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ABSTRACT
Advanced cooling schemes are one important reason for the performance of modern gas turbine engines.
Experimental investigations were performed at the ITS to determine the cooling efficiency of a so called preswirl cooling air system where cooling air is expanded through nozzles and directed across the upstream wheelspace of the turbine to feed air holes that are located at the periphery of the turbine disk (see Fig. 1). The PIV
technique was adapted to allow for velocity measurements in this crucial part of the engine.
Measurements were performed at several distances from one nozzle exit in order to examine the influence of
nozzle to nozzle spacing. Flow velocities were also acquired relative to the rotor disk in order to investigate the
influence of receiver hole position.
Using PIV in such a complex rotor-stator system implied many problems that were new compared with those
found in standard applications. The extremely narrow gaps and the total enclosure of the upstream wheel-space
made the design of an optical access to the system very difficult. A laser light sheet had to be introduced and
placed accurately only few millimetres from the rotor wall and stator surfaces. Thereby, contact with the engine
parts had to be avoided to minimize reflections. With respect to the installation of the required camera, any
modifications of the experimental apparatus affecting the flow inside the pre-swirl system were not tolerable.
Last but not least, the short distance between the detector and the measuring volume, the acquisition of data in
front of a moving, i.e. rotating surface and the expected high flow velocities normal to the measuring volume
further aggravated the boundary conditions of this particular application.
Nevertheless, this study has shown that PIV is a suitable and efficient method to investigate the flow in enclosed
rotor-stator systems. Radial distributions of the tangential velocity show that pre-swirl efficiency decreases
dramatically with increasing distance from the nozzle exit, supporting the conclusion that the nozzle to nozzle
spacing is one parameter that influences the system performance. The study has further shown that the geometric
shape of a pre-swirl system must be taken into account in the design of such an air transfer system.
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Fig. 1. Air transfer system in a high pressure turbine (courtesy Rolls-Royce)

1. INTRODUCTION
The excellent performance and efficiency of modern gas turbine engines is among other reasons the result of
advanced cooling schemes which protect the parts in the hot gas path from gas temperatures way above the
allowed material limits. Cooling air for the rotor blades has to be supplied through the shaft via receiver holes
that are located near the periphery of the turbine disk. The air is delivered across a rotor-stator gap from inclined
stationary nozzles which are used to expand and accelerate the air in the direction of the rotating disk. The static
temperature thereby decreases with increasing pressure ratio. By reducing the tangential relative speed, total
pressure losses and total temperature in the relative frame can both drastically be reduced. However, the
geometric boundary conditions of some rotor-stator systems can have a negative influence on the efficiency of
this cooling method. The goal of this study was to determine losses occurring in such air transfer systems, and
the approach was to employ a measuring technique capable of obtaining a detailed and thorough insight into the
flow scheme existing in the wheel-space of this pre-swirl cooling air system.
Because of the extremely narrow dimensions and the difficult boundary conditions in the wheel-space of most
rotor-stator systems only nonintrusive optical systems allow for reliable measurements, not disturbed by the
presence of an aerodynamic probe for instance. Laser Doppler Anemometrie was employed in a previous
experimental study initiated to determine the three-dimensional flow field in a rotor-stator system similar to the
present pre-swirl system (Geis et al., 2001). In order to provide measurements close to the rotor disk and to
minimise the noise level generated at the adjacent reflecting surfaces, an arrangement with a very small
measuring volume was used. A high local resolution of the flow field was aspired and hence, a large number of
individual measurements was required to collect data for various measuring planes and different operating
conditions. Acquiring the velocity data for one operating point took almost a whole day. The LDA
measurements turned out to be very time consuming and therefore, inefficient.
One of the basic premises of the present investigation was to yield data for a much larger number of operating
conditions and to do so in an efficient manner without sacrificing much of the advantages of the LDA technique
like e.g. nonintrusiveness, accuracy and resolution. In order to shorten the data acquisition time a planar and
instantaneous technique, the PIV was finally chosen.
As will be shown in one of the next paragraphs, the boundary conditions found in this particular application
seriously aggravated the use of PIV. In fact, modifications of a standard PIV-setup were necessary to make this
study possible, and these modifications will also be described in the following section. To the authors’
knowledge, PIV measurements have not yet been performed in such a complex system. Nevertheless, the
advantages of PIV were regarded to be predominant and therefore, the difficult implementation of this technique
and the required modifications of the test section were felt as a challenge and an opportunity to test if PIV can be
used under these difficult conditions.

2. TEST SECTION
In the experimental investigation reported here, a relatively small number of circular pre-swirl nozzles
(NNozzle=12) was used to expand and thereby “cool” the cooling air. As being typical for direct-transfer systems,
the nozzles were located at short distance from the rotor on a radius equal to that of the receiver holes in the
rotating disk (see Fig. 2, Table 1). The length to diameter ratio of theses elements was fixed at l/d=3.8. The
nozzles were equally spaced on the circumference and inclined at an angle of α=200 to the tangential direction.
Being expanded through the nozzles and delivered across the rotor-stator gap, the cooling air entered the rotor
disk via axial holes (l/d=4) and finally left the receiver into the open surroundings. The number of receiver holes
was NReceiver=12 and the receiver crossectional area was 1.56 times larger than that of the nozzles
(AReceiver/ANozzle=1.56). The air transfer system was shrouded by a massive steel casing.
The test section shown in Fig. 2 has been used in a previous study by Dittmann et al. (2002) to investigate the
system discharge behaviour. Cooling air is supplied to the test article by a motor driven compressor at mass flow
rates up to 350g/s. The air is metered by calibrated orifices and delivered through a large settling chamber to
feed the pre-swirl nozzles. The facility offers the opportunity to superpose a radially directed cooling flow to the
pre-swirled mass flow such that the influence of mixing between both flows on system efficiency can be
investigated. However, while the authors of this study were primarily interested in the losses occurring without
the existence of a radial outflow of coolant, they did not make use of this option. A specific amount of sealing air
is introduced through various discrete tubes on the circumference of the rotor disk to eliminate leakage between
the disk and the stationary casing.
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Fig. 2. Model of the air transfer system – experimental test rig
The rotor-stator system in Fig.2 represents the internal secondary air system of a high pressure turbine stage.
Since the external flow existing in real engines was not required in this investigation, rotor blades and stator
vanes were not reproduced in this turbine model.
During the test programme, overall pressure ratios up to π=2.0 were achieved resulting in tangential flow
velocities higher than 200m/s at the nozzle exit. The swirl ratio β, i.e. the ratio of the flow tangential velocity to
the rotor disk circumferential velocity, was adjusted both by variing the pressure ratio and the angular speed of
the rotor disk. The maximum disk speed was n=7000rpm resulting in disk hole circumferential velocities up to
161m/s. Besides the swirl ratio β, the important nondimensional parameters to be varied were the rotational
Reynolds-number Reϕ and the dimensionless flow rate cw (see also Wilson et al., 1997). The corresponding
values are presented in Table 1.
rotor to stator axial spacing s :

10mm

cavity height h :

46.8mm

radial position of receiver hole and
nozzle exit:
area ratio A Receiver : A Nozzle :

220mm

number of pre-swirl nozzles N Nozzle :
nozzle diameter:

swirl ratio β:
1.56
12

disk hole circumferential speed:
disk rotational speed:

8.5⋅105 - 2.8⋅106
20000 - 50000
0.5 - 3
max.161m/s
max. 7000min-1

8mm

nozzle inclination angle α:
number of receiver holes N Receiver :
receiver hole diameter:

rotational Reynolds-number Reϕ:
dimensonless flow rate cw:

200
12
10mm

Table 1. Geometric and operational parameters
In order to utilize a PIV-system in this setup, some modifications of the experimental apparatus were required
like e.g. the installation of several windows to provide for the required optical accesses. As being an integral part
of the PIV-system used in this investigation, these modifications will be described in the next paragraph.
The small dimensions of the pre-swirl cavity, its enclosure made from non-transparent but light-reflecting
material, the moving rotor disk and the existing periodic flow conditions create difficult boundary conditions for
optical measurements. To overcome all these difficulties, the standard PIV-system had to be adapted to the
constraints existing in such a rotor-stator system. Modifications were therefore not alone restricted to the test
apparatus.

3. MEASURING TECHNIQUE
3.1 PIV-system
Fig. 3 shows the PIV-setup used in this study. A Spectron Dual SL400 double cavity Nd:YAG laser produced
light pulses with variable pulse distance and a wavelength of λ=532nm. Laser and camera were synchronized
with the rotor disk by means of a photo-optic sensor and an electronic delay unit. Both devices were triggered by
the rotor disk. Synchronizing the data acquisition system enabled measurements at a specific rotor, i.e. receiver
hole position. From all possible positions of the measuring volume relative to a receiver hole, one was chosen in
front of the rotating element and the other one just in between two neighbouring holes, i.e. in front of the rotor
wall (see also Fig. 5). Besides determining the influence of the angular position of the rotor disk, the authors
were strongly interested to examine tangential velocity gradients caused by the nozzle to nozzle spacing.
Therefore, velocity measurements were performed at several distances from one nozzle exit in the r-ϕ-plane.
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Fig. 3. Endoscopic PIV-setup
The laser beam was directed to the light sheet generating optics by means of optical mirrors. Height and
thickness of the laser light sheet could be adjusted, the latter depending on the expected flow velocities normal to
the measuring plane (axial velocity component).
The light sheet was introduced through a window in the shroud of the test section and positioned in the midplane between rotor disk and pre-swirl apparatus. Being precisely aligned parallel to the rotor disk, its height was
adjusted such that contact with the surrounding walls was avoided in the detected area to enhance the signal to
noise ratio. Light scattering from the walls was further minimized by covering the reflecting surfaces with an
absorbing paint (Velvet Coating). In order to suppress out-of-plane motion of the tracing particles, the thickness
of the light sheet was re-adjusted at different operating conditions in the range between 0.5 and 3mm. Solid
tracing particles with a mean diameter between 1 and 2 microns were used and delivered upstream of the test
section by a Palas rotating brush dispersion generator.
Due to the dimensions of the pre-swirl cavity and the crucial demand not to affect the flow by any constructive
modifications, a normal view upon the measuring volume could only be realized by means of a small endoscope.
An endoscope with a 6.3mm shaft diameter and a 900 direction of view was chosen, installed inside the pre-swirl
apparatus between two neighbouring nozzles and focussed in the measuring plane (see Fig. 4). Holes were
drilled radially into the steel shroud and the pre-swirl apparatus to align and support this instrument. Two
positions were manufactured inside the swirling plate to measure velocities at the nozzle exit (referred to as
position 2 in Fig. 5) as well as between two nozzles (position 1). Placing the endoscope further downstream of
the nozzle would have increased the detecting area. However, due to the inclination angle and the required space
of the swirling elements, measurements at this location were not feasible without significantly modifying the
flowpath at the inlet of a nozzle.

The optical instrument was isolated from the wheel-space by means of a thin glass window arranged to be totally
flush with the surface of the pre-swirl apparatus. Thereby, any disturbance of the flow arising from the optics
could be avoided.
Due to the geometric constraints, the endoscope had to be located at relatively small distance from the mid-plane
resulting in further problems with regard to the size of the detecting area. In order to maximize this area, a large
field of view (opening angle 900) of the endoscope was chosen. Being located at x≈18.5mm from the light sheet,
velocities were determined inside two circular measuring volumes each having a diameter of ≈28mm (see Fig. 5
and 6). The small distance between the objective of this instrument and the light sheet also influenced the degree
of distortion of the acquired images. The resulting linear distortion affected the measuring accuracy and
therefore needed to be corrected for.
The images were recorded by means of a double shutter CCD-camera (SensiCam, 12bit, 1280x1024 Pixel)
coupled to the endoscope as illustrated in Fig. 3.
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Fig. 4. Installation of the endoscope inside the pre-swirl apparatus
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Fig. 5. Location of the measuring volume relative to the rotor disk and the pre-swirl nozzle

3.2 Notes on system accuracy
Employing an endoscope can imply problems resulting from the attenuation of light caused by the number of
lenses and from the linear distortion caused by the optics of the endoscope (Gindele and Spicher, 1998). Due to
the available pulse energy of the Nd:YAG laser employed in this study (≈100mJ), the attenuation of light could
successfully be compensated. In order to maintain a high measuring accuracy, a software-based correction of the
distorted PIV images was chosen. Thereby, the “mapping”-functions required for image processing were
generated using a pattern like the one shown in Fig. 6. The “calibration”-pattern was printed on a piece of paper
and placed in the mid-plane between the rotor disk and the pre-swirl apparatus. The acquired (and distorted)
image was then taken as the input for the correction algorithms. As can be seen on the left side in Fig. 6,
distortion was worst at the borders of the images, and an accurate correction was critical in this region. Invalid
regions were omitted in all final, i.e. corrected images resulting in a reduced detected flow area (see Fig. 6,
right).
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Fig. 6 Image correction scheme
As illustrated in Fig. 4, the measuring plane and the endoscope were located very close to the turbine disk.
Additional difficulties arose in this particular application from the infinite depth of focus of the endoscope and
the optical alignment normal to a rotating, i.e. moving surface. If solid tracing particles polluted this surface,
then the signal to noise ratio degraded such that the circumferential disk speed instead of the flow velocity was
detected by the measuring system. In order to suppress the background noise level throughout the test
programme, the absorbing black coating on the disk wall had to be renewed several times.
As already mentioned, a relatively thick light sheet (up to 3mm) was required at high system pressure ratios
where the velocity component normal to the sheet was noticeable and out-of-plane motion of the particles was
likely to happen. Besides the averaging of velocities in an enlarged measuring volume, a small error must be
acknowledged under these circumstances. The latter one arises from the fact that the third velocity component
(the axial or normal component) is misinterpreted by a “two dimensional” image acquisition system like the one
employed in this study. However, this uncertainty was estimated to be lower than 1% in this application. The
impact of a normal velocity component on measuring accuracy is illustrated in Fig. 7.
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Fig. 7. Influence of particle movement normal to the measuring plane

The absolute error due to axial movement inside the light sheet (normal distance d) can be noticed on the CCDchip of the camera, i.e. the image plane as the displacement length ∆l. The relative error can simply be estimated
using the following equation:

∆l
d
=
l0 2 ( x + d )
For image processing, a multiple processor (2 x Pentium III 550MHz) PC was used runnning LaVision's DAVIS
data processing software. Cross-correlation algorithms were chosen for the analysis. The size of the interrogation
spots was automatically adjusted from 256×256 to 64×64 pixel and an overlap of 50% was permitted. In order to
remove random unsteadiness from the results, phase-locked averages of up to 20 analysed images were made.
Taking the size of the CCD-chip (8.6×6.9mm2) and the enlargement due to the chosen optics, i.e. the endoscope
(1:8.55), a maximum resolution of 1.8mm (the distance between two velocity vectors) was achieved. At time
intervals of 3µs between two PIV images the tangential displacement of the receiver hole was negligible in these
images even at the highest rotational speeds tested. A theoretical maximum flow velocity of v=306m/s and a
minimum velocity of v=3m/s denote the limits of the PIV technique in this specific application. The accuracy of
the system was calculated to be better than 0.3m/s.

4. RESULTS AND DISCUSSION
High tangential flow velocities with potential strong velocity gradients are typical for pre-swirl cooling flows
and were therefore expected inside the pre-swirl cavity of this experimental apparatus. This section will show
that a planar PIV measuring technique is capable to deliver reliable data about the fluid flow under these
conditions. The technique was successfully applied to determine the pre-swirl efficiency and learn about the
formation of losses occurring in such systems.
Fig. 8 exemplarily shows results obtained from the PIV measurements. In this figure, the swirl ratio β, i.e. the
ratio of the measured, absolute velocity inside the pre-swirl cavity to the disk circumferential velocity is plotted
as grey-scaled contours. The flow radial and tangential velocities are given qualitatively in the moving frame of
reference, i.e. relative to the rotor as vectors. The velocity data are plotted for a single dimensionless flow rate
cw≈49000 and different disk hole circumferential velocities between Ω⋅rm=46m/s (Reϕ=8.5⋅105) and 161m/s
(Reϕ=2.8⋅106). The flow structures shown at the top of Fig. 8 were acquired in front of a single receiver hole with
the hole moving from the left to the right. The position relative to the stator was chosen at the nozzle exit
(referred to as position 2, see also Fig. 5).
In the lower half of Fig. 8, results obtained between two neighbouring receiver holes, i.e. in front of the rotating
disk wall are shown. The increment, i.e. the radial and tangential distance between two neighbouring vectors is
1.84mm in all plots. The images were corrected for optical distortion as described in section 3.2.
At low disk rotational speeds, a distinct flow direction from the left to the right is indicating a large over-swirl
apparent inside the pre-swirl cavity. At a disk circumferential speed Ω⋅rm=46m/s (n=2000min-1), a swirl ratio of
nearly β =3.0 was measured in this plane. Thereby, higher circumferential velocities were measured at closer
distance from the nozzle exit. As the disk speed is increased, the swirl ratio, i.e. the motion of the flow relative to
the hole, decreases. Between Ω⋅rm=115m/s (n=5000min-1) and Ω⋅rm=138m/s (n=6000min-1), the flow is moving
nearly with rotor speed and a vortex forming around the inlet of the receiver hole can be observed. The
clockwise rotation of this vortex arises from the existing radial gradient of the circumferential, absolute velocity
(see also Fig. 9). The vortex is powered by a strong axial pressure gradient apparent in the vicinity of the hole.
This flow pattern was repeatedly measured for other system pressure ratios, i.e. for lower flow rates in front of
the receiver hole. In front of the disk wall, i.e. between two holes, it could not be observed (see Fig. 8, bottom).
If the disk speed exceeds Ω⋅rm=138m/s (n=6000min-1), the rotor is moving faster than most of the fluid inside the
measuring plane. Consequently, the flow direction is from the right to the left in Fig. 8 indicating an under-swirl
in the pre-swirl cavity.
Due to a minimized inclination angle of the flow relative to the rotor, losses at the inlet of the receiver holes can
be minimized at operating conditions with β≈1 (Dittmann et al., 2002). In addition, low relative total
temperatures can be expected at this swirl ratio (Karabay et al., 1999, Popp et al., 1998).
If the tangential flow velocity is reduced inside a pre-swirl system due to losses inside the nozzles or the preswirl cavity (the wheel-space), a substantial part of the kinetic energy can be transformed into heat. As a direct
consequence, only part of the cooling potential of an ideal system can be used.
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Fig. 8. Flow vectors and swirl ratio inside the wheel-space of the direct transfer pre-swirl system – position 2,
nozzle exit
It was already pointed out in Fig. 8 that tangential velocities were higher at close distance from a nozzle and
substantially lower further downstream of these elements. Due to the importance of exact aerodynamic data for
the internal cooling of modern gas turbine engines, the deceleration of cooling fluid inside the pre-swirl cavity
shall be discussed and quantified in more detail. The following section also demonstrates the capability of the
PIV technique to deliver precise and reliable data even under extremely difficult circumstances.

Nondimensionalized velocity results at close distance from the nozzle exit (1.8<ξ/dN<5.7) are shown in Fig. 9
and 10. On the left side, the measured absolute tangential velocity vt,abs is normalized with c1t,poly, the nozzle exit
velocity calculated for a polytropic expansion. The ratio ηcavity denotes the local pre-swirl efficiency plotted
against the non-dimensional radial distance from the center of the receiver holes ∆r/dR (dR being the diameter of
one hole). On the right side, the position of the measuring plane (grey area) relative to the nozzle and the rotating
hole is shown. For clarity, the results are plotted for one single disk circumferential velocity Ω ⋅rm=138.2m/s
(Reϕ=2.6⋅106). The velocity profiles are similar to those obtained at other disk speeds for cw=49000.
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Fig. 9: Radial distributions of the pre-swirl efficiency ηcavity at the nozzle exit / in front of a receiver hole
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The local velocity data plotted in Fig. 9 and 10 indicate that losses inside the rotor-stator cavity can be
minimized and the system efficiency be maximized if the distance between nozzle exit and disk hole inlet can be
kept small. This finding is based on the assumption that the flow velocities measured in the mid-plane between
the nozzles and the receiver disk can be taken to characterize the flow in closer vicinity of the disk holes, since
the measuring plane is located only few millimeters from the rotor disk.
The profiles shown in both figures are similar to those for circular submerged jets with a maximum at the center
of the jet and a sharp decrease of momentum at its borders. At the upstream corner of the receiver hole, i.e.
ξ/dN≈3.1 (see Fig. 9), system efficiencies larger than ηcavity=80% were measured. Further downstream in the
cavity, the tangential velocity component is clearly reduced indicating a sharp deflection of the cooling jet
caused by a strong axial pressure gradient in the vicinity of the receiver hole. Since a substantial part of the
coolant is leaving the cavity through the receiver holes, the momentum of the flow and therefore, the efficiency
ηcavity falls below 60% at distances ξ/dN>4.
Comparing the data with the results plotted in Fig. 10, the observed deceleration was apparently stronger in front
of the disk hole than in the case where measurements were conducted in front of the rotor wall. In the latter
situation, a reduction of the tangential velocity component is caused by jet entrainment. In addition, jet widening
is favoured by the height of the pre-swirl cavity approximately six times larger than the initial jet diameter. At

ξ/dN>4, the velocity profiles show two separate velocity peaks instead of one single maximum in the center of
the jet. This effect is possibly caused by the chosen depth (s) and height (h) of the pre-swirl cavity.
Additional measurements were conducted further downstream from one nozzle exit, and detailed results obtained
from these experiments are shown in Fig. 11 and 12. Due to a larger distance ξ/dN, the local efficiencies are
reduced compared to the results plotted in Fig. 9 and 10. Additionally, the velocity profiles do qualitatively differ
from those plotted in the preceding figures. At the flow rates (and nozzle pressure ratios) chosen in this
experimental investigation, the flow apparent inside the wheel-space of this rotor-stator system can be
characterized to be strongly „jet-dominated“ (Fig. 9 and 10). The cooling jet is directed towards the rotor disk
with a large initial momentum and a nearly constant angle. If simple geometry can be applied, it will hit the disk
at a radial position depending on the distance between the nozzle exit and the disk hole. As a matter of fact, the
highest tangential flow velocities were obtained above the disk hole radial position in Fig. 11 and 12, i.e. at
∆r/dR>0.5. Consequently, the supply of cooling air takes place at higher losses compared to the case where the
receiver holes were positioned at an optimized radius.
Compared to the measurements in front of the wall (Fig. 12), slightly higher efficiencies were determined in the
vicinity of the receiver hole (Fig. 11) at ξ/dN<6.4 where a stronger pressure gradient tends to accelerate the fluid.
For this rotor position, ηcavity varies between 75% at ξ/dN≈6.2 and 55% (ξ/dN≈7.8). If measured in front of the
rotor wall the efficiency is in the range between 60% and 65% at distances 6.2<ξ/dN<9.
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Fig. 11: Pre-swirl efficiency ηcavity measured downstream of the pre-swirl nozzle/ in front of the disk hole
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Fig. 12: Pre-swirl efficiency ηcavity measured downstream of the pre-swirl nozzle/ in front of the rotor wall
5. SUMMARY
In order to study the complex flow field in the wheel-space of a pre-swirl cooling air system and gain a physical
understanding of potential loss mechanisms degrading the performance of such an air transfer system, a

comprehensive experimental investigation has been started at the ITS. The approach was to use PIV and produce
results which help to derive design recommendations for improved cooling schemes.
The difficult boundary conditions found in this enclosed rotor-stator system made the use of a standard PIVsystem impossible. The standard technique was therefore modified and adapted to the new constraints. However,
even with these modifications, the measurements inside the pre-swirl cavity remained very problematic.
Optical accesses to a totally encased region within the pre-swirl system were required, and these should not
cause any perturbations of the flow. The problem was solved by placing the camera outside the test section and
extend the PIV system by a small endoscope which was skilfully installed inside the pre-swirl apparatus with its
optics showing normal to the measuring plane. The existing rotor-stator gap was only 10mm wide and hence, the
alignment of the light sheet, reflections from the metal walls and a moving (rotating) surface few millimetres
distant from the endoscope caused additional problems which needed to be solved.
The small distance between the endoscope and the light sheet and the linear distortion of this optical instrument
confined the effective detecting area. However, due to the ability to correct the distorted PIV images, a good
measuring accuracy was maintained in a maximized detecting area.
Since one of the fundamental goals of this programme was to acquire data for many different engine
representative operating conditions, a fast measuring technique was required. Owing to the principle of a planar
PIV technique chosen in this study – the authors were only interested in the circumferential and radial flow
velocities - the two-dimensional flow field was determined instantaneously. Compared to previous experiments
using an advanced LDA technique (Geis et al., 2001), the measurements turned out to be less time consuming.
At last, the strong velocity gradients typical for pre-swirl systems had to be resolved by the measuring technique
employed in this investigation. This study has demonstrated that PIV can be used to produce reliable results even
under these extremely difficult circumstances.
The efficiency determined for this pre-swirl cooling air system deviates from the value expected under ideal
conditions. One major cause for the observed losses was found to be the distance between nozzle exit and
receiver hole which was large at some rotor positions due to a relatively small open circumference resulting from
a low number of nozzles and disk holes (N=12) and their location on a large radius (rm=0.22m). Experiments
conducted at different positions relative to the nozzle exit and the disk holes showed that the efficiency
decreased with the nozzle exit to receiver hole spacing ξ. The maximum distance was ξ/dN=9.4 in this
investigation, and the efficiency ηcavity ranged between 45% (predominantly at radii smaller than rm) and 98% (at
very short distance ξ/dN=1.98). Velocity measurements were conducted under engine-representative conditions
and plotted for different rotational Reynolds-numbers between 8.5⋅105<Reϕ<2.8⋅106 and one single flow rate
cw≈49000.
Improvements are expected both at a higher number of flow elements, i.e. nozzles and disk holes and at a lower
height of the pre-swirl cavity - the latter parameter being responsible for an unfavourable widening of the
cooling jet resulting in a loss of momentum. Last bust not least, a well thought radial positioning of the pre-swirl
nozzles (and the rotating holes) provides the opportunity to optimize this air transfer system.
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