FlameStar 2 of LaVision) is used to capture 100 images of the light sheet in each plane
with an exposure time of 0.5 ms. All these images run through the post processing procedure
described in a previous chapter. Then a statistical analysis is done to get the averaged shock lines as
well as the standard deviations.
2

Dimensions: Width 168 x height (variable) 150 ... 330 mm
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Figure 8

Position of the light sheet within the investigated blade passage.

The three dimensional shock wave is visualised in six planes (with Z = const.) starting in the
middle of the test section and finishing near the sidewall at a distance of 12 mm. Closer to the wall
it is not possible to visualise any shock waves. Taking into account the translation of the light sheet,
the time effort for the whole investigation is about 10 minutes.
Two different flow conditions which differ only in the static pressure rate p2/p1 across the
blades have been analysed with the TSV technique. For both test cases the total pressure in the
plenum chamber (ptot = 1.28 ... 1.34 bar), the total temperature (Ttot = 304 ... 308 K), the free flow
Mach number (Ma ≈ 1.09) and the Reynolds number built with the chord length (Re ≈ 2.0⋅106) are
the same. The dew point of the flow is measured in the plenum chamber and adjusted to
Tdew= 276.7 … 277.1 K. As the static temperature in the test section is measured to Tstat ≈ 247 K the
flow is overcooled at about 30 K and the number of particles occurring in the test section is found to
be sufficient for time resolved measurements.
The flow condition for test case 1 with p2/p1 = 1.46 is characterized by the maximum
downstream pressure for which the incidence angle of the blades stays unchanged (‘unique
incidence’). The total pressure loss coefficient across the blade passage is ω = 0.091 and the air
mass flow is approx. 10 kg/s. Opening the throttle downstream the test section, the Mach number
within the blade passage and the pressure loss increases and the second shock wave moves
downstream and gets stronger (test case 2). The pressure loss coefficient rises to ω = 0.11 and the
pressure rate across the blades decreases to p2/p1 = 1.40. With an unchanged incidence angle of the
profiles the mass flow stays constant, too.
5.1

Results

In Figure 9 a selection of the results from the cascade flow measurements is given. For each
investigated flow condition two TSV images of different planes and, below, the results from the
statistical analysis are shown. In addition, Schlieren photographs with the superimposed average
shock lines from the TSV measurements are displayed at the bottom.
The results for the first test case (left side of Figure 9) show two separate shock waves within
the blade passage where the first one, the bow shock, can be visualised even near the sidewall. In
the middle of the test section, the small standard deviation shows that this shock wave is rather
stable. The second shock wave is more instable and therefore only found in a range around the
middle of the test section.
In test case 2 (right side of Figure 9) the second shock wave moves downstream while the
position of the bow shock stays nearly unchanged. By that, a reflection of the bow shock establishes
at the suction side of the blade. It can be visualised even away from the centre of the test section. As
the statistical analysis shows, the shock waves for the second investigated flow condition are more
stable and therefore can be visualised better in a wider range of the test section.
The complexity of the shock configurations for both test cases can also be seen within the
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Schlieren photographs. The superimposed shock lines show that, as the light sheet approaches the
side wall, the shock lines move upstream. This is caused by strong shock-boundary-layer
interaction. Although the plane with Z = 72 mm has still a distance of 12 mm to the side wall, it is
remarkable that the density gradients of the Schlieren photographs and the measured shock lines are
in agreement.
Test case 1 (p2/p1 = 1.46)

Test case 2 (p2/p1 = 1.40)

Z = 56 mm

Centreline

Schlieren photography

Centreline

Z = 56 mm

Schlieren photography
Z = 38 mm

Z = 38 mm

Z = 72 mm

Z = 72 mm
Z =64 mm

TSV shock lines

Figure 9

Results of the cascade flow measurements.

Parallel to the TSV measurements, the static surface pressures have been recorded. The
calculated isentropic Mach number distribution is shown in Figure 10 together with the shock lines
in the vicinity of the blades taken from the TSV measurements. As expected, the sonic line (isoline
with Ma = 1) is situated near the last shock wave. Besides, the curvature of the isolines as they
approach the side walls is in agreement with that of the visualised shock waves. The minimal
discrepancies can be explained by the fact that the TSV measurements were made in a distance of
5 … 7 mm above the suction side of the blade.
Test case 1 (p2/p1 = 1.46)

Figure 10

Test case 2 (p2/p1 = 1.40)

Measured isentropic Mach number distributions and shock lines (suction side).
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Test case 1 has been simulated with the Navier-Stokes solver TRACE [Weber et al., 2002]. The
Mach number distribution for two different planes parallel to the flow direction have been extracted
from the results and are shown in Figure 11 together with the TSV shock lines measured in those
planes. The agreement of the bow shock with the sonic line is remarkable, but the second shock
wave has been found by the simulation to be much weaker than in the experiment. As this shock
wave is very sensitive to pressure ratio variations, it is assumed that the flow conditions for the
experiment and the numerical simulation were slightly different.
Test case 1 (p2/p1 = 1.46)
Centreline

Figure 11

Z = 56 mm

Calculated Mach number distribution in the flow field and TSV shock lines.

Assuming symmetrical flow fields for both test cases, the measured shock lines have been put
together into three dimensional models of the shock configurations (Figure 12). Up to now, such
detailed measured data about the structure and position of the shock waves in transonic flows could
only be derived from velocity measurements. Thus, the TSV technique offers a new possibility to
gain detailed alternative data which can also be used for the validation of numerical simulation
models.
Test case 1 (p2/p1 = 1.46)

Figure 12

Test case 2 (p2/p1 = 1.40)

Three dimensional models of the shock configurations.

6. Application potential of the measurement technique
The developed optical set-up, using an Argon-Ion-Laser, is focused on time averaging
measurements. To get a frozen picture of a rotating compressor, exposure times of about a few µs
are necessary. The camera system FlameStar 2 meets this requirement and enables the ‘on chip
integration’ of multiple exposures. If the compressor rig is equipped with a trigger signal, image
capturing can be synchronised with the rotational speed of the rotor and many single exposures
from the same phase locked position of the blades can be taken.
Because of the twisted blades, a scanning light sheet in form of a sweeping leaser beam (higher
flexibility) should be used and the CCD camera should be positioned perpendicular to the light
sheet (Figure 13). The result will be a TSV-image of the illuminated plane. By taking pictures at
different radial positions the 3D-shock wave configuration in the blade passage can be visualised.
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Figure 13

TSV set-up for measurements inside a transonic compressor.

The applicability of the TSV technique to a transonic compressor test rig was first demonstrated by Roehle [Roehle, 1999; Roehle et al., 1998a,b; Schodl, 1999b]. The measurements show
the benefits of the new technique, but demonstrate as well that only automated image capturing and
post processing reduces the experimental time effort to a minimum. For example, Roehle needed
about two hours to take eight different measurement points (that is, different operational points
and/or different radial positions). Using the TSV set-up described in this report, a detailed analysis
of the complete blade passage for one operating point should be possible within 20 minutes. In
particular this property of the TSV technique has to be proven in the next measurement campaign.

7. Conclusion
The developed TSV measurement technique to visualise three dimensional shock configurations has been introduced. To reduce the time effort for the measurements, the image capturing
process, including the rotation and translation of the light sheet probes used, has been automated.
The optical set-up is adjustable to almost any experimental conditions in such a way that
investigations can be done in test sections, where other measurement techniques fail, e.g. inside of
transonic compressors.
The developed post processing procedure has been integrated into the camera software so that
the direct outcome of the TSV measurements is a detailed model which contains the information
about the position and the structure of the investigated shock wave configuration. In the frame of
these two different measurement campaigns it has been shown that the obtained results are
consistent with those of other techniques and numerical simulations. The TSV technique therefore
is ready for use.

8. Outlook
A further development of the TSV technique could be that a frequency stabilised laser is used
and a frequency selective element (e.g. an iodine cell) is placed in front of the CCD camera. This
improvement would allow that the decreasing velocity of the particles would lead to an additional
increase of the scattered light intensity across the shock wave. The whole system would get more
sensitive, but the optical set-up would stay quite simple.

9. Acknowledgement
The authors sincerely thank the Deutsche Forschungsgemeinschaft for supporting the
development of the TSV technique within a Graduiertenkolleg.
- 11 -

13th Int. Symp. on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006, Paper No. 1047

10. References
Foerster, W., Karpinsky, G., Krain, H., Roehle, I., and Schodl, R. (2000) 3-Component Doppler
laser-two-focus velocimetry applied to a transonic centrifugal compressor. Laser Techniques for
Fluid Mechanics, Lisbon, Portugal, 10-13 July, - R. J. Adrian et al. (Eds.), Springer-Verlag
Gawehn, T. M. (2005) Verdichtungsstoßvisualisierung mittels Laserlichtschnitt. Research Report,
2005-22, German Aerospace Center, Cologne, Germany
Karpinski, G. (2000) Drei-Komponenten-Doppler-Laser-zwei-Fokus-Geschwindigkeitsmeßsystem
für berührungslose Messung der Strömungsgeschwindigkeit an besonders schwer zugänglichen
Stellen. Research Report, 2000-25, German Aerospace Center, Cologne, Germany
Lang, N. (1998a) Experimentelle und theoretische Untersuchungen zum Folgeverhalten von
Streulichtpartikeln in Überschallströmung. 6. GALA-Fachtagung "Lasermethoden in der
Strömungsmeßtechnik", University of Essen, 28-30 September
Lang, N. (1998b) PIV measurements in sub- and supersonic flow over the delta wing configuration
ELAC. 8. International Symposium on Flow Visualization, Sorrento, Italy, 1-4 September
Olejak, D., Heiser, W., Reisinger, D., and Wagner, S. (1992) Laser Doppler Anemometry and
determination of particle size by a relaxation-length method at TWM. Dantec Information,
Measurement Technologie, No. 11, ISSN 0900-5579
Roehle, I. (1999) Laser-Doppler-Velocimetry auf der Basis frequenzselektiver Absorption: Aufbau
und Einsatz eines Doppler Global Velocimeters. Research Report, 1999-40, German Aerospace
Center, Cologne, Germany
Roehle, I., Le Guevel, A., and Fradin, C. (1998a) 3D-Shock Visualisation in a Transonic
Compressor Rotor. Optics and Laser Technology, Elsevier Science, Oxford, UK
Roehle, I., Schodl, R., and Weyer, H. B. (1998b) 3D-Shock Visualisation in a Transonic
Compressor Rotor. International Workshop "Flow Diagnosis Techniques", St. Petersburg,
Russia, 30 June - 3 July
Schodl, R. (1999a) Capabilities of Optical Point Measurement Techniques with Respect to Aero
Engine Application. Planar Optical Measurement Methods for Gas Turbine Components, RTO
Lecture Series 217, Cranfield, UK / Cleveland, USA, 16-17 September / 21-22 September
Schodl, R. (1999b) Planar Quantitative Scattering Techniques for the Analysis of Mixing
Processes, Shock Wave Structures and Fluid Density. Planar Optical Measurement Methods for
Gas Turbine Components, RTO Lecture Series 217, Cranfield, UK / Cleveland, USA, 16-17
September / 21-22 September
Schodl, R., and Foerster, W. (1991) Multicolor Fiberoptic Laser-2-Focus Velocimeter For 3Dimensional Flow-Analysis. AIAA Journal, Vol. 29, No. 8: 1290-1297
Schulze, R. (1993) Theoretical examination of the behavior of seed particles in turbulent flowfields
with strong accelerations. Diplomarbeit, TH, Darmstadt, Germany
Voigt, P. (1999) Entwicklung und Einsatz eines Laserlichtschnittverfahrens zur quantitativen
Konzentrationsmessung bei Mischungsprozessen. Research Report, 1999-41, German Aerospace
Center, Cologne, Germany
Weber, A., Schreiber, H.-A., Fuchs, R., and Steinert, W. (2002) 3-D Transonic Flow in a
Compressor Cascade with Shock-Induced Corner Stall. ASME J. Turbomach., Vol. 124: 358366

- 12 -

