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ABSTRACT 

For this work, different shroud configurations of a LP turbine rotor and their influence on 

the tip leakage flow as well as on the main passage flow were experimentally and numerically 

investigated. The basic configuration of the LP rotor consists of a shroud with two straight 

sealing fins. Based on foregoing investigations in the basic setup, the geometry of the shroud 

was altered by drilling radially through the shroud in each rotor passage. The bore is located 

near the pressure side of the blade between the two sealing fins. The basic idea is to produce an 

aerodynamic blockage effect inside the shroud cavity and therefore reduce the cavity flow. The 

time-resolved measurement data from measurements with a Fast Response Aerodynamic 

Pressure Probe (FRAPP) downstream of the LP rotor is compared to results from CFD 

calculations. During the investigations it was found, that the radial bore not only influences the 

tip region downstream of the LP rotor, but also causes changes of the flow field close to the hub.  
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NOMENCLATURE 

Re Reynolds number BPF Blade Passing Frequency 

pt Total pressure HP High Pressure 

p Static pressure LP Low Pressure 

Tt Total temperature TMTF Turning Mid Turbine Frame 

T Static temperature TTTF Transonic Test Turbine Facility 

Ma Mach number RWTH Rheinisch-Westfälische Technische  

α Yaw angle  Hochschule 

γ Pitch angle FRAPP Fast Response Aerodynamic Pressure 

Cpt Total pressure coefficient  Probe 

s Entropy 5HP Five Hole Probe 

V Flow Velocity   

Cc Contraction Coefficient   

h Blade Span   
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INTRODUCTION 

As the gap between rotating and stationary parts and its resulting effects is a significant source of 

aerodynamic losses, unsteady flow features and influences the heat transfer in the tip region as well 

as the flow downstream of the rotor, this issue has been and still is a very important research topic in 

the field of turbomachinery. Several authors carried out very basic studies in order to get detailed 

information about the flow field in the tip near regions of turbine and compressor rotors. Lehmann et 

al. (2011) for example investigated a shrouded turbine rotor, which was equipped with three sealing 

fins in order to reduce the leakage flow. The outcome of their work was a very detailed description 

of the flow features inside the shroud cavities and at the inlet and exit of the shroud. As the rotor tip 

gap in general causes on the one hand losses due to the leakage flow itself and on the other hand 

losses by the interaction between leakage and main flow, Gier et al. (2005) focused in their work on 

these interactions and investigated them experimentally as well as numerically. Different shroud 

geometries and their effect on aerodynamics were analyzed by Rosic et al. (2008). For a simplified 

model, the authors varied geometry parameters like inlet and exit cavity length, shroud overhang, 

shroud thickness and shroud cavity depth. In the second part of their paper, they put emphasis on the 

exit cavity geometry and how the interaction between leakage and main flow can be influenced. 

Porreca et al. (2008) also retained the concept of a shroud with sealing fins and investigated three 

different shroud geometries, including a full shroud, a partial shroud and an optimized version of the 

partial shroud. This optimized partial shroud resulted in an improvement of aerodynamic efficiency 

of about 0.6%. Wallis et al. (2001) aimed to reduce the aerodynamic losses of a shrouded turbine rotor 

regarding the re-injection of the leakage flow into the mainstream flow. That is why they introduced 

so-called turning devices on the shroud in order to capture the kinetic energy contained within the 

leakage jet.  

The idea of injecting additional air into the tip region in order to reduce the tip leakage flow was 

already picked up by Behr et al. (2008), who investigated two different rotor tip gaps of an unshrouded 

rotor for different injection rates. The authors found on the one hand that the air injection reduces the 

difference of rotor exit angle between the two gaps. On the other hand, an increasing injection mass 

flow reduced turbulence intensity in the rotor tip vortices. With cooling-air injection, they could even 

achieve an increase in efficiency when increasing the tip gap. Curtis et al. (2009) also investigated an 

air-curtain seal to reduce leakage flow, but in this case, it was done for a shrouded turbine rotor. 

Measurements and CFD calculations were carried out for several mass flows. In their test 

configuration, the air was blown through the casing into one of the shroud cavities and they found 

that the turbine efficiency depends on how the sealing air is obtained. The results showed either a 

slight gain or loss or a clear gain in efficiency depending on the origin of the additional air. First 

investigations on passive tip leakage control were carried out by Benoni and Willinger (2013), who 

carried out measurements in a linear cascade using a five hole probe. In their blade geometry, the inlet 

of the injection channel is located at the leading edge and is aligned with the upstream main flow 

direction. The flow is then radially led through the blade and exits the channel at the position of 

maximum pressure difference between pressure and suction side. The authors found, that in a cascade 

the losses and the strength of the tip leakage vortex could be reduced by this so-called passive tip 

injection. Ghaffari et al. (2015) used a comparable geometry for the injection bores and transferred it 

to a state-of-the art LP turbine rotor. First numerical investigations showed an increase of 0.2% in 

isentropic stage efficiency compared to the case without passive tip-injection. Unfortunately, the 

measurements could not be carried out with exactly the same geometry due to safety reasons. Strength 

analysis at Graz University of Technology showed that the operation of the rotor with this geometry 

could be critical. Therefore, the geometry was changed in order to make the measurements possible. 

The geometry with one axial injection channel at the leading edge and one radial channel was replaced 

by just one radial bore through the shroud close to the pressure side. In addition to the measurements, 

also numerical investigations were carried out with this new channel geometry to get a deeper insight 

into the flow phenomena inside the cavity. 
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EXPERIMENTAL SETUP  

gAll the measurements were carried out in the Transonic Test Turbine Facility (TTTF) at the 

Institute for Thermal Turbomachinery and Machine Dynamics at Graz University of Technology.  

This facility is a continuously operating two-stage two-spool turbine test rig, which is used in open 

circuit operation mode. It consists of a transonic HP stage and a LP stage with a counter-rotating 

rotor. Both stages are designed with overhung-type turbine disks and additionally the LPT is mounted 

on an axially moveable frame. The rig is driven by pressurized air delivered by a 3 MW electrically 

driven compressor station, which is placed in the second basement of the institute. The power output 

of the HP rotor is used to drive a three-stage radial brake compressor, which sucks in additional air. 

The two mass flows, one originating from the compressor station and one from the brake compressor, 

are merged in a complex system consisting of a mixer and a tandem cascade at the inlet of a mixing 

chamber. Therefore the overall air mass flow can be increased. The inlet temperature of the rig can 

be adjusted between 40°C and 185°C by cooling the air coming from the compressor station. 

However, the mass flow, which is delivered by the brake compressor, cannot be cooled. With the two 

air flows an overall mass flow of up to 22 kg/s can be achieved. Due to the design of the mixing 

chamber the inlet pressure is limited to 4.5 bar absolute. The maximum shaft speeds are limited to 

11550 rpm for the HP rotor and 4500 rpm for the LP rotor respectively. For the absorption of the LP 

turbine power a water brake with a maximum coupling power of 700 kW is used.  

The current test setup consists of a HP stator followed by an unshrouded transonic HP turbine rotor 

The HP stage and a shrouded counter-rotating LP rotor are connected by an S-shaped turning mid 

turbine frame (TMTF). The flow leaves the test section through support struts and a diffuser in order 

to recover partially pressure of the air before entering the exhaust casing. Figure 1 shows a schematic 

cross-section of the test rig including the regarded measurement plane F, which is located downstream 

of the LP rotor. This plane is located at a distance 77% axial chord length downstream of the blade 

trailing edge. The inlet boundary conditions for the CFD were determined in a plane at a distance 

59% axial chord length upstream of the blade leading edge. 

 

 

Figure 1: Schematic cross-section of transonic test turbine facility 

 

In Table 1 the main design parameters for HP vanes as well as HP blades, TMTF struts and LP blades 

can be found. More details on the test rig and its operation can be found in Hubinka et al. (2011) and 

Santner (2013).   

 

Test setups 

As already mentioned, two setups with two different LP shroud geometries were experimentally 

investigated. The first one is a state-of-the-art shroud used for LP stages with two radial sealing fins, 

which form three cavities with the rotor casing, see left sketch of Figure 2. This configuration is 

already supposed to reduce the leakage flow. For the second setup, a radial bore was drilled through 

the shroud between the two sealing fins close to the pressure side of the blade. The diameter to pitch 

ratio is about 0.1 and is located at about 45% of the arc length on the blade pressure side. The position 
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of the hole was chosen based on preceding CFD calculations and measurements, where the location 

of maximum pressure on the pressure side was evaluated in order to position the hole there. The basic 

idea is to produce an additional aerodynamic blockage effect inside the shroud cavity and therefore 

reduce the cavity flow, see right sketch of Figure 2. The study only wants to show the general 

feasibility, but does not consider the change in efficiency due to the modified shroud. The safe 

operation of the shrouded rotor with bore at the same operating point as the rotor without bore was 

chosen as a criterion for a successful completion. The authors wanted to show the general influence 

of the bore, independent from whether it is positive or negative. With the comparison of the two 

setups, the authors wanted to investigate the influence of a radial bore on leakage flow as well as on 

the main passage flow. The picture in Figure 2 shows the LP rotor with the radial bore through the 

shroud. The most important blading parameters and information about the operating point are given 

in Table 1. 

 

Table 1: Blading parameters and operating conditions 

Blading Parameters and Operating conditions 

 HP vane HP blade Struts LP blade   

Vane/ blade no. 24 36 16 72 𝐵𝑃𝐹𝐻𝑃 [𝑘𝐻𝑧] 6.69 

ℎ/𝑐𝑎𝑥 1.15 1.37 0.53 2.94 𝐵𝑃𝐹𝐿𝑃 [𝑘𝐻𝑧] 4.26 

Re(106) 2.38 1.1 1.86 0.46 Stage 𝑝𝑡 ratio HPT/ LPT 3/ 1.3 

Tip gap unshrouded - - - Power [MW] HPT/ LPT 1.44/ 0.3 

 

In order to guarantee that no damage is caused during the rotor operation as the shroud is weakened 

by the bore, strength analyses were carried out before starting the test runs. As the rotor is operated 

at constant rotational speed without any oscillations, static loads were assumed. Although the von 

Mises stresses became a little bit higher around the hole, it was still significantly smaller than the 

yield strength of the used material and therefore the rotor could be operated without any problems.  

 

  
Figure 2:  Scheme of shroud with and without radial bore (left side); picture of rotor shroud 

with bore (right side) 

MEASUREMENT TECHNIQUE 
Five Hole Probe 

The time-averaged boundary conditions for the CFD were determined using a five hole probe, 

which was manufactured and calibrated at the Institute for Jet Propulsion and Turbomachinery of the 

RWTH Aachen. Using a traverse system with two stepping motors, the probe was moved radially and 

then turned into the flow. This was done in order to guarantee highest accuracy and to ensure to be 

always within the calibration range of the probe concerning the yaw angle. The used 5HP is calibrated 

for Mach numbers between 0.2 and 0.8, yaw angles between -20 deg and +20 deg and pitch angles 

between -16 deg and +20 deg. A thermocouple close to the probe head was used for the determination 

of static and total temperature. The correlation between the calibration characteristic and the value to 

be measured is given by a multi-parameter approximation.  



OPEN ACCESS 
Downloaded from www.euroturbo.eu 

5 Copyright © by the Authors 

 

 

 

Table 2: Measurement uncertainties of five hole probe 

Mach number Ma [-] 0.005 -0.004 

Yaw angle α [deg] 0.3 -0.3 

Pitch angle γ [deg] 0.5 -0.4 

Total pressure pt [mbar] 3 -3 

Static pressure p [mbar] 5.4 -5.1 

Total temperature Tt [K] 0.6 -0.5 

Static temperature T [K] 0.7 -0.8 

 

Table 2 shows the measurement uncertainties for the five hole probe measurements. These values 

contain the error due to the approximation and the systematic errors of the PSI used for the pressure 

measurement. 

 

Fast Response Aerodynamic Pressure Probe 

Unsteady flow measurements were also performed by means of a cylindrical single-sensor Fast 

Response Aerodynamic Pressure Probe (FRAPP), operated as a virtual three sensor probe for 2D 

aerodynamic measurements. Since the three rotational positions are measured at different times, the 

measurements have to be phase-resolved by means of a phase-locked flow reconstruction. To be able 

to do this, a trigger signal is acquired with each revolution of the rotor in order to determine the 

beginning as well as the end of a rotor revolution. A miniaturized piezo-resistive pressure sensor 

(Kulite XCE-062) is mounted inside the probe head, which has an outer diameter of 1.85 mm. The 

probe aerodynamic accuracy was evaluated in a calibrated nozzle, giving an extended uncertainty 

equal to ±0.5% of the kinetic head for the pressure measurements and equal to ±0.3deg for the flow 

angle. In order to obtain the transfer function of the probe, a dynamic calibration was carried out in a 

low-pressure shock tube and after digital compensation, the probe bandwidth reaches up to 80 kHz. 

Before digital compensation, the bandwidth is linear in the range from 0 to 20 kHz. The measured 

sensor voltage together with an appropriate calibration allows the determination of unsteady total and 

static pressure, Mach number as well as swirl angle. Based on previous 5HP measurements it was 

found that the pitch angle in plane F is still located in the insensitivity range of the FRAPP.  

In their work, Persico et al. (2005) present more about the probe design and calibration. 

NUMERICAL SETUP 

The numerical investigations were carried out with the commercial code Ansys® CFX v16.2. A 

tetrahedral mesh with approximately 1.2 million elements and the k-ω-SST turbulence model with 

fully turbulent flow was used. Turbulence boundaries were determined by measurements using hot 

wire probes. The wall functions are adopted automatically and y+ was approximately 30. Between the 

stationary domains and the low pressure rotor as rotating domain, a frozen rotor was placed as an 

interface. Using the frozen rotor model, the frame of reference is changes while the relative position 

between the components across the interface is fixed. This means that wakes are not mixed out and 

can still be seen downstream of the rotor although the calculation was a steady-state one. 

The inlet boundary is located at a plane upstream of the LP rotor, which corresponds to a measurement 

plane in the test rig. The values for the boundary conditions are therefore taken from measurement 

data. This data was measured over an angular segment using a five hole probe. Not just a radial line 

but the whole sector was taken as an input, in order to catch all the time-averaged flow features 

originating from the upstream parts. The radial lines for total pressure and yaw angle are given in 

Figure 3. 

The outlet boundary for the numerical investigation was placed at an axial location far downstream 

of the LP rotor trailing edge. At this position the static pressure is known from readings of static 

pressure taps in the exhaust casing. Furthermore, the outlet boundary conditions are based on a radial 

equilibrium.  
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A mesh convergence study was already carried out for the work of Ghaffari et al. (2015) and an 

independence of the CFD results was ensured.  

 

   
Figure 3: Total pressure and angle distributions at the rotor inlet 

 

METHODS 

According to Denton (1993), the entropy increase due to tip leakage of a shrouded turbine was 

estimated using the following formula 

 

𝑇∆𝑠 = 𝑉2
2

𝑚𝐿

𝑚𝑚
(1 −

𝑡𝑎𝑛𝛼1

𝑡𝑎𝑛𝛼2
𝑠𝑖𝑛2𝛼2) (1) 

with 
𝑚𝐿

𝑚𝑚
=

𝑔𝐶𝑐

ℎ
√𝑠𝑒𝑐2𝛼2 − 𝑡𝑎𝑛2𝛼1 (2) 

In Eq. (2), 𝐶𝑐 is the contraction coefficient and h the blade span, 𝛼1 and 𝛼2 are the yaw angle at the 

inlet respectively the exit of the blade row. The entropy increase was calculated for both setups over 

the radial height and compared (see Results and Discussion).  

RESULTS AND DISCUSSION 

This section shows the results of unsteady pressure measurements using a Fast Response 

Aerodynamic Pressure Probe. An appropriate static/dynamic calibration and the operation in virtual 

three-hole-mode makes it possible to determine also Mach number, swirl angle and static pressure. 

In order to get a deeper insight into the flow inside the shroud cavities, also numerical results are 

shown. In Figure 4, four time steps of the Mach number are compared for the rotor with the 

conventional shroud (left column) and the rotor with the radial bore through the shroud (right 

column). The time steps include one blade passing period of an LP rotor blade and the Mach number 

is referred to the average Mach number in this measurement plane, which is the plane downstream of 

the LP rotor. For both setups, the same reference Mach number was used. The rotational direction of 

the LP rotor is counter-clockwise when looking against the flow direction as it is the case in the plots 

below and the LP blade wakes were marked with black dashed lines. All the measurements were 

carried out over one strut pitch of the TMTF.  
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Mach Number Without Bore Mach Number With Bore 

  

  

  

  

  
Figure 4: Comparison of measured Mach number (referred to average Mach number in plane 

F) between setup with and without radial bore for four different time steps 

As already described in an earlier publication by Lengani et al. ( 2012), the high Mach number regions 

in plane F correspond to the main passage flow of the upstream TMTF. This flow is chopped and 

distorted by the moving of the LP rotor. The LP blade wakes can be identified as regions with lower 

Mach number, especially at relative channel heights larger than 0.8 (green zones). With each time 

step, the blade wakes move further to the left, which is the rotational direction of the LP rotor.  

When comparing the two columns, there is a significant difference in the tip near region. For the setup 

without radial bore, there is a broad blue stripe with very low Mach number. After inserting the radial 

bore, this stripe became clearly thinner and higher Mach numbers were reached in the region close to 

the outer endwall. Interestingly, the bore through the shroud did not only influence the tip near region, 

but also an area close to the hub between ∆𝜃/𝜃𝑇𝑀𝑇𝐹 = 0.25  and ∆𝜃/𝜃𝑇𝑀𝑇𝐹 = 0.5. There is a rather 

large area, where the Mach number decreases for the setup with bore and it seems that this spot does 

not move in circumferential direction.  
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Besides the Mach number, the time averaged total pressure and yaw angle are presented in Figure 5, 

respectively Figure 6. To obtain these figures, all the samples that were acquired with the FRAPP at 

one measurement point were arithmetically averaged and can be compared to results of a steady state 

CFD calculation. Furthermore, the total pressure was made dimensionless with the average total 

pressure in the measurement plane, which is the same value for both setups. 

 

Total Pressure Without Bore  Total Pressure With Bore 

   

   
Figure 5: Comparison of measured time-averaged total pressure (made non-dimensionless 

with average total pressure in plane F) between setup with and without radial bore 

Also in the total pressure plots, differences between the two configurations can be seen: As already 

discussed for the Mach number, the tip near stripe with low total pressure becomes thinner after 

inserting the bore. There is an area with decreased total pressure close to the hub, which corresponds 

to the location where a lower Mach number was detected for the setup with bore, see Figure 4 right 

column.  

 

Yaw Angle Without Bore  Yaw Angle With Bore 

   

   
Figure 6: Comparison of measured time-averaged yaw angle between setup with and without 

radial bore 

The area plot for the yaw angle also shows the most significant changes in the area close to the outer 

endwall, where the flow is turned more into the axial direction between ∆𝜃/𝜃𝑇𝑀𝑇𝐹 = 0  and 

∆𝜃/𝜃𝑇𝑀𝑇𝐹 = 0.5 for the setup with radial bore. The flow seems to become more uniform in this area 

after changing the shroud geometry. Between ∆𝜃/𝜃𝑇𝑀𝑇𝐹 = 0.5  and ∆𝜃/𝜃𝑇𝑀𝑇𝐹 = 1, the swirl is even 

increased, but also more uniform than with the conventional shroud geometry. The rest of the flow 

field does not show any bigger changes.  

In order to get an idea of the entropy increase due to different shroud geometries, Eq. (1) taken from 

Denton (1993) was used to calculate the radial line in Figure 7. The radial measurement positions of 

the FRAPP were marked by grey dotted horizontal line. Of course, no entropy decrease is possible as 

it can be seen at some radial points between relative channel height 0.1 and 0.9. Not too much 

importance should be attached to this, as on the one hand the measurement uncertainty can cause 

values slightly smaller than zero. On the other hand, a correct evaluation would require that for the 

DQ/Q
DQ/Q

DQ/Q DQ/Q
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calculation of the entropy increase at a radial measurement point, the flow parameters of the same 

streamline have to be taken at the inlet as well as at the exit of the rotor domain, which is definitely 

impossible using the measurement data. More interesting is definitely the tip region between a relative 

channel height of 0.9 and 1, where a significant increase in entropy can be determined compared to 

the main passage flow. When looking at the detailed view inside of the black box, one can identify a 

reduced entropy increase for the shroud with bore. It is possible that the entropy increase is really 

smaller for the setup with bore than without bore. Another reason could be that the bore leads to a 

radial shift of the flow structures evoking the losses in the tip near region. Therefore, the maximum 

value for the entropy increase was not captured as this point lies between two radial measurement 

points. When looking at the foregoing area plots, this seems even more plausible as they also show a 

slight radial shift of the flow structures towards the outer endwall. This means, that the losses in the 

tip region are the same for both setups. 

 

 
Figure 7: Radial line of entropy increase comparing the two shroud configurations 

Some results of the numerical investigations are shown in Figure 8 and Figure 10. In Figure 8 the 

focus lies on the flow through the shroud cavities and the phenomena that are occurring inside. On 

the one hand the Mach number in stationary frame is plotted, on the other hand of course also the 

streamlines are of big interest. The first thing to be observed is that the Mach number in the second 

and in the third shroud cavity is significantly lower for the shroud with bore than for the shroud 

without bore. Lehmann et al. (2011), who also focused on the flow through a rotor shroud, described 

the flow structure in each of the cavities. In the inlet cavity, they found a vortical structure which can 

also be seen in the shroud with bore (structure A), but not in the shroud without bore.  

However, the passive tip injection through the bore leads to a suppression of the vortex B (see left 

part of Figure 8) and significantly reduces vortex C. Generally, the vortices look a little bit different 

than expected, see scheme in Figure 2. As described by Lehmann et al. (2011), these vortices are the 

main reason for the reduction of tip leakage mass flow due to their blockage effect. The question is, 

whether the blockage caused by the passive tip injection is strong enough to really represent an 

improvement compared to the conventional shroud geometry. Based on the currently presented data, 

no indication could be found that the bore really reduces the tip leakage flow respectively the 

generated losses. As the bore is part of the rotating and the casing wall of the stationary domain, there 

is a Mach number difference between the region inside the bore and the cavity. 

In Figure 10, the Mach number from the CFD calculation is given in the plane downstream of the LP 

rotor (plane F) for one blade pitch of the LP rotor. This section corresponds to ∆𝜃/𝜃𝑇𝑀𝑇𝐹 = 0 until 
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approximately ∆𝜃/𝜃𝑇𝑀𝑇𝐹 = 0.25 in Figure 4. As an inlet boundary, the measured flow field from the 

plane upstream of the LP rotor was taken. Therefore, the areas with higher Mach number can also be 

assigned to the chopped and distorted main passage flow of the duct. As frozen rotor was used as an 

interface between the stationary and the moving parts, the wakes of the LP blades can be seen as 

regions with lower Mach number. They appear even clearer than in the measured results of Figure 4.  

 

Mach Number in the Cavity without Bore  Mach Number in the Cavity with Bore 

 

 

 
Figure 8: Comparison of calculated Mach number and streamlines in the shroud cavities for 

both shroud configurations 

In Figure 9, the Mach number inside the cavity is shown, but not in meridional direction as in 

Figure 8 but rather in circumferential direction. The intersection plane is given in the small sketch 

in Figure 9. Significant differences can be seen between the two shroud configurations. For the 

setup with bore, in addition a slight circumferential variation of the stripe with higher Mach number 

is visible. 

 

 Mach Number without Bore Mach Number with Bore 

 
  

Figure 9: Mach number inside the cavity in the circumferential plane D-D 

 

Comparing the CFD results for the two configurations in Figure 10, no differences can be determined, 

neither in the Mach number nor in any other flow variable. This and the behavior of the steady state 

calculation during converging lead to the assumption, that the bore through the shroud causes 

unsteady effects, which can just be determined by using the FRAPP and could not be captured by a 

steady state calculation. For an appropriate comparison of measurement data and CFD results, a 

transient calculation is going to be indispensable.  
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Mach Number Without Bore 
 

Mach Number With Bore 

 
 

 
Figure 10: Comparison of calculated Mach number in the plane downstream of the LP rotor 

for one LP rotor blade pitch 

CONCLUSIONS 

For this paper, time-resolved measurements were carried out downstream of a state-of-the-art LP 

turbine rotor with two different shroud geometries. The first geometry under investigation was a 

conventional shroud with two straight sealing fins and three shroud cavities. For the second geometry, 

a radial bore was drilled through the shroud between the two sealing fins. This bore was located close 

to the pressure side of the blade based on the results of preceding CFD calculations. The idea of this 

bore was that fluid of the main passage enters the shroud cavity with high pressure and high velocity, 

which is further referred to as passive tip injection. The generated jet was supposed to have a blockage 

effect, which is even stronger than the blockage effect caused by the vortex structures inside the cavity 

(see e.g. Lehmann et al. (2011)). In order to get a deeper understanding of the occurring flow 

phenomena, the measurements were supported by a steady state CFD. In the unsteady measurement 

results it was found, that the radial bore not only influences the tip near region, but changes in the 

flow variables could also be observed in regions close to the inner endwall. The bore lead to a decrease 

in Mach number and total pressure and to a more uniform swirl angle in the tip near region 

downstream of the rotor. In the results of the steady state CFD, no comparable effects could be seen 

in the same plane. Therefore, the authors assumed that the bore causes instationary effects, which can 

not be detected by a steady state calculation. As a result, a transient calculation is going to be carried 

out as it seems inevitable for future investigations. The CFD showed that the vortical structures inside 

the shroud cavities differ significantly from each other when comparing the two shroud 

configurations. Vortical structures, which-according to literature-contribute to the reduction of tip 

leakage, disappeared after inserting the hole. A loss estimation for both configurations did not show 

any sturdy proofs for a loss reduction due to the radial bore.  

ACKNOWLEDGEMENTS 

The authors would like to thank Dr. H.P. Pirker for operating the compressor station during the 

test runs as well as the Austrian Research Promotion Agency for funding the project LPT-INJECT 

Project No. 843979. 

 

 

 



OPEN ACCESS 
Downloaded from www.euroturbo.eu 

12 Copyright © by the Authors 

 

 

REFERENCES 

Behr, T., Kalfas, A. I., Abhari, R. S. (2008). Desensitization of the Flowfield from Rotor Tip-Gap 

Height by Casing Air Injection. Journal of Propulsion and Power, Vol. 24, No. 5, pp 1108-1116. 

Benoni, A., Willlinger, R. (2013). Design Modification of a Passive Tip-Leakage Control Method 

for Axial Turbines: Linear Cascade Wind Tunnel Results. Proceedings of ASME Turbine Blade Tip 

Symposium and Course Week, Paper-No. TBTS2013-2056. 

Curtis, E. M., Denton, J. D., Longley, J. P., Rosic, B. (2009). Controlling Tip Leakage Flow Over 

a Shrouded Turbine Rotor Using an Air-Curtain. Proceedings of ASME Turbo Expo, Paper-No. 

GT2009-59411. 

Denton, J. D. (1993). Loss Mechanisms in Turbomachines. Journal of Turbomachinery, Vol. 115, 

pp 621-656. 

Ghaffari, P., Bauinger, S., Marn, A., Willinger, R. (2015). Impact of Passive Tip-Injection on Tip-

Leakage Flow in Axial Low Pressure Turbine Stage. Proceedings of ASME Turbo Expo, Paper-No. 

GT2015-42226.  

Gier, J., Stubert, B., Brouillet, B., de Vito, L. (2005). Interaction of Shroud Leakage Flow and 

Main Flow in a Three-Stage LP Turbine. Journal of Turbomachinery, Vol. 127, pp 648-658. 

Hubinka, J., Paradiso, B., Santner, C., Göttlich, E., Heitmeir, F. (2011). Design and operation of 

a two spool high pressure test turbine facility. Proceedings of the 9th European Conference of 

Turbomachinery, Fluid Dynamics and Thermodynamics. 

Lehmann, K., Kanjirakkad, V., Hodson, H. (2011). Aerodynamic and Aerothermal Investigation 

of the Flow Around an HPT Rotor Shroud: PIV Measurements. Proceedings of ASME Turbo Expo, 

Paper-No. GT2011-45977.  

Lengani, D., Santner, C., Göttlich, E. (2012). Evaluation and Analysis of the Stochastic 

Unsteadiness in the Last Stage of a Counter-Rotating Two-Spool Turbine Rig. 15th Conference on 

Modelling Fluid Flow (CMFF), Budapest, Hungary.  

Persico, G., Gaetani, P., Guardone, A. (2005). Design and analysis of new concept fast-response 

pressure probes. Journal of Measurement Science and Technology, Vol. 16, pp 1741-1750. 

Porreca, L., Kalfas, A. I., Abhari, R. S. (2008). Optimized Shroud Design for Axial Turbine 

Aerodynamic Performance. Journal of Turbomachinery, Vol. 130, pp 031016-1-031016-12. 

Rosic, B., Denton, J. D., Curtis, E. M. (2008). The Influence of Shroud and Cavity Geometry on 

Turbine Performance: An Experimental and Computational Study – Part I: Shroud Geometry. Journal 

of Turbomachinery, Vol. 130, pp 041001-1-041001-10. 

Rosic, B., Denton, J. D., Curtis, E. M., Peterson, A. T. (2008). The Influence of Shroud and Cavity 

Geometry on Turbine Performance: An Experimental and Computational Study – Part II: Exit Cavity 

Geometry. Journal of Turbomachinery, Vol. 130, pp 041002-1-041002-10. 

Santner, C. (2013). Experimental Investigation of Turning Mid Turbine Frame Designs. PhD 

Thesis.  

Schabowski, Z., Hodson, H. (2014). The Reduction of Over Tip Leakage Loss in Unshrouded 

Axial Turbines Using Winglets and Squealers. Journal of Turbomachinery, Vol. 136, pp 041001-1-

041001-11. 

Wallis, A. M., Denton, J. D., Demargne, A. A. J. (2001). The Control of Shroud Leakage Flows to 

Reduce Aerodynamic Losses in a Low Aspect Ratio, Shrouded Axial Flow Turbine. Journal of 

Turbomachinery, Vol. 123, pp 334-341. 

 

 

 

 

 

 

 

 




