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ABSTRACT
Improving cooling air system is a current way to increase gas turbine engine performance. At the Institut für
Thermische Strömungsmaschinen, so called pre-swirl systems, supplying cooling air to the rotor blades of the turbine,
are investigated intensely (Dittmann et al., 2001; Geis et al., 2003). Comprehensive temperature and pressure
measurements were performed in the stationary and in the rotating frame of reference to determine the cooling
efficiency of different geometrical configurations. In order to validate CFD-calculations and one-dimensional loss
models for pre-swirl systems, accurate velocity measurements were also performed, especially in the pre-swirl cavity,
where the cooling air is expanded through the nozzles of the pre-swirl apparatus and mixed before feeding the receiver
holes. The objective of this study was to determine the three-dimensional velocity field in the gap downstream of the
rotor disk by using a stereo PIV setup. The flow in a typical internal turbo machine situation imposes difficult
constraints like unsteady, complex three-dimensional flows coupled with the limited optical access in narrow
environments. Therefore particular attention was invested in the design of the optical access. Using an adapted stereo
PIV setup, measurements were performed for one geometrical configuration and different operating points. In addition
the unsteady aspect of the velocity field generated by the rotation of the receiver holes was investigated by analysing
the flow for three different positions of the rotor disk. The measurements of the three-dimensional velocity field
impressively showed the spreading of the jet in the pre-swirl chamber and the associated decrease of the swirl in the
axial direction. Last but not least, the used PIV setup offers interesting possibilities to investigate various geometrical
configurations in an acceptable time. To conclude, this paper confirms, that stereo PIV can be successful applied in an
enclosed rotor-stator system.
1. INTRODUCTION
Gas turbine performance depends strongly on the efficiency of the cooling air system. To optimize the cooling air
supply to the rotor blades (see Fig. 1a) the cooling flow is pre-swirled upstream of the channels, which feed air to the
turbine blades, in a so called pre-swirl system. The cooling air is first expanded and accelerated inside inclined nozzles
prior to entering the wheelspace, where the flow delivered by the nozzles generates a swirl in the rotation direction of
the rotor disk. Thus the pressure losses in the wheelspace are minimized and the total temperature in the rotating frame
of reference is reduced before cooling the rotor blades.
Meierhofer and Franklin (1981) were the first to report the efficiency of a pre-swirled cooling air supply by measuring
the air temperature inside the holes (receiver holes) conducting the air to the blades. They determined the effect of
different geometrical parameters on the system performance. El-Oun and Owen (1988) compared experimental results
with a simple theoretical model based on the Reynolds analogy. Popp et al. (1996) investigated numerically different
geometrical configurations of so called cover plate systems in order to establish design recommendations. Numerical
and experimental results in a cover plate system were compared by Karabay et al. (1999). The results of their velocity
measurements by means of a LDV system and their predicted velocities confirmed that free vortex flow occurs in the
rotating cavity typical for a cover plate system. Heat transfer measurements in a pre-swirl system have been carried out
also by Wilson et al (1997) and Gary et al (2003). At the Institut für Thermische Strömungsmaschinen (ITS) Geis et al.
(2003) and Dittmann et al. (2003) tested variously geometrical configurations of a direct transfer system. The test rig is
shown in Fig. 1b. Dittmann et al. focused their study on discharge and temperature measurements. Different models
predicting the efficiency of the pre-swirl system were compared with the experimental results. The ITS rig also
provided the opportunity to apply different measurement techniques at stator and rotor. Rotors instrumented with
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temperature and pressure probes were used together with LDV and PIV measurements successfully performed at
different locations inside the test rig.

a)

b)

Fig. 1. Two examples of enclosed rotor-stator system with pre-swirled cooling air
a)

Air transfer system in a high pressure turbine (courtesy Rolls-Royce)

b)

Model of the air transfer system at the University of Karlsruhe – experimental test rig (Geis, 2002)

Independently of the goal of the investigations (discharge, heat transfer or dust separation measurements), information
on the flow velocity is crucial for a refined study of the flow field inside a pre-swirl system. Therefore reliable velocity
measurement setup adapted to an enclosed rotor-stator system like a pre-swirl system represents an actual and
significant topic.
The presented study was realized in the frame work of the EU project ICAS GT 2 (internal cooling air system of gas
turbine 2). The main goal of our task is to find guide lines from the analysis of the experimental and numerical data in
order to design an optimal pre-swirl configuration. In a first step a one-dimensional losses model validated by the
experimental data was setup to predict the global performance of the modeled pre-swirl system. In a further step CFD
calculations will be used to optimize its design. However the modeling of the losses could only be achieved by a
detailed understanding of the flow dynamic. In parallel the capability of the CFD methods to describe the flow across a
pre-swirl system must be proved and validated. In this respect it is necessary to carry out velocity measurements inside
the pre-swirl chamber.
2. EXPERIMENTAL SETUP
2.1 Experimental boundary conditions
The test rig used for the velocity measurements is shown in Fig. 1b. By mounting different pre-swirl apparatus and
different rotor disks various geometries of pre-swirl system can be modeled. The variations of numbers, dimensions and
radial position of the pre-swirl nozzles were studied. By changing the distance from the inner seal to the outer seal or
stator to rotor, different pre-swirl chamber geometries were examined. To realize velocity measurements for all
geometrical configurations tested in this project, a PIV setup adaptable to the most various pre-swirl system
configurations was developed. The range of the geometrical parameters covered by the developed PIV setup is
summarized in table 1.
However, a common characteristic of all the investigated pre-swirl systems is the restricted access to the most
interesting area i.e. the pre-swirl chamber. This impedes the use of nonintrusive optical techniques. Geis et al. (2002)
used an endoscope positioned inside the pre-swirl apparatus and between two pre-swirl nozzles but the optical and
system parameters were not ideal for PIV measurements. Additionally running conditions of the test rig represent
severe boundary for optical measurements. The rotor disk driven by an electrical motor reached up to 7000 rpm, which
led tangential velocities at the outer radius more than 180 m/s. The generated vibrations and centrifugal forces required
a robust and safe solution for the adaptation of the measurement system to the rig. Inside the pre-swirl chamber a

2

complex mixed flow occurs with very high velocities. The maximal pressure ratio over the pre-swirl nozzle tested in
this study was Π=1.6 which corresponds to an isentropic velocity cis of 272m/s (according to equation (1)), leading to
extreme velocity gradients in the measuring area.
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with cp the specific heat and Tt0 the air temperature upstream of the pre-swirl apparatus.
The acceleration of the flow inside the pre-swirl nozzles controls the spreading of a jet at each nozzle outlet generating
locally very high velocities, velocity gradients and leading to a periodic flow in the circumference. At last the rotation
of the receiver holes generates a periodic unsteady flow situation inside the pre-swirl chamber.
The operating point of the test rig is described by a combination of three nondimensionalized values: the pressure ratio
Π across the pre-swirl nozzles, the dimensionless mass flow Cd* and the dimensionless rotational speed u* of the rotor.
They are defined as follows:
Cd* =

u* =

&
m
=
&
mi s

(2)

&
m
N PSN π D 2PSN
pt0
⋅
4
RTt 0

2
κ +1
⎞
⎛
2κ ⎜ ⎛ 1 ⎞ κ ⎛ 1 ⎞ κ ⎟
−
⎜
⎟
⎜
⎟
⎟
κ − 1 ⎜⎜ ⎝ Π ⎠
⎝Π⎠ ⎟
⎠
⎝

π n R REC
π n R REC
=
30c t i s
30c i s cos α

(3)

& is the mass flow through the nozzles, pt0 the total pressure in front of the pre-swirl nozzle, R the specific gas
where, m
constant, κ the isentropic exponent, and n the rotational speed of the rotor disk. All other values are defined in table 1.

Due to the complex flow situation and the high velocity gradients seeding was problematic. To achieve a sufficient
seeding density in the probe volume a high total seeding amount was necessary. Unfortunately the solid tracer particles
agglomerated inside the pre-swirl nozzles and partially blocked them, which was not recognized until the test apparatus
was taken apart after the measurements. The fact that, keeping a constant pressure ratio Π over the nozzles different
mass flow rates were measured, implied to define the dimensionless mass flow Cd* in order to quantify the blockage of
the nozzles and to specify the corrected operation conditions.
geometrical parameter

notation

value

number of nozzles

NPSN

no restriction

nozzle diameter

DPSN

no restriction

nozzle inclination angle

α

no restriction

radial position of the nozzles

RPSN

~200mm - ~246mm

rotor–stator axial spacing

s

0mm - 24mm

cavity height

h

0mm - 50mm

rotor diameter

Drotor

500mm

radial position of the receiver holes

RREC

~200mm - ~246mm

Table 1. Range of the geometrical parameters for the PIV setup
2.2 Stereo PIV setup
Details of the PIV setup and its specification are given in this section. Fig. 2 displays the area between stator and rotor,
where the determination of the velocity is of particular interest to understand the flow in a direct transfer system. It can
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be compared by a piece of cake enclosed by two nozzles. The most interesting area is the inlet of the receiver hole. In
Fig. 2 it corresponds to the middle plane.

Fig. 2. Most interesting measuring area inside a pre-swirl system
Because of the small size of the interesting area (see Table 1) pressure or hot wire probes can only be placed at specific
locations in order to minimize their disturbing effects on the flow. Therefore the application of nonintrusive
measurement technique is advantageous. Due to the three-dimensional flow and the high gradients in the pre-swirl
chamber, it is necessary to determine locally, high resolved velocity data which is very time consuming using LDV for
this task (Geis et al., 2001). The fact that only the mean velocities were required was another argument for the PIV.
The problems to solve were the orientation of the light sheet and the observation path for the camera in the previously
mentioned narrow environment. As well as for the physical understanding of the flow as for the validation of CFD
simulations, the most interesting velocity components to determine were the tangential and axial velocities (see Fig. 2).
In fact the tangential velocity determines the swirl intensity and thus the effectiveness of the pre-swirl chamber
(Dittmann et al., 2002). The knowledge of the axial velocity together with the circumferential velocity allows to
determine the evolution of the inclination angle of the jet in the pre-swirl cavity. It also determines how the jet is mixed
in the pre-swirl chamber. The radial component of the velocity indicating the existence of secondary flows appears to
be only of interest for significant superposed radial flow. The magnitudes of the velocity components in the system
investigated could be estimated as follows:
c t ≥ c ax >> c r

(4)

It also indicates the importance of each velocity component for the characterisation of the flow in a pre-swirl system.
Therefore the laser light sheet for the PIV setup should be oriented perpendicular to the radial direction, thus covering
the tangential and axial component. However, only circular arcs satisfy such geometrical conditions. As the radius of
the circular arcs (between 200mm and 250mm) is much larger than the size of the area covered by the measurement
(20mm x 10mm), the tangential planes indicated in Fig. 2 are a good approximation. Thus the laser light sheets were
oriented parallel to the afore mentioned planes. This orientation of the laser sheet leads to the fact, that the velocity
component perpendicular to the laser sheet is nearly zero and the most interesting velocity components are covered by
the light sheet, thus minimizing possible “out of plane errors”. Additionally the thickness and the width of the light
could be adapted leading to high illumination intensities and a reduction of wall scattering by avoiding any lateral
contact of the light with the wall in the vicinity of the measuring area.
Although no significant radial velocity components were expected in the presented study, other configurations are
working with superposed radial flow. The presented setup offered the opportunity to validate it for measurements with
radial flow. Another important fact is that the tangential component of the velocity ct is not strictly equal to the xcomponent of the velocity (see equations (5) and (6)). To obtain maximal accuracy for the determination of the
circumferential component it seemed to be more reliable to measure the z component of the velocity vz (perpendicular
to the laser sheet) too. The last advantage of measuring the third component vz was the possibility to chose a quite large
thickness for the laser light sheet without being disturbed by the impact of the normal velocity on the measurement
accuracy.
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Due to the periodicity in the design of the system, the most interesting area for the measurements consists in a rectangle
10mm x 60mm corresponding to the distance between two nozzles and the distance stator-rotor at the radial position of
the receiver hole. In order to find a good compromise between velocity measurements with a fine resolution and the
necessary time, the measuring area had to be split in three sub-areas of about 10mm x 20mm (see Fig. 7). Because of
the geometrical and optical constraints, the angle between the two cameras is relatively small. This leads to a higher
accuracy for the measurement of the x- and y-component than for the z-component of the velocity.
2.3 Design of the optical access for the stereo PIV setup
To generate a laser light sheet tangentially oriented at outer radii between 200mm and 246mm (see Fig. 3) different
problems caused by the optical properties had to be solved. Three different window configurations were considered and
investigated using geometrical optic. The first variant was a cylindrical window fitted to the outer shroud contours.
Thus the laser light sheet could be guided inside the pre-swirl chamber through the cylindrical window without any
geometrical changes of the pre-swirl chamber. Glass or perspex were considered as material. Exemplary trajectories are
plotted in Fig. 3 for a perspex cylindrical window.

Fig. 3. Simulated trajectories of the transmitted laser light sheet inside the pre-swirl chamber
The risk of total reflection of the laser sheet increases as the radial position of the measuring area approaches the outer
radius. Although the critical angle was not reached for the radial position at 246mm, it seemed reasonable to calculate
the transmitted intensity in order to complete the study. Table 2 contains the results using Fresnel’s equations (see
Bergmann et al, 1993). The transmitted intensity is given for three different radial positions of the laser sheet. The
maximal and minimal values were calculated considering different polarisations of the light. For a cylindrical window
the transmitted intensity inside the pre-swirl chamber is lower than 28% of the initial intensity for the outer radial
position. Another negative effect of cylindrical windows is indicated in Fig. 3. The inclination angle of the incident
laser light sheet must be continually adapted to traverse the light sheet radially.
The main reason to disregard this variant was the low transmitted intensity. A similar study was performed for a flat
glass window. In this case the transmitted intensity does not depend on the radial position of the laser sheet, as the
incident angle stays unchanged by varying the location of the measuring area. The transmitted intensity is also higher
than for a cylindrical window. Nevertheless the laser sheet can also lose up to 50% of its initial intensity passing the flat
glass window. The considered losses occur at two interfaces. The first one is the air-glass interface outside; the second
is the glass-air interface where the laser sheet enters the pre-swirl chamber. The angle at the second location is given by
the geometry of the rig and can not be changed. Considering a prism the transmission at the first interface could be
optimized. Using an adapted prism angle the laser sheet penetrates perpendicular to the prism surface. As consequence
the transmitted intensity at the first interface is maximal. In table 2 the values of the transmission for a prism are given
too. Consequently a prism is used to guide the laser sheet into the pre-swirl chamber as shown in Fig. 4a and 4b.
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Radial
position of

Cylindrical perspex window

Flat glass window

Prism

the laser
Min

Max

Min

Max

Min

Max

200mm

<1%

71%

55%

96%

72%

94%

220mm

<1%

61%

55%

96%

72%

94%

246mm

<1%

28%

55%

96%

72%

94%

sheet

Table 2: Transmitted intensity for different optic accesses
The main part of the casing maintaining the outer shroud and several other components realises the stability of the rig.
The removable part integrates all necessary components to realise PIV measurements as shown on Fig. 4a: the prism to
direct the light sheet to the measurement location, a flat window to allow optical access perpendicular to the light sheet
for the cameras, and a removable calibration device for the optical adjustment. The prism guiding the laser sheet
parallel to the circumferential direction is placed downstream of the measuring area. Thereby eventual flow
modifications in the measuring area due to the local geometry changes of the pre-swirl cavity can be minimized. The
geometry changes consist in replacing locally the circular contour of the casing by a straight surface. Because of the
large radius of the casing the authors consider these geometrical modifications negligible.

a)

b)

Fig. 4. Details of the removable integrating the different optical access for the PIV system
a) Configuration during the PIV system calibration
b) Configuration during the velocity measurements
The flat window on the top of the part serves as optical access for the cameras. Considering the distortion generated by
a cylindrical window on the collected images a flat window was chosen. Most relevant is the choice to install the
window on removable part. Due to the centrifugal forces the seeding particles are tending to accumulate on the window,
which must be cleaned from time to time. The integrating of a calibration device (see Fig. 4a) implies the use of a
removable housing too. As displayed in Fig. 4a and 4b the calibration device covers the measurement area and can be
removed for the measurements. It consists in a micrometer screw and a calibration plate. It is used to adjust the three
dimensional PIV setup and to prove the orientation of the laser light sheet.
2.4 PIV system and post-processing
In this study a Spectron Dual SL400 double cavity Nd:YAG laser was used to produce light pulses with a wavelength of
λ=532nm and a variable pulse distance. The thickness of the light sheet was adjusted to 2mm and a time distance of
1.5µs for a pressure ratio Π=1.2 respectively 1µs for Π=1.4 and Π=1.6 were used. The images were recorded by means
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of two double shutter CCD-cameras (SensiCam, 12bit, 1280x1024 Pixel) equipped with a 100mm optic. Fig. 5 presents
an overview of the used PIV system.

Fig. 5. Stereo PIV system used for the velocity measurements
The inclination angle between the two cameras was 34° in order to examine the velocity at three different locations
(named A, B and C on Fig. 7). The velocity measurements presented in this report were taken for one geometrical
configuration at the radial position of the receiver holes and the pre-swirl nozzles (see Fig. 7). Laser and cameras were
synchronised with the rotor disk by means of an optical sensor and an electronic delay unit (see Fig. 5) to trigger the
system for three positions of the receiver holes (see Fig. 7). Solid tracing particles with mean diameter between 1 and 2
microns were used and delivered upstream of the pre-swirl apparatus, by a modified Palas rotating brush generator.
The PIV images were analysed with the LaVision’DAVIS data processing software. Different post processing
parameters were tested. The best results was obtained for a final size of the interrogation spot of 32x32 pixel with an
overlap of 50%. The option “Median Filter” have been applied to remove wrong calculated vectors. In order to
determine the time averaged velocity field, the final velocity field corresponding to one operating point and one receiver
position was calculated from the average of 100 images. Because of the strong turbulence of the flow and the difficulty
to obtain an homogeneous particle seeding in the complete chamber, a larger number of analysed images would be
recommended. The choice of 100 images was a compromise between accuracy and storage capacity problem of the
images.
Nevertheless one exemplary operating point has been examined by taking 300 images in order to evaluate the influence
of the averaged images on the final mean velocity field. Fig. 6b displays the contour plot of the velocity component vx
calculated by averaging different numbers of images and gives a qualitative impression for the variation of the velocity
component. As expected the contour plot becomes smother with increasing numbers. The graph plotted on Fig. 6a
indicates the deviation of the mean values at five control locations. The maximal deviation relating to velocity
calculated from 300 images is observed at the location 2 with 50 taken images and reaches 3%. The deviations become
lower than 2% for 100 images respectively lower than 1% for 200 images. Using the statistic Tschebyscheff’s criterion
the probability that the obtained mean values are located in a range of 1% from the real means values were also
calculated for these five locations, assuming that the measured velocities are statistically independent between each
image. The probabilities predicted for 100 images respectively 300 images were for the five locations higher than 97%,
respectively 99%. Considering these both studies it can be consider that 100 analysed images deliver a satisfying
averaged velocity field. These results can not be directly transposed for all the investigated operating points, as the
presented results depend strongly of the particle seeding quality and the local flow turbulence. But this analysis gives a
global range for the accuracy of the PIV measurements. The authors noticed that the particle concentration in the
measuring area decreases with increasing mass flow, i.e. increasing pressure ratio Π over the nozzles. It was due to the
fact that the particle generator was delivering its maximal particles quantity during all the measurements. For this
reasons it can be expected that the accuracy of the measurements decreases for higher pressure ratio.
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control location 3
control location 4
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3
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1
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a)

Vx300: Vx calculated from
300 images

0

100
200
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Number of analysed images [-]

b)

300 analysed images
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121
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105
96
88
80

Fig. 6. Calculated velocity component vx depending on the number of analysed images;
Location B; receiver hole position 3; Π=1.4; Cd*=0.59; u*=0.63
a)

Velocity component vx evolution with various number of averaged images

b)

Contour plot of the velocity component vx for different numbers of analysed images

5. RESULTS AND DISCUSSION
In the following section exemplary results of the PIV-measurements will be presented illustrating the complex nature of
the flow in a pre-swirl system. In the context of the EU project ICAS GT 2 additional extensive pressure, temperature
and heat transfer measurements were performed by the ITS to validate CFD simulations done by other partners. In Fig.
7 the different measuring locations and receiver holes positions investigated are illustrated.

Fig. 7. Simplified representation of the investigated measuring locations and receiver hole positions

5.1 Nature of the flow
As expected the flow inside the cavity is dominated by the interaction of the jet from the pre swirl nozzle and the main
swirling flow driven by the jets and the rotor with the receiver holes. Fig. 8 shows the dimensionless velocity ratio ct/ctis
for a pressure ratio of Π=1.6 and a dimensionless rotational speed u*=0.1. The displayed area is composed of the
location A, B and C. The location B and C are smaller than the first one because the width of laser light sheet was not
adjusted to the width of the pre-swirl chamber for these two cases. The main mass flows for all the locations were
almost equal (between Cd*=0.56 and Cd*=0.58) and therefore no significant discrepancies could be noticed at the
intersection of location A and B especially in the area of the jet.
The spreading of the jet in the pre-swirl chamber is clearly noticeable by the decrease of the tangential velocity in the
circumferential direction. At the exit of the nozzle the tangential velocity reached more than 90% of the theoretical
isentropic tangential velocity. Near the rotor disk the tangential velocity was deducted to 60% of the isentropic velocity.
The jets generated a main swirling flow with a mean tangential velocity ratio higher than 50% between the jets.
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Location A; receiver hole position 3
Π=1.6 ; Cd*=0.56; u*=0.10

Location B; receiver hole position 3
Π=1.6 ; Cd*=0.57; u*=0.09

Location C; receiver hole position 3
Π=1.6 ; Cd*=0.58; u*=0.09

Ct/Ctis [-] 0.00 0.06 0.13 0.19 0.26 0.32 0.39 0.45 0.51 0.58 0.64 0.71 0.77 0.84 0.90

Fig. 8. Nondimensionalized tangential velocity ct/ctis at the locations A, B and C
The high velocity gradients in the shear layer of the jet induce turbulence and act consequently as a major source for
losses in the pre-swirl system. An ideal pre-swirl system would be characterized by an almost homogenous velocity
field and velocity ratios ct/ctis equal to one. Consequently the measured ratio ct/ctis could be interpreted as the efficiency
of the pre-swirl chamber. A possible solution to reduce the velocity gradients in the pre-swirl chamber is to increase the
number of nozzles (see Gord et al., 2003) or to realise the expansion by means of guide blades which minimizes the
spacing between to consecutive nozzles.
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Location A; receiver hole position 2
Π=1.2; Cd*=0.55; u*=0.85

Fig. 9. Flow vectors in the rotating frame of reference and amplitude of the nondimensionalized relative velocity w/ctis
a) Flow case: over swirl
b) Flow case: nominal swirl
c)

Flow case: under swirl

Another important source of losses are the losses occurring at the receiver hole inlet due to inadequate incident angles.
To illustrate this problem the plots in Fig. 9 show the relative velocity in the rotating frame of reference as vectors .The
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contour plot in the background indicates the relative velocity w divided by the isentropic tangential velocity ctis. The
results were obtained for a pressure ratio Π=1.2 and almost equal dimensionless mass flow Cd* but different rotational
speeds u*. The top distribution (Fig. 9a) clearly shows the flow approaching the receiver with an angle from left. This
situation is called over-swirl. The acceleration on the left side of the receiver hole and the deceleration on its right side,
respectively, forms a clear suction and a pressure side at the inlet of the receiver. The mid figure (Fig. 9b) presents an
almost ideal inlet flow situation with minimal incident angle at the receiver hole. The relative velocity w is almost zero
over the receiver inlet. At this condition the pressure losses are minimal and according to equation (9) the total
temperature in the rotating frame of reference Ttrel approaches also a minimum.
Ttrel = Ts +

w2
2c p

(9)

The last figure (Fig. 9c) shows the situation at the receiver inlet with the highest rotational speed of the rotor. The flow
has a significant under swirl. The flow around and in the receiver hole has a reversed characteristic compared to Fig.
11a. The accelerated area (suction side) is located on the right whereas the decelerated area (pressure side) is located on
the left side of the receiver hole.
5.2 Periodic unsteadiness
In general the periodic portion of the flow is generated by the rotation of the receiver holes. To study the effect of the
unsteadiness on the flow, measurement at three different receiver positions had been taken. Their influence on the veloreceiver inlet
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Fig. 10. Flow vector in the rotating frame of reference and nondimensionalized axial velocity cax/ctis for different
receiver holes positions
a) Receiver hole position 1
b) Receiver hole position 2
c)

Receiver hole position 3
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city field is presented in Fig 10a, 10b and 10c. In the vector plot the position of a receiver inlet is clearly masked by a
positive axial velocity cax/ctis. It is also obvious that the movement of the receiver hole periodically alters the complete
flow behaviour in the surrounding of the jet of a pre-swirl nozzle. In the vicinity of the pre-swirl apparatus and up to
50% of the cavity width the velocity field is only minimally disturbed by the passing of the receiver hole, whereas in the
other half of the cavity a strong influence of the passing receiver is visible in the flow field. As it will be shown in the
next section, the influence area of the receiver hole on the flow field in the cavity depends on the flow parameters Π,
Cd* and u*.
5.2 Pumping effect of the rotor disk
It is a known effect that by increasing the rotor speed the efficiency of the pre-swirl cavity ct/ctis increases even if the
other parameters are kept constant. In Fig. 11a, 11b and 11c the effect of increasing rotor speed on the absolute velocity
field is demonstrated. The total swirl is decelerated by the rotor disk for u* lower than ct/ctis (over swirl condition see
Fig. 11a), whereas the strength of the swirl is increased for u* greater than ct/ctis (under swirl conditions; Fig. 11c). In
the third component of the PIV system perpendicular to the laser light sheet a secondary flow in radial direction can be
detected and presented in the vector plots at the right side of Fig. 11. The displayed vector plots were obtained in the
cross section indicated on the left side of Fig. 11. The rotor “pumps” the flow at the outer radius and Fig. 11 shows that
the pumping effect is amplified as the rotational speed increases. The magnitude of the radial component in the
configuration investigated is about 10 times smaller than the tangential components, but it indicates that the PIV setup
is capable to provide reliable results for all three components inside the cavity.
u*

rotor

Cr

Pumping effect

u*
cross section

cross section

b) Location A; receiver hole position 3
Π=1.2; Cd*=0.55; u*=0.42

rotor receiver inlet

rotor

Cr

14 m/s

Pumping effect
Cax
c)

cross section

rotor receiver inlet

cross section

Location A; receiver hole position 3
Π=1.2; Cd*=0.55; u*=0.85
14 m/s
rotor

u*

Ct/Ctis [-]
0.90
0.87
0.84
0.81
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0.76
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a) Location A; receiver hole position 3
Π=1.2; Cd*=0.57; u*=0.14

rotor receiver inlet
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0.73
0.70
0.67
0.64
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0.59
0.56
0.53
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cross section

Ct/Ctis [-]

Pumping effect
Cax

cross section

Fig. 11. Flow vector and nondimensionalized tangential velocity ct/ctis for different rotational speed u*.
a) Flow slowed down by the rotor disk
b) Flow with a nominal swirl
c)

Flow entrained by the rotor disk
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4. SUMMARY
The objective of the study was to determine the three-dimensional velocity field in the gap downstream of the rotor disk
by using a stereo PIV setup. The paper first describes the reasons which determined the design of the three-dimensional
PIV setup and details later the used system. In the following the most important physical effects occurring in a direct
transfer pre–swirl system are qualitatively analysed for one geometrical configuration and different operating points.
The measurements of the velocity field impressively show the spreading of the jet inside the pre-swirl cavity and the
associated decrease of the swirl in the axial direction. The different flow conditions at the inlet of the receiver holes are
presented and by analysing the flow for three different positions of the rotor, the unsteady aspect of the velocity field
generated by the rotation of the receiver holes is described. The experimental results confirmed that PIV measurements
could be successful applied in a pre-swirl system with acceptable preparation and measurements time. The results will
serve as input and validation data for CFD and one-dimensional simulations in the context of the EU project ICAS GT
2.
ACKNOWLEDGEMENT
The authors appreciate the financial support of the European Commission through project ICAS GT 2 and state their
solely responsibility and that the content of the presented work doesn’t represent the opinion of the European
Community.

REFERENCES
Bergmann, Schaefer,“Optik, Lehrbuch der Experimentalphysik”; Walter de Gruyter
Chew, J. W., Hills, N. J., Khalatov, S., Scanlon, T. and Turner, A. B. (2003). “Measurement and Analysis of Flow in a
Pre-swirled Cooling Air Delivery System”, ASME-Paper GT2003-38084.
Dittmann, M., Dullenkopf, K. and Wittig, S. (2003). “Direct-Transfer Preswirl System: A One-Dimensional Modular
Characterization of the Flow”, ASME-Paper GT2003-38312.
Dittmann, M., Geis, T., Schramm, V., Kim, S. and Wittig, S. (2002). “A Two Orifice Model to Predict the Temperature
Reduction of the Cooling Air in a Pre-Swirl System”, The 9th of International Symposium on Transport Phenomena and
Dynamics of Rotating Machinery, Honolulu, Hawaii, February 10-14, 2002
El-Oun, Z. B. and Owen, J. M. (1988). “Pre-Swirl Blade-Cooling Effectiveness in an Adiabatic Rotor-Stator System”,
ASME-Paper 88-GT-276
Geis, T., (2002). “Strömung und reibungsinduzierte Leistungs- und Wirkungsgradverluste in komplexen Rotor-Stator
Zwischenräumen”, Phd-Thesis, Institut für Thermische Strömungsmaschinen, Universität Karlsruhe
Geis, T., Dittmann, M. and Dullenkopf, K. (2003). “Cooling Air Temperature Reduction in a Direct Transfer Preswirl
System”, ASME-Paper GT2003-38231
Geis, T., Rottenkolber, G., Dittmann, M., Richter, B., Dullenkopf, K. and Wittig, S. (2002). “Endoscopic PIVMeasurements in an Enclosed Rotor-Stator System with Pre-Swirled Cooling Air”, 11th International Symposium on
application of Laser Techniques to Fluid Mechanics, Lisbon, Portugal
Gord, M. F., Lock, G. D., Wilson, M. and Owen, J. M. (2003). “Fluid Dynamics of a Pre-Swirl Rotor-Sator System”,
Journal of Turbomachinery, Vol.125, pp. 641-647
Karabay, H., Chen, J.-X., Pilbrow, R., Wilson, M. and Owen, J. M. (1999). “Flow in a “Cover-Plate” Preswirl RotorStator System”, Journal of Turbomachinery, Vol.121, pp. 160-166
Lock, G. D., Yan, Y., Newton, P. J., Wilson, M. and Owen, J. M. (2003). “Heat Transfer Measurments using Liquid
Crystal in a Pre-Swirl Rotating-Disk System”, ASME-Paper GT-2003-38123
Meierhofer, B. and Franklin, C. J. (1981). “An Investigation of a Preswirled Cooling Airflow to a Turbine Disc by
Measuring the Air temperature in the Rotating Channels”, ASME-Paper 81-GT-132

12

Popp, O., Zimmermann, H. and Kutz J. (1998).
Turbomachinery, Vol.120, pp. 43-49

“CFD Analysis of Coverplate Receiver Flow”, Journal of

Raffel, M., Willert, C. and Kompenhans, J. (1998), “Particle Image Velocimetry ”; Springer
Schneider, O., Dohmen, H. J., Benra, F.-K. and Brillert, D. (2004). “Analysis of Dust Separation inside a Pre-Swirl
Cooling Air System”, The 9th of International Symposium on Transport Phenomena and Dynamics of Rotating
Machinery, Honolulu, Hawaii, March 07-11, 2004
Wilson, M., Pilbrow, R. and Owen, J. M. (1997). “Flow in a “Flow and Heat Transfer in a Preswirl Rotor-Stator
System”, Journal of Turbomachinery, Vol.119, pp. 364-373

13

