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ABSTRACT 

This paper presents the design, construction and the initial commissioning of a secondary air 

system, applied to a one and a half stage high pressure turbine test setup at the cold flow test facility 

in Graz University of Technology. The unique system can provide up to eight independent airflows 

to analyse engine realistic rim seals ejection or cooling injection for stator or rotor blades. This paper 

focuses on a specific test setup which used a total of four purge flows. These are used to purge the 

cavities around the high pressure turbine. While two flows enter upstream of the high pressure turbine, 

two enter downstream, with one flow at the inner and one at the outer wall of the flow channel, 

respectively. This paper primarily discusses the development and commissioning of the new facility. 

Initial five-hole probe measurement results are presented downstream of the high pressure turbine 

with and without any cooling injection. The outcomes of the first-time experiment depict the 

importance of the purge flow on the isentropic total to total stage efficiency. 
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NOMENCLATURE 

cp = specific heat capacity [J/kg/K] 

FWD = Forward (Upstream of the rotor) 

HP = High Pressure 

HPT = High Pressure Turbine 

HPV  = High Pressure Vane 

ir = injection ratio based on main mass     

 flow [-] 

IR = injection ratio based on total 

 secondary air mass flow [-] 

ITD = Intermediate Turbine Duct 

κ = isentropic exponent [-] 

LP = Low Pressure 

M = Torque [N/m] 

m = mass flow [kg/s] 

mcorr = reduced mass flow 

n = rotational speed [1/min]  

ncorr = reduced rotational speed 

PR = Pressure Ratio  

SAS = Secondary Air System 

T = Temperature [K] 

 

t = Temperature [°C] 

∆t = permissible deviation limit [°C] 

VC = V-Cone Measurement Device 

η = isentropic efficiency [-] 

Φ = Flow Coefficient         

    [����� ����	�
� �������� ����	�
�⁄ ] 
ω = angular speed [rad/s] 

 

Abbreviations: 

A,B,C,D = Measurement Plane  

ADP = Aero Design Point 

c = day-to-day corrected  

cav = cavity 

i = counter 

L = Leakage 

main = main flow 

tot = stagnation flow quantity 

tt = total – to - total 
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INTRODUCTION 

Ultra-high bypass ratio 

propulsion systems will play a 

major role in engine technologies 

to achieve and surpass the 

ACARE 2020 goals. Non-geared 

turbofan engines with an 

increased fan diameter of around 

25% compared to a reference 

engine from year 2000 are 

expected to significantly reduce 

the CO2 emissions in terms of 

fuel burn.  

The low-pressure system of 

high bypass ratio, long range 

application turbofan engines is 

under particular focus. Larger fan 

diameters lead to lower rotational speeds on low pressure turbines as well as an increase in their 

diameter. The intermediate turbine duct (ITD) connecting the high-and the low-pressure stages is of 

great significance. The duct will have to be designed not only with a lower inlet to outlet diameter 

ratio, but also with a shortened axial length in order to allow weight savings. This trend results in an 

increasing aggressiveness of the ITD design, hence aerodynamics need to be assessed in more detail. 

Both the component efficiency, heavily impacted by the need to move to more aggressive duct 

designs, and the influence of an aggressive duct on the downstream low-pressure turbine stages and 

their efficiency need to be addressed. 

An important topic which has not received much attention is the effect of cooling purge flow on 

the intermediate turbine duct efficiency and the duct exit flow. Cooling purge flows are required in 

any aircraft engine. In a modern gas turbine, up to 20% of the main compressor flow is used to cool 

and seal the components in the hot-gas sections. Figure 1 illustrates the cooling flows which are 

ejected into the main flow. The four green arrows show the cooling flows which are ejected upstream 

and downstream of the HPT rotor preventing hot gases from entering into the disk wheel space and 

casing cavities. The cooling flows (represented by red arrows) are ejected from the HPT stator and 

rotor blades to maintain safe metal temperatures during operation and avoid material damage due to 

local overheating. The cooling airflow is often prone to significant differences between experimental 

simulations and in-field use of intermediate turbine ducts. As stated in the literature, various complex 

mechanisms are associated with the interaction between cooling purge and main flows, such as for 

example a shift in the lower passage vortex.  

Particular focus was placed on leakage injection investigations, such as those performed for the 

FWD stator disk cavity among others by McLean, et. al. (2001), Ong & Uchida, (2012), and Regina, 

et. al. (2012). The authors describe the effects of small amounts of cooling air injected from the FWD 

hub cavity into the main flow having a relevant impact on the aerodynamics of the HPT stage. Both 

the inlet boundary layer and the secondary flows are impacted and thus, the three-dimensional exit 

flow field is changed in the presence of the cavity flow. Parameters such as pressure coefficient, wake 

width, three-dimensional velocity field and exit angles are affected. The main cause of this change is 

the reinforcement and the shift of the large hub passage vortex towards mid-span during the ejection 

of FWD hub cavity flow.  

Hunter & Manwaring (2000) used a low-speed, two stage research turbine with a test setup that 

simulates a stator hub cavity. In their case, the FWD and AFT hub stator cavities are connected via a 

labyrinth seal consisting of a honeycomb land and one sealer rim. The authors discovered that the 

flow ejected out of the cavity had a significant impact on the downstream rotor and the following 

stator vane.  

 
 

Figure 1: Cooling purge flow in a modern two stage 

high-pressure turbine Brent & Moroz, (2015). 



3 

 

Rosic et. al. (2008) discuss a shroud leakage flow entering the cavity upstream of the shrouded 

rotor and exiting into the main flow behind the trailing edge. It was found that on the one hand side 

mixing losses occur due to the differences between the main stream flow and the ejected leakage flow. 

On the other hand side, unturned leakage flows make up for the greatest portion of total cavity related 

losses. Gier et. al. (2005) coupled the shroud leakage flow and the stator hub leakage flow across a 

three stage LP Turbine, showing that the mixing losses caused by the reentering leakage flow can 

amount to 50% of the total cavity related losses.  

Most of these studies are performed in low-speed test turbines, where in majority a single FWD 

shroud cavity is used for flow ejection investigations. To the authors’ knowledge, there is no prior 

publication dealing with tip ejection of cooling air upstream of the leading edge or downstream of the 

trailing edge of an unshrouded rotor. The lack of prior work in this area motivated the work for 

providing a secondary air system (SAS) that can simulate a more engine realistic purge flow injection.  

Therefore, the purpose of the current effort was to develop a system that can provide up to eight 

air flows, each at independent temperatures and mass flows.  

Similar to Figure 1, the air flows should be used for ejecting air out of rim seals around an HPT 

or LPT rotor. Besides that, stator- and rotor-blade cooling should be enabled for future projects. Since 

the test turbine is operated under engine realistic conditions, the secondary air system is capable of 

providing continuous flow in an engine-realistic range. 

The main objective of this paper is to present the design process and the commissioning of this 

unique secondary air system. As an outline, the influence of the purge air downstream of the HPT is 

discussed based on a comparison between the baseline case with all four purge air flows activated 

and a case with no purge air flows. For this comparison, the radial distributions of the isentropic total-

to-total stage efficiency and the swirl angle in the absolute frame of reference are shown.  

DESIGN PROCESS 

For this test setup, all of the geometric and aerodynamic parameters related to the cavity section 

were defined by the industry partner. The sketch in Figure 2 shows the arrangement of these four 

cavities around the unshrouded HPT rotor. Two purge flows enter upstream of the HPT rotor and two 

flows enter downstream, with one flow at the inner and one at the outer wall of the flow channel, 

respectively. While the two tip cavities imitate axial rim-seal geometries, the geometry of the hub 

cavities imitates datum rim-seals. 

The test facility itself is designed in an overhung shaft arrangement that allows easy access for 

maintenance work and HPT rotor changes for different setups. Due to this design, a labyrinth seal is 

placed between the HPT rotor disk and the HPT rotor shaft bearings. As can be seen in Figure 2, a 

portion of the injected FWD Hub cavity air 

is ejected as leakage flow via the labyrinth 

seal through the inner cavity to the 

atmosphere. All other three cavities are 

sealed with O-ring seals such that a leakage 

flow can be ruled out.  

Secondary Air System 

The air for purging the cavities is taken 

from the newly designed secondary air 

system shown in Figure 3. Two tanks are 

placed in the centre of this secondary air 

system, one for hot and one for cold flow. 

Each tank has a length of about 1.5 m and a 

volume of 0.09 m³. The tanks, acting like a 

buffer, are fed from the left hand side by a 

hot and a cold flow DN50 pipe, respectively.  

 

 

 

Figure 2: Cavities around the HPT rotor 

 



4 

 

 

In total, eight flanges with a diameter of DN 50 are placed at the upper and bottom half of each 

tank, allowing a maximum of eight extraction pipes. Similar to a water tap, control and variation of 

mass flow and temperature for each extraction pipe in a given range are enabled by mixing the two 

flows at different temperatures. Therefore, two independently controlled needle valves are attached 

to each single extraction pipe. The size of each needle is selected in order to control the desired 

volume flow in the given range. For an easy flow adjustment during operations, an NI 9265 analogous 

output module electronically controls each needle valve. This module is able to set the output current 

range between 4 to 20mA with an accuracy of 1.8%. 

Before the flow enters the test rig itself, a mass flow measurement section is installed. This section 

consists of a V-Cone measurement device, installed in a DN 80 pipe with an upstream and 

downstream length of 10 and 6 times the diameter, respectively. A sketch of this measurement section 

is given in Figure 4. The V-Cone flow meter is a differential pressure type flowmeter and uses the 

Bernoulli’s theorem as a principle theory for the conservation of energy in a closed pipe. 

Consequently, a cone in the pipe cross section is used to create a differential pressure that can be 

measured. For the differential pressure measurement, the transducer type 266DSH from the company 

ABB with a measurement range from 0 to 160mbar and a full-scale accuracy of ±0.06% is used. With 

a separate temperature and pressure measurement, the density of the flow and thus the mass flow can 

be calculated. Therefore, a pressure transducer type 261 AS by ABB with a range of 0 to 5bar and an 

  
Figure 4: V-Cone measurement section Figure 5: 

Distribution Box 

Figure 6: 

Distribution Box FWD 

hub cavity 

 

Figure 3: Secondary Air System 
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accuracy of 0.1% is used, whereas the PT100 temperature sensor is a ABB TSP121. The accuracy of 

the temperature measurement complies with the standard IEC 60751 accuracy class B that follows 

the equation that gives the permissible deviation limit [°C] ∆� = ±�0.3 + 0.005 ∙ ��. 

The mass flow is calculated by a so-called flowcom-computer, which uses these three values, 

(pressure, temperature, and pressure difference). With the given input values and a calibration 

coefficient from the VC device, the volume flow with the current density is determined in calibration 

look-up charts by the flowcom system. High accuracy is enabled by ruling out the errors whenever 

equations are used that do not take the coefficient of compressibility into account. Overall, this V-

Cone measurement section reaches an accuracy of 0.5% of the reading in terms of mass flow and a 

repeatability of 0.1%. 

Before the purge air enters the rig, each extraction pipe flow is split in a given number of pipes. 

This enables a possible circumferential distribution of the flow in the test setup. Besides for the FWD 

inner cavity, a distribution box with six circumferential connections is used. The guidance of the flow 

towards the test rig cavities is achieved by six identical steam hoses with an inner diameter of 13mm 

and a length of 4m. While the position of the distribution box is given in Figure 3 the box itself is 

shown in Figure 5. 

The FWD hub cavity is different, due to the before mentioned shaft arrangement and thus the 

leakage flow that must be considered. Consequently, a different distribution box is used and shown 

in  Figure 6. The box consists of four blocks (in figure shown as number 3) with each of them using 

four pipes leading to the test rig. This makes up for a total of 16 pipes, where each of them has a 

diameter of 18mm. The blocks themselves are all connected via a centre hole. By placing a shim in-

between the blocks, a separation of the flow entering (1) and the leakage flow (2) is performed. In 

this configuration, the blocks are separated in the middle, allowing the flow to enter via eight pipes 

and exiting via eight pipes. Before the collected leakage flow is ejected towards ambient conditions, 

it is measured by a Höntzsch TA10 thermal flow sensor. This thermal flow sensor has an epoxy resin 

coated thin-film sensor and uses a measurement principle based on a heat transfer method. This 

approach results in a direct mass-flow-proportional measurement which eliminates the need for an 

upstream pressure and temperature measurement. The measurement uncertainty for the flow velocity 

is at 2% from the measured value. 

Consequently, the mass flow ejected into the main flow is calculated as a difference between the 

total mass flow entering the FWD hub cavity and the leakage mass flow. 

TESTING SITE 

Test Turbine Facility 

The air powering the test setup is taken from the main compressor station with a maximum 

electrical power consumption of 3MW. Depending on the mode of operation, the main compressor 

station „CS“ can deliver pressurized air of up to 4 bar and up to 16 kg/s towards the test facilities at 

the institute. Intercoolers at the compressor station regulate the temperature of the compressed air in 

a range between 35°C and 140°C. Figure 7 shows a schematic view of the testing site and the test 

turbine facility. The main compressor station can be seen on the left hand side, marked with “CS” and 

the test setup is marked as “TTTF”. The shaft power of the HP turbine is used to drive a three-stage 

radial brake compressor instead of being braked by a water brake or a generator. In this way, the 

pressurized air can be merged to the main inlet mass flow, achieving in total a maximal inlet mass 

flow of up to 22 kg/s. Detailed information on the design and construction of the original single-stage 

facility can be found in Erhard and Gehrer, (2000). Details on the design of the second-shaft 

configuration are described by Hubinka et al. (2009). The general operational behaviour is described 

in Neumayer et al. (2001). Overall the test facility is a two-spool, continuously operating cold-flow 

open-circuit plant, where the air downstream of the test setup is led into an exhaust tower. 

 

The air powering the secondary air system can be either taken from the main compressor station 

or from an auxiliary compressor shown as “CS2”. As in an real engine, the air can be taken from the 
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main compressor, requiring the ball valve with a diameter of DN90 to be opened. The air is then 

linked to the main inlet airflow in terms of pressure and temperature. 

In order to allow a regulation of the secondary air flow entirely independently from the main 

airflow, the ball valves can be switched such that air is delivered by an auxiliary compressor. This 

extra compressor station consists of four electrically driven screw-compressors with a total electrical 

power consumption of 1.1 MW. This station delivers an extra air flow of up to 2.5 kg/s at up to 12 

bar or up to 1 kg/s at up to 16 bar. Figure 7 gives a schematic view of the testing site together with 

the secondary air system (SAS). As described above, the SAS inflow is split into one cold and one 

hot flow path.  

The air in the hot line directly feeds the hot tank, and the cold line is cooled by an air/water 

intercooler. To set the cold air temperature, a separate water/air chiller is connected to the air/water 

intercooler. Depending on the demand of cold volume flow and density, a minimum air temperature 

can be set by the maximum cooling capacity of the water/air chiller with 105kW, reduced by the heat 

exchanger temperature difference. For the specific test setup, air is intercooled to about 17 °C. If cold 

air is not needed, the cold air line can be closed by a ball valve upstream of the intercooler resulting 

in a pressurization of only the hot line.  

Test Setup 

The test setup is an engine-representative one and a half stage test turbine for high bypass ratio, 

long-range application turbofan engines provided by the industry partner. The setup depicts the last 

HP turbine stage, the strutted ITD, and the first LPT stator. The flow enters the test setup at the mixing 

chamber shown on the left in Figure 8. The flow is then accelerated through the HPT stator and run 

through the unshrouded HPT rotor. Downstream of the rotor, the flow is guided through the ITD 

towards a larger diameter. The LP Vanes again turn the flow in rotor direction for a possible co-

rotating LP turbine (not installed and shown in this setup). Before the flow exits the test setup 

throughout an exit diffusor, the swirl is reduced by means of a tandem de-swirler. The aim of this test  

Figure 7: Schematic view of the testing site and the test turbine facility 

 

Figure 8: Meridional section of the test setup 
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setup is to study the ITD under inflow conditions which are in terms of HPT exit Mach number, 

exit swirl angle, Reynolds number and HPT corrected speed similar to the real engine. 

MEASUREMENT TECHNOLOGY 

A close-up of the meridional section of the test setup is presented in Figure 9, with the 

measurement planes shown by dotted lines. The inlet measurement plane A is mounted in the 

combination with the HPT stator on a rotatable casing, allowing a full continuous traverse in 

circumferential direction. While plane B is fixed in space, the relative positon between the stator and 

the applied measurement system can be changed during the measurement. A second rotatable casing 

is placed at the outer casing, enabling the measurement planes C and D to be traversed in 

circumferential location.  

Each measurement plane is equipped with one pressure and one temperature rake, of which each 

is further equipped with six radial elements, spaced for equal areas. Additional boundary layer rakes 

in the Planes A, B, and C cover the total pressure profile close to the inner and outer end walls. In 

each measurement plane eight static pressure taps are placed around the circumference of the inner 

and outer casing. Furthermore, the use of both a five-hole probe (FHP) and a Fast Response 

Aerodynamic Probe (FRAP) is possible. In both cases, a traverse gear holding the probe is mounted 

onto the outer casing, enabling the radial position of the probe to be set and the rotation of the probe 

to be turned into the flow. 

In the current work, a five-hole probe equipped with a thermocouple (manufactured and calibrated 

by IST, RWTH Aachen) was used. The probe was positioned circumferentially fixed in-between two 

struts, while the HPT Stator was traversed for approx. 3.3 vane pitches. The area measured for the 

upcoming results, had a resolution of 19 radial points covering 89.1% of the passage height and 61 

circumferential points. 

Each cavity is equipped with three pressure baskets and three thermocouples (type K, equally 

spaced around the circumference), to account for the pressure and temperature of the purge flow just 

before ejection into the main stream. Due to the flush wall-mounted instrumentation, only static 

values are available.  

To meet the high demand of accuracy, overall 219 pressures connected to fifteen PSI 9016 

multichannel pressure transducers will be measured simultaneously with a sampling rate of 5Hz. The 

thermocouples are connected to a National Instruments cRIO System with a NI 9214 – high precision 

module with an accuracy of 0.42 K. 

 

 

 

 
 

Figure 9: Meridional section with 

measurement planes 

 

 

 

 

 
Figure 10: Pressure basket at the aft 

hub cavity 
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COMMISSIONING 

For the commissioning phase, two operating points were selected. Whereas the aero design point 

of the test setup has all four cavity flows activated, the no purge case has all flow feeds shut-off. In 

respect to the rig overall operating point the stage pressure ratio, the reduced mass flow mcorr and the 

reduced speed �� � !! were kept identical.  

For the aero design point the purge flow is set at an engine-representative mass flow rate. The 

temperature is set to a desired value, which is in between 29% and 41% of the rig main flow inlet 

temperature. These lower temperatures obviously cause a cooling of the HPT disc and the surrounding 

casings in the tip region. It is interesting to note that in the no Purge case the tip gap is changing by 

19% due to different thermal expansions. The influence of this change in tip gap must be taken into 

consideration when looking at the results.  

Table 2 provides an overview of the two operating points. The injection ratio given, is normalized 

by the injection mass flow of the FWD hub cavity. The leakage flow, which is within 25% of the 

FWD hub cavity mass flow is already subtracted for the given values. 

For setting the operating point, the arithmetic mean of the rakes in radial direction is considered. 

While setting the operating point, the circumferential position of the HPT stator is kept identical 

between test runs. This approach ensures that the rake in plane B has the same mechanical relative 

position to the HPT stator and thus the wake structure impinging on the rakes is taken into account in 

a similar manner. 

Operational Behavior 

Neumayer et al. (2001) discussed the operational behavior of the TTTF test facility in detail. By 

adding the SAS, the complexity in terms of setting the operating point is increased. A change in mass 

flow at the SAS will affect the overall operating point of the test setup. This study has shown that it 

is wise to switch on the SAS after the startup, before reaching the operating point. Ideally the absolute 

value of mass flow rate for each single cavity of a previous test run should be set as initial condition. 

Once the operating point is almost achieved, a percentage of the main flow then sets each single cavity 

mass flow relative to the main mass flow. In terms of purge air temperature, the static cavity 

temperature is set to a desired absolute value. 

 

Table 1: Secondary Air System – 

Operating Range 

 

Operating range SAS 

mmax 2.5 [kg/s] 

pmax 6 [bar] 

Thot_max 120 [°C] 

Tcold_min 17 [°C] 

extraction Pipes 8 [-] 

Heat exchanger 

Power 105 [kW] 

 

 

 

Table 2: Operating Point 

 

 

Operating Conditions 

    ADP 

no 

Purge  

       

  Wheel Speed n 9550 9414 [rpm] 

  mmain 13,6 13,3 [kg/s] 

  Overall Pressure Ratio 2.75 2.75 [-] 

  Tip Gap to Tip Gap ADP 1 0.81 [-] 

  Flow Coefficient 0.61 0.57  

In
je

c
ti

o
n

 R
a

ti
o

 

Injection Ratio FWD Tip 0,67 0 [-] 

Injection Ratio AFT Tip 0,95 0 [-] 

Injection Ratio FWD Hub 1,00 0 [-] 

Injection Ratio AFT Hub 0,89 0 [-] 
 

 

"#$ = %�&',$%)*+,,-.,/+0 ( 1 ) 
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Each one of the four purge air flows are a link of one hot and one cold flow. Thus, independently 

on changing the temperature or the mass flow, both valves need to be adjusted simultaneously. In a 

self-written LabVIEW software, a temperature and a mass flow slider is used. Automatically, both 

linked valve positions are changed at a single time. For an example, by adjusting the temperature via 

the temperature slider, one valve gets opened and the other gets closed. The mass flow rate during 

this adjustment is maintained identical.  

The parameters of interest for setting the SAS operation conditions, I.E. temperature, pressure, 

mass flow, mass flow rate and current valve opening position in [%], at each cavity are monitored 

during operation. The system can be operated very accurately, allowing an overall accuracy of 0.55% 

and a repeatability of 0.28% in setting the mass flow rate given by the equation ��%� 12,$ %� 3&$4� ∙ 100%�7 .  

For the case supplying air using the auxiliary compressor, the pressure in the tanks can be changed 

independently compared to the pressure at the rig inlet. The flow coefficient and the pressure loss 

coefficient of a needle valve are linked to the tank pressure. For example, increasing the pressure in 

the tank causes a change in the behaviour of the needle valve towards an increase in flow rate until 

the valve chokes. 

RESULTS 

Figure 11 presents the results for the two operating points downstream of the HP turbine. The data 

shown was taken with a five-hole probe in Plane B, while the probe data is circumferentially mass 

averaged over 3 HPT Stator pitches. Equation 2 and 3 are the formula for the corresponding 

mechanical and aerodynamic isentropic total-to-total stage efficiency shown in the radial profiles. 

Equation 2 corresponds to the formula given by Regina et al. (2012), extended by four purge air flows. 

As previously stated, the stage pressure ratio, the reduced mass flow and the reduced frequency sets 

the operating point. This means that the absolute value of mass flow, the absolute rotational speed 

and thus the shaft power (used for the equation 2) can change slightly in respect to an identical 

aerodynamic operation of the HP turbine. To allow for a day-to-day correction, which is necessary in 

an open-loop test facility, equation 3 gives the aerodynamic isentropic total-to-total stage efficiency. 

In respect to equation 2, the total enthalpy derived from an aerodynamic approach expresses the 

denominator in equation 3. The isentropic total enthalpy in the numerator stays identical. The given 

radial profiles shows the total-to-total stage efficiencies day-to-day corrected. 

Comparing the two isentropic total-to-total stage efficiencies, the radial profile changes 

significantly. This is due to the radial total temperature profile taken into account at the aerodynamic 

total-to-total stage efficiency. 

Firstly, looking at the mechanical total-to-total stage efficiency, a change in level between the two 

operating points can be seen over the entire channel height. The gradients between 30% and 70% of 

channel height are quite similar. In the lower 30% span, the peak efficiency shifts from 20% to 30% 

for the ADP case. This shift is in line with the investigated lift-off of the rotor’s lower passage vortex 

due to the purge air, as shown by Regina et al. (2012). Additionally, visible in the comparison is a 

flattening of the gradient due to the strengthening of the lower passage vortex in the ADP case.  

 

( 2 ) 

 

( 3 ) 

899 = : ∙ ;
%3&$4 ∙ <= ∙ >9 9,/ ∙ ?1 − AB9 9,.B9 9,/C�DEF� D7 G + ∑ %�&',$ ∙ <= ∙ >9 9,�&',$ ∙ ?1 − A B9 9,.B9 9,�&',$C�DEF� D7 G$IJ$IF

 

899 = %3&$4 ∙ <= ∙ K>9 9,/,� − >9 9,.,�L + ∑ %�&',$ ∙ <= ∙  K>9 9,�&',$,� − >9 9,.,�L$IJ$IF
%3&$4 ∙ <= ∙ >9 9,/,� ∙ ?1 − AB9 9,.,�B9 9,/,�C�DEF� D7 G + ∑ %�&',$ ∙ <= ∙ >9 9,�&',$,� ∙ ?1 − A B9 9,.,�B9 9,�&',$,�C�DEF� D7 GMIJMIF

 



10 

 

In the 30% span close to the tip, the local minimum shifts towards the casing for the no- purge 

case. In particular, the minimum peak of the mechanical isentropic total-to-total stage efficiency 

shows a spanwise shift of 2.5 %. 

As previously stated this region must be interpreted carefully due to the change of tip gap. Further 

analysis at a third operating point (not shown in this paper), with a tip gap comparable to the no Purge 

case, show that the shift in this region can be linked to the change of the tip gap of 19%. In the overall 

offset in the upper channel height between the no Purge and the ADP case, the tip gap change is 

second order effect.  

Secondly, the result of the aerodynamic isentropic total-to-total stage efficiency shows an 

increased gradient at mid span for the ADP case. This observation support the hypothesis that the 

purge flow injected from the hub and the tip pushes the main flow towards mid-span. In the tip region 

(above 80% span) the local peak gets shifted further towards the tip for the no Purge case. 

Simultaneously, a change in gradient can be distinguished at 85% span. While, the spanwise shift in 

local maximum can be related to the tip gap, the local minimum at 85% is related to the purge air 

injection. Similarly to the mechanical isentropic total-to-total stage efficiency, the influence of the tip 

gap in the overall offset cannot be drawn to the change in tip gap. Despite these promising results, 

further research will be undertaken to investigate the influence of the tip gap together with the purge 

air. 

Similar to the isentropic total-to-total stage efficiencies, the yaw angle on the entire channel 

height, shifts of about 4.3°. Generally, this discrepancy can be attributed to a change in operating 

point of the HP turbine. In this case the operating point was kept constant for the two shown cases in 

terms of the stage pressure ratio, the reduced mass flow mcorr and the reduced speed �� � !!. 

Furthermore, the influence of the low momentum purge flow can be clearly seen in this chart. In the 

lower 35% of the relative channel height, the lift-off of approximately 5% of the lower passage vortex 

 
 

  

 
Figure 11: Circumferential averaged radial profiles at the turbine exit (Plane B) 
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can be determined. As discussed in the literature 

mentioned above, a change in swirl angle can be 

correlated to the injection rate, where the low momentum 

fluid coming from the cavity reduces the inlet swirl 

angle. In contrast, this test setup shows an increase in 

swirl angle of 9.2 deg in the particular region below 30% 

of channel height, due to injection from all four purge air 

cavities. 

The reason for this change is a topic for further 

investigation. In the upper 25% of the relative channel 

height, a span wise shift of 4% in swirl can be 

determined. The effect of the low momentum purge air 

injection, as well as the change in tip clearance overlay 

on each other, resulting in an increase of swirl angle of 

3.6 deg. 

The radially mass-averaged absolute level of 

isentropic total-to-total efficiencies is presented in 

Figure 12. In this graph the no Purge case is taken as a 

reference with 100%. As seen from the radial 

distributions, the ADP case with purge flows shows a 

decrease of isentropic total-to-total stage efficiency. 

While in the case of the mechanical isentropic total-to-

total stage efficiency the drop is 10.3%, the drop for the 

aerodynamic isentropic total-to-total stage efficiency is 4.6%. The result of this comparison shows 

that by injecting purge air the isentropic total-to-total efficiencies is effected and drops significantly.  

CONCLUSIONS 

This article describes a unique, fully functional secondary air system that can provide up to eight 

independent air flows, each in an engine-realistic mass flow range. These air flows can be used for 

several applications, for example to analyse rim seal flow ejection or film cooling for stator or rotor 

blades. The test vehicle in this work is a one and a half stage test turbine in the open-loop test facility 

at Graz University of Technology. In total, four purge flows were used in this test vehicle. Two purge 

flows enter upstream and two downstream of the high pressure turbine, with one flow at the inner and 

one at the outer wall of the flow channel, respectively. 

The commissioning of the SAS demonstrates that it is possible to set each single purge mass flow 

at high accuracy and repeatability. The inflow into the intermediate turbine is assessed by time-

averaged flow fields measured with five-hole probes, once with and once without purge flows. The 

results highlight the importance of the purge flow for the flow behaviour at the HPT rotor exit, with 

the well-known impact on the lower passage vortex clearly visible. Future work is planned around 

assessing the impact of each purge flow independently and studying the influence of the different 

purge flows on the loss generation mechanisms inside of an intermediate turbine duct. 
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