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ABSTRACT 

The unsteady flow field downstream of a high pressure 

turbine (HPT) with ejected purge flows has been investigated 

in a 1.5 stage test setup. Four different purge mass flows 

were injected through the hub and tip, forward and aft 

cavities of the HPT rotor. Aerodynamic measurements 

performed by fast response aerodynamic pressure probes at 

the rotor exit (inlet of the s-shaped turbine center frame duct) 

were carried out under engine realistic conditions for two 

different purge flow rates. 

The unsteady flow fields are discussed using a modal 

decomposition of the flow quantities. The mode analysis 

clearly detects the impact of the purge flows on the 

secondary flow structures. Moreover, the unsteadiness is 

shown to be dominated by the rotor mode, while the stator-

rotor interaction modes hardly contribute to the unsteadiness. 

Consequently, the stator-rotor interaction is weakened due to 

the ejected purge flows, which homogenize the 

circumferential pressure variation due to the upstream stator. 

INTRODUCTION 

In state-of-the-art turbofan engines, the gaps between 

stationary and rotating parts of the high-pressure turbine 

(HPT) and low-pressure turbine (LPT) are purged by cooling 

air to prevent hot air ingestion from the main gas path into 

the cavities. Thus, the purge air seals the cavities from the 

main gas path and interacts with the main flow after leaving 

the cavity.  

In recent years, several experimental and numerical 

studies investigated the interaction mechanisms of purge 

flows with the main flow. These studies particularly focused 

on the purge flow ejection through the wheelspace cavity 

upstream of the rotor. While the purge flow ejection into the 

main flow path is largely driven by the circumferential static 

pressure distribution due to the upstream vane row, the 

timing of when the purge flow is leaving the cavity is 

governed by the passing rotor (according to Schädler et al. 

(2017)). The unsteady pressure amplitude can then be of the 

same order of magnitude as the circumferential asymmetry 

due to the upstream vane row, as Roy et al. (2001) described 

experimentally and numerically. Thus, the interaction 

mechanism between purge flow and main flow is an 

unsteady phenomenon, which depends on the unsteady 

stator-rotor interaction. 

Consequently, the rotor hub secondary flows are 

significantly affected by the ejection of purge flow. Paniagua 

et al. (2004) discovered an entrainment of ejected cooling 

flow into the rotor hub passage vortex, which reinforces the 

vortex intensity and enhances its migration towards mid-

span. Similar results were obtained by Schuepbach et al. 

(2010), Jenny et al. (2011) and Regina et al. (2015). The 

radial position of the rotor hub passage vortex changed by 

about 10% per percent of injected purge flow. In addition, 

Jenny et al. found a significant increase in turbulence, 

compared to a slight increase in streamwise vorticity, due to 

the injected purge flow. Jenny et al. (2013) also observed a 

highly unsteady movement of the hub loss core in radial and 

circumferential direction due to the stator-rotor interaction. 

Along the trace of the hub loss core, higher unsteadiness at 

lower static pressure was determined when purge air is 

ejected. Similarly, the unsteady investigations by Ong et al. 

(2012) revealed a periodic variation of 5% in radial direction 

of the rotor hub secondary flows due to the unsteady stator-

rotor interactions. Ong et al. attributed the increase in hub 

secondary flow strength to the increase of negative incidence 

on the rotor, caused by the purge flow ejection. 
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There have not been many studies on the impact of 

purge air ejected at the tip on the flow field downstream of 

an unshrouded rotor. While most investigations on this topic 

are related to shrouded rotors (e.g. Pfau et al. (2005) or Rosic 

et al. (2008)), Zlatinov et al. (2012) and Tang et al. (2016) 

provided numerical results for an unshrouded HPT rotor with 

purge flow ejected through the tip cavity. Zlatinov et al. 

showed that shroud purge flow leads to a beneficial effect in 

suppressing the tip clearance flow. The unsteady RANS 

computations by Tang et al. support these findings, which 

showed a periodical decrease in the tip leakage flow. In 

addition, Tang et al. reported a more unsteady and larger 

rotor casing passage vortex due to purge flow.  

However, to the authors’ knowledge, there is currently 

no published work dealing with unsteady measurement 

results for an unshrouded rotor with tip ejected purge flow. 

The present paper describes a first-time assessment of the 

impact of four cooled purge flows ejected through the hub 

and tip cavities on the unsteady flow field downstream of an 

unshrouded HPT rotor. Steady results including a detailed 

loss analysis for the same test configuration (presented by 

Zerobin et al. (2017a and 2017c)) showed a strong 

interaction of the purge flows with the rotor secondary 

vortices at the hub and at the tip. Moreover, the purge flows 

considerably affected the flow through the downstream 

turbine center frame duct. Based on the mode detection 

presented in Zerobin et al. (2017b), the influence of the purge 

flows on the unsteady stator-rotor interaction is discussed in 

the current paper by means of modal decompositions of the 

unsteady flow fields. As demonstrated by Lengani et al. 

(2012c), this method is capable of revealing the composition 

of the complex flow fields of turbines and compressors by 

associating characteristic flow structures to specific stator-

rotor interactions.  

EXPERIMENTAL SETUP AND METHODOLOGY 

Test Setup and Operating Conditions 

The unsteady measurements were performed in the 

Transonic Test Turbine Facility at the Institute for Thermal 

Turbomachinery and Machine Dynamics at Graz University 

of Technology. Figure 1 shows the cross-section of the test 

setup including an uncooled, unshrouded HPT stage 

(aerodynamically representative of a second-stage HPT 

engine definition), followed by an S-shaped TCF duct, and 

an LPT vane blade row. To remove the swirl generated by 

the LPT vane, two de-swirler blade rows are placed in the 

exhaust duct. A 3 MW compressor station provides the 

pressurized rig inlet flow, while an additional 1.1 MW 

compressor station feeds the new secondary air system with 

pressurized air. This secondary air system can provide up to 

eight independent air flows with independent control over 

mass flow level, pressure, and temperature. A detailed 

description of the system is provided by Steiner et al. (2017). 

As illustrated in the zoomed in sketch of Figure 1, four 

secondary air flows are used in the current test setup to purge 

the cavities up- and downstream (labelled forward (FWD) 

and aft (AFT), respectively) of the HPT rotor around the full 

 

Figure 1: Sketch of the cross-section of the test 
turbine with a detailed view of the cavities 

 

annulus. The FWD tip and AFT tip cavities are connected 

with axial slots over 360 degrees to the main flow path, while 

the FWD hub and AFT hub cavities are sealed by product-

representative rim seal geometries from the main flow path. 

Two operating conditions differing in purge flow rates 

(PFR) were investigated. For the reference condition, all four 

purge flows were set to their nominal values as reported in 

Table 1 (purge flow rate PFR = 100 %), while for the zero-

purge condition all four purge flows were switched off (PFR 

= 0 %). For both cases, the rig overall operating point was 

kept constant at the Aero Design Point (ADP), with an HPT 

rotor speed of 9,570 rpm (± 0.1 %), a mass flow rate of 13.3 

kg/s (± 2 %), and a rig inlet-to-outlet pressure ratio of 2.81 (± 

0.5 %). These values lead to engine-representative operating 

conditions (HPT corrected speed, Strouhal number, TCF 

inlet Mach number, inlet swirl, and Reynolds number). As 

shown in Table 1, each purge flow was cooled down to a 

different temperature. Without purge flows (and hence 

casings and rotor disk cooling air), the temperature in the 

cavities increased significantly, thus the local tip clearance 

decreased by up to 20 % relative to the reference case. This 

effect, due to the thermal expansion of the rotor disk, needs 

to be considered in the evaluation of the zero-purge case. 

Measurement Technique 

A Fast Response Aerodynamic Pressure Probe (FRAPP) 

built and calibrated at Politecnico di Milano was used to 

acquire the unsteady flow data. It is a cylindrical single-

sensor probe with a probe head diameter of 1.85 mm, and a  

 

Table 1: Individual purge mass flow rates and 
cavity temperatures 

 PFR = 0 % 
PFR = 100 % 

(reference) 
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miniaturized piezo-resistive pressure sensor (Kulite XCE-

062) mounted inside. Besides unsteady total and static 

pressure, the yaw (swirl) angle and Mach number can be 

determined by operating the probe as a virtual three-sensor 

probe. Therefore, at each radial measurement position, the 

probe head is turned into the flow direction and to at least 

two additional rotational positions (e.g. + 20 deg and – 20 

deg relative to the flow direction). The data was acquired 

with a sampling frequency of 500 kHz for two seconds at 

each rotational position. Using the probe calibration, the yaw 

angle and axial and tangential Mach number components are 

evaluated. The probe was calibrated for Mach numbers 

between 0.2 and 0.8 (in steps of 0.1) and for yaw angles 

between -76 deg and 76 deg (in steps of 2 deg). Since the 

three rotational positions are measured at different times, the 

measurements have to be phase-resolved using a phase-

locked flow reconstruction. Therefore, the trigger signal of 

the HPT rotor is acquired to determine both the start and the 

end of a rotor revolution.  

The extended uncertainty of the probe is equal to ± 0.5% 

of the kinetic head for the pressure measurements and equal 

to ± 0.3 deg for the flow angle. A dynamic calibration was 

carried out in a low-pressure shock tube to obtain the transfer 

function of the probe. 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. More details on probe design and calibration are 

given by Persico et al. (2005).  

Methodology 

The post-processing of the unsteady data is based on the 

triple-decomposition of the measured value, which is 

described for the total pressure in equation (1). Regarding 

that method, the measured value is composed of the time 

average, the periodic fluctuations, and the stochastic 

fluctuations. 

����� = ������������ + 〈�����〉 + �� ′��� (1) 

After adaptive resampling (to gain the same number of 

samples per rotor revolution), a phase averaging is performed 

to determine the periodic part of the measured signal. 

Therefore, all samples at the same rotor phase are time 

averaged over a sufficiently high number of rotor 

revolutions. This results in a phase averaged time signal 

(��� ��� = ������������ + 〈�����〉) over one HPT rotor revolution at 

each measurement point.  

The stochastic fluctuations are evaluated by means of 

Fourier-filtering, as described by Lengani et al. (2011 and 

2012b) and Camp and Shin (1995). With this procedure, the 

time-average and the deterministic periodic components of 

the signal (thus, the rotor blade passing frequency (BPF) and 

its harmonics) are set to zero in the frequency domain (as 

shown in Zerobin et al. (2017b). The filtered spectrum is then 

transformed back into the time domain, which results in a 

time-resolved signal without any periodic components, 

containing the stochastic fluctuations only (��′���, 

corresponding to the total pressure fluctuations). The RMS 

value of the total pressure fluctuations is then calculated after 

the above-mentioned adaptive resampling and phase 

averaging to one HPT rotor revolution. It should be noted, 

that it is not possible to distinguish between the deterministic 

and the stochastic part of the peaks at the BPF and its 

harmonics. Setting the peak values (including both 

deterministic and stochastic contributions) at these specific 

frequencies to zero leads to a small error, which results in an 

under-estimation of the turbulence intensity based on 

stochastic pressure fluctuations. 

For the analysis and visualization of the time-resolved 

data, the phase-averaged signals over one HPT rotor 

revolution are further averaged to one blade passing period 

(BPP), assuming that each rotor blade has the same ideal 

geometry, leading to a periodic result for each blade pitch. In 

the presented time-space plots, the resulting data over one 

BPP was then duplicated for easier readability. Furthermore, 

the absolute values in the presented plots were normalized by 

its time averaged mean value of the respective measured 

flow field.  

Modal Decomposition 

In previous studies, Lengani et al. (2012a and 2012c) 

already demonstrated that the unsteady measurement data 

obtained with the FRAPP can be analyzed using the modal 

decomposition. According to the aero-acoustic model by 

Tyler and Sofrin (1969), the pressure fluctuations at any 

circumferential position � downstream of a compressor or 

turbine stage (e.g. Moser et al. (2009)) can be described as 

the sum of harmonics, represented by a Fourier series. 

Although this model was developed for analyzing the 

unsteady pressure field, it is also valid for all other 

aerodynamic quantities such as Mach number or yaw angle 

(see Lengani et al. (2012c)). For the first BPF harmonic, the 

fluctuation of a flow quantity ���, ��� ! in space and time 

can be written as: 

���, ��� ! = " #��� ∙ %�&' (
&∙)�*+,-

& *-
 (2) 

where #��� is the coefficient of the Fourier series at the first 

harmonic (ℎ = 1 at 012 = 0 ∙ 3/60) and 7 is the rotor 

angular velocity. Thus, the measured flow field can be 

decomposed into an infinite number of rotating patterns, 

where the mode order � defines the circumferential 

(azimuthal) number of extrema. This azimuthal mode order 

� is related to the specific stator-rotor interactions in 

turbomachinery devices, based on the following linear 

combination (Tyler and Sofrin (1969)): 

� = ℎ0 ± 9: (3) 

where ℎ is the harmonic index (1 for the first BPF, 2 for the 

second BPF, etc.), 0 is the number of rotor blades, : is the 

number of stator vanes and integer 9 =  −∞ … , −1,0,1, … ∞. 
Depending on the number of blades and the rotor speed, each 

circumferential pressure pattern (associated with the 

azimuthal mode �) rotates at a specific speed, equal to 7& =
ℎ ∙ 0 ∙ 7/�. This leads to a specific inclination of each 

azimuthal mode � in a time-space diagram of the flow 

quantity �. In this way, the azimuthal modes (and hence the 
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stator-rotor interactions) can be identified in the unsteady 

flow field qualitatively, as shown in Zerobin et al. (2017b). 

To quantify the strength of each azimuthal mode �, the 

corresponding Fourier coefficient #���, which is related to 

the amplitude of the azimuthal mode �, needs to be 

evaluated. At a fixed radial position and frequency, the 

Fourier coefficient can be calculated depending on the 

number of circumferential points ?�: 

#���@,A = " ����@,A%*�&BC
BC

 (4) 

The number of circumferential measurement points 

defines the maximum mode to be calculated, while the extent 

of the circumferential measurement domain defines the 

minimum mode to be calculated and hence the resolution of 

the mode spectrum. Furthermore, the circumferential domain 

needs to be large enough to cover the spatial periodicity of 

the test setup, in order to capture the modal structures (thus 

stator-rotor interactions) correctly. However, in the current 

test setup, the geometrical limitations of the probe traverse 

did not allow acquiring data over the spatial periodicity. At 

measurement plane B downstream of the HPT rotor (see 

Figure 1), data was acquired over more than 1.6 HPT vane 

pitches, also due to measurement time limitations. To fulfill 

the spatial periodicity, and thus to gain measurement data for 

computing the mode amplitudes, the measured data needs to 

be extended in circumferential direction. To do so, the 

measured data over one HPT vane pitch can be copied in 

circumferential direction to 360 degrees, assuming a periodic 

result for each vane pitch. In addition, the data of each 

copied vane pitch needs to be shifted in time, since at a given 

time stamp, the relative position between vane and blade is 

different for each circumferential position within the spatial 

periodicity. This results in a measurement data set, which 

fulfills both the spatial (over 360 degrees) and temporal (for 

one BPP) periodicity. After a discrete Fourier transformation 

(DFT) in time at each measurement point, a DFT in space at 

the frequency of interest is performed. The result of the DFT 

in circumferential direction over 360 degrees is an amplitude 

spectrum over the azimuthal mode order � for each radial 

measurement position (see equation (4)). In this way, the 

individual azimuthal modes can be ranked by their 

amplitude, which leads directly to a ranking of the stator-

rotor interactions by their impact on the unsteady flow field. 

RESULTS AND DISCUSSION 

In the following sections, the unsteady results for the 

two operating conditions with different purge flow rates are 

compared at the HPT rotor exit (TCF inlet, plane B in Figure 

1). The impact of the purge flows on the stator-rotor 

interaction is discussed by means of time-space diagrams and 

corresponding amplitude spectra of azimuthal modes at the 

first BPF for different radial positions. Based on the 

qualitative presentation of the modes in Zerobin et al. 

(2017b), inclination and amplitude are shown for the various 

interaction modes, while the absolute numbers of HPT vanes 

and blades could not be published. 

In Figure 2, the unsteady flow field downstream of the 

HPT rotor is presented with contour plots representing the 

RMS value of the total pressure fluctuations. Four different 

time snapshots within one BPP are depicted for the zero-

purge case (PFR = 0 %) and the reference case with all four 

purge flows set to their nominal ADP value (PFR = 100 %). 

Dotted black lines illustrate the position of the rotor blade 

trailing edges, while dashed black lines are plotted at the 

circumferential position (at ∆Θ/ΘF�GH = 0.45 and 1.45), 

where stationary flow structures may appear due to the 

upstream HPT vanes. In these contour plots, areas of local 

high ptRMS values indicate the characteristic secondary flow  

 

 

Figure 2: Time snapshots of the RMS value of the 
total pressure fluctuations for PFR = 0 % (left 

column) and PFR = 100 % (right column) 

PFR = 0 % PFR = 100 %
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structures downstream of the unshrouded HPT rotor, which 

are moving with the rotor in circumferential direction. For 

the zero-purge case, the area of local high ptRMS around 95 % 

span height can be related to the tip leakage vortex (TLV), 

while the area of local maxima around 83 % and 20 % can be 

associated with the rotor upper passage vortex (UPVR) and 

the rotor lower passage vortex (LPVR), respectively. When 

introducing purge flows at the hub and at the tip (PFR = 100 

%), the local RMS values increase significantly, implying an 

intensification of the secondary flow structures. As described 

in Paniagua et al. (2004) and Schuepbach et al. (2010), the 

hub ejected purge air is entrained by the LPVR, leading to a 

strengthening of the vortex. As can be seen in the contour 

plots for PFR = 100 %, the LPVR is much more pronounced 

compared to the zero-purge case. In addition, the ejected 

purge flows cause a migration in radial direction of the 

vortex. The local maximum of ptRMS related to the LPVR is 

shifted from 20 % to 25 % span height. Similarly, the local 

maxima representing the TLV and UPVR are pushed down to 

92.5 % and 80 % span height, respectively. However, as 

noted before, the rotor tip clearance is decreased in the zero-

purge case (no cooling) relative to the reference case (PFR = 

100 %, with cooling). Thus, the radial displacement of the 

rotor tip vortices is affected by both the tip purge flows and 

the tip gap reduction. Nevertheless, the TLV and UPVR 

strengths are significantly increased due to the entrainment of 

the tip ejected purge air (as described in Zerobin et al. 

(2017c)). This is reflected by locally increased ptRMS values 

in the tip region, which diffuse to larger areas of high ptRMS 

in circumferential and radial direction. 

These areas of local high ptRMS related to the rotor 

secondary vortices are periodically modulated by the 

upstream stator flow structures in circumferential direction. 

Looking at the time snapshots of Figure 2, the rotor trailing 

edges (dotted lines) and the rotor vortices are passing by 

clockwise in circumferential direction with the rotor speed. 

In the region around ∆Θ/ΘF�GH = 0.45 and 1.45, non-

rotating structures (marked with “S”) with locally high ptRMS 

values appear for each time step. These stationary flow 

structures are related to the upstream HPT vanes. As can be 

seen particularly in the time snapshots for the reference case 

PFR = 100 %, these stationary structures interact with the 

passing LPVR.  

For a better visualization, the time history of radial 

traverses at two characteristic circumferential positions are 

depicted in Figure 3 for both operating conditions. The first 

circumferential position (a) corresponds to a location where 

stationary flow structures due to the upstream HPT vanes 

appear (around ∆Θ/ΘF�GH = 0.45), while the second position 

(b) corresponds to a location between two stator structures 

(around ∆Θ/ΘF�GH = 1.00). Thus, without any modulation 

by the upstream HPT vanes, the rotor vortices can be 

detected at position (b) at areas of high ptRMS. With purge 

flows (PFR = 100 %), the local ptRMS level, and hence the 

strengths of the rotor vortices (particularly the LPVR 

strength), are significantly increased. The radial migration of 

the rotor vortices due to the ejection of the purge flows can 

be clearly identified (as discussed above). At position (a), the  

 

Figure 3: Radial time history of ptRMS at 
circumferential positions where stator flow 

structures appear (a) and between to stator flow 
structures (b) 

 

rotor vortices interact with the stationary flow structures, 

resulting in an increase of the ptRMS level at the hub and at 

the tip towards midspan (marked with “A”) whenever the 

rotor passes this circumferential position. Without any purge 

flows (PFR = 0 %), there is a strong increase of the RMS 

values at the hub region up to 30 % span, when the LPVR 

passes by at the timestamps K/� = 0.65 and 1. 65. This area 

of high ptRMS occurs periodically and spreads over a larger 

area up to 40 % span in radial direction, when purge flows 

are ejected and entrained by the LPVR (PFR = 100 %). 

Moreover, the areas of high ptRMS at the hub and at the tip 

also expand in time for the reference case with purge flows, 

implying a strong stator-rotor interaction at that 

circumferential position (compare with Schuepbach et al. 

(2010)).  

Rotor Lower Passage Vortex Interaction 

To further analyze the stator-rotor interactions, time-

space plots at radial span heights of local maximum ptRMS 

values related to the rotor vortices are presented and 

discussed in the next sections. Figure 4 illustrates time-space 

plots over more than 1.6 HPT vane pitches at the radial 

position of maximum ptRMS related to the LPVR. Considering 

the radial migration of the LPVR due to the hub purge flows, 

different radial span heights are compared for the zero-purge 

case and the reference case, at 20 % and 25 % span height, 

respectively. According to Figure 2, black dashed lines 

represent the position where the stator flow structures 

(horizontal structures in these time-space plots) may appear, 

while black dotted lines show the trace of the rotor trailing 

edges and hence of the rotor vortices.  

When following the trace of locally high ptRMS values, 

the circumferential propagation of the LPVR can be 

identified. While it basically matches the inclination of the 

trace of one rotor trailing edge, the propagation of the LPVR 

is additionally modulated by the stator-rotor interaction, 

resulting in a serpentine trace illustrated by the white dashed 
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line (compare with Jenny et al. (2013)). Whenever the LPVR 

passes a stationary structure (marked with “A”), its 

circumferential propagation velocity is decreased, while it is 

increased between two stator structures. This phenomenon 

agrees with the result for the absolute Mach number 

presented in Figure 4(c). There is a higher absolute Mach 

number when the circumferential propagation velocity of the 

LPVR is decreased (low circumferential velocity component), 

and a lower absolute Mach number between the stator 

structures when the circumferential propagation velocity of 

the LPVR is increased (high circumferential velocity 

component). These changes in velocity components and thus 

flow angles can be traced back to the unsteady static pressure 

field depicted in Figure 4(b). It is composed of 

superimposed, characteristic pressure patterns (modes) 

generated by the stator-rotor interaction, which directly affect 

the absolute Mach number and flow angles. For both purge 

conditions (PFR = 0% and PFR = 100 %), the unsteady static 

pressure field is dominated by patterns with a higher 

inclination than the trace of the rotor trailing edge. As 

demonstrated in Zerobin et al. (2017b), these dominating 

flow patterns are related to the stator-rotor interaction, in 

particular to the interaction modes �*!F = 0 − 1 ∙ : and 

�*LF = 0 − 2 ∙ : (for the first BPF, according to equation 

(3); illustrated by a red dashed-dotted and blue dashed line, 

respectively). The trace of the rotor trailing edge is related to 

the rotor mode �( = 0. Consequently, the superposition of  

 

 

Figure 4: Time-space plots of ptRMS, ps and Mach 
number at the radial position of the LPVR 

the various interaction modes results in circumferential 

pressure gradients, which dictate the azimuthal propagation 

of the LPVR. When following its trace (dashed white line), 

negative pressure gradients (declining pressure in direction 

of rotation of the rotor, and thus of the LPVR) accelerate the 

azimuthal propagation velocity of the LPVR between two 

stator structures, driven by the mode �*!F. In contrast, 

positive pressure gradients decelerate the azimuthal 

propagation velocity of the LPVR, when it passes the stator 

structures around ∆Θ/ΘF�GH = 0.45 and 1.45. At these 

positions, the ptRMS increases significantly due to the 

interaction of the LPVR with the stator flow structures for the 

zero-purge case (PFR = 0 %).  

With purge flows (PFR = 100 %), the LPVR strength 

considerably increases, as described above in the previous 

section. The entrainment of the purge air leads to enhanced 

ptRMS levels over a broader circumferential extent along the 

trace of the LPVR (see Figure 4). However, after passing a 

stator structure (for example at ∆Θ/ΘF�GH = 0.45), the ptRMS 

decreases immediately before it starts to increase again at 

∆Θ/ΘF�GH = 0.8. Since the lower passage vortex of the 

upstream HPT nozzle (LPVN) rotates in the opposite 

direction to the LPVR, it seems that the chopped LPVN 

segments modulate the azimuthal propagation of the LPVR 

by locally weakening the LPVR downstream of the HPT 

rotor. This effect can be particularly seen for the case PFR = 

100 %, since the LPVR strength is more pronounced 

compared to the case without purge flows.  

Regarding the unsteady Mach number and static 

pressure in Figure 4, the peak-to-peak variation of the 

respective flow quantity decreases when purge flows are 

ejected (similar to the results obtained by Paniagua et al. 

(2004) at the vane exit). Moreover, the pressure gradients in 

circumferential direction become weaker, which directly 

affects the azimuthal propagation of the LPVR. As a 

consequence, the trace of the LPVR is less modulated, 

tending to a more linear behavior towards the slope of the 

rotor mode �(. The intensity of the interaction mode �*!F 

and thus the stator-rotor interaction seems to decrease 

compared to the zero-purge case.  

This behavior is emphasized by the modal 

decomposition of the unsteady flow field by comparing the 

amplitudes of the various interaction modes. Figure 5 

illustrates the decomposition of ptRMS in terms of calculated 

amplitudes for the most dominant interaction modes at the 

first BPF over the entire span. As described qualitatively 

with the time-space plots in Figure 4, the ptRMS related to the 

LPVR at 20 % span height for the zero-purge case is 

dominated by the interaction mode �*!F. With purge flows 

(PFR = 100 %), the mode �*!F is exceeded by the rotor 

mode �(, whose amplitude significantly increases to a local 

maximum at 25 % span height, related to the LPVR. The 

same trend can be found in the modal decomposition of the 

static pressure, presented in Figure 6. In accordance with the 

time-space plots for the static pressure in Figure 4, the hub 

region is clearly dominated by the stator-rotor interaction, 

particularly by the mode �*!F. By ejecting purge flows 

through the hub cavities, the amplitudes of the interaction  
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Figure 5: Modal decomposition of ptRMS at first BPF 
at different span heights  

 

modes �*!F and �*LF significantly decrease, while the 

amplitude of the rotor mode �( rises in the region of the 

LPVR. Hence, the stator-rotor interaction and particularly the 

LPVR interaction with the stator flow structures is weakened 

due to the ejection of purge flows. Since the static pressure 

can be related to the blade forces, the mode amplitudes in 

Figure 6 and its corresponding phases (not shown in the 

paper) of the static pressure over the entire span can be 

directly used as the boundary condition for an analysis of the 

structural dynamics of the downstream blade or vane row. 

Hence, the reduction of the individual mode amplitudes in 

Figure 6 implies a decrease of the resulting blade forces in 

case of ejecting purge flows. This is in good accordance with 

the results reported by Paniagua et al. (2004), who predicted 

the rotor blade forces with the static pressure at the vane exit. 

Similar results can be obtained for the modal 

decompositions at the first BPF of the Mach number and 

swirl (yaw) angle (although not shown in this paper). Due to 

the entrainment of the ejected purge air and thus 

enhancement of the rotor vortices, the amplitudes of the rotor 

mode �( increases significantly over the entire span for the 

reference case PFR = 100 % (see Figure 5 and Figure 6). In 

particular, the rotor mode �( is considerably intensified at 

radial heights related to the rotor vortices (LPVR at 25 %, 

UPVR at 80 %, TLV at 95 %, related to the ptRMS in Figure 

5). Additionally, the modal decomposition of each flow 

quantity clearly detects the radial spreading and migration of 

the vortices due to the purge flow ejection at the hub and at 

the tip. As described above, the local maximum of ptRMS 

related to the LPVR is shifted from 20 % to 25 % span height 

(Figure 5). The local maximum related to the TLV is shifted 

from 97.5 % to 95 % span height, while the local maximum 

related to the UPVR is located at 80 % span height for both 

purge conditions. Compared to the results obtained from the 

contour plots of the unsteady flow field in Figure 2 

(containing data from all periodic frequencies), there are 

 

Figure 6: Modal decomposition of ps at first BPF at 
different span heights 

 

small differences in the radial migration of the local maxima 

of ptRMS in the tip region, since the presented modal 

decomposition is the result for the first BPF only. 

Rotor Upper Passage Vortex and Tip Leakage 
Vortex Interaction 

Figure 7 depicts time-space plots of ptRMS, static 

pressure and Mach number at the radial position of 

maximum ptRMS related to the UPVR for both purge 

conditions. Again, the traces of the rotor blade trailing edges 

(rotor mode �(, dotted black lines) and the assumed 

circumferential positions of the stator flow structures based 

on the flow features in the hub region of Figure 2 (horizontal 

dashed black lines) are overlaid to the time-space plots. 

The RMS value of the total pressure is clearly dominated 

by the trace of the UPVR, which basically follows the slope 

of the rotor mode �( (compare with modal decomposition at 

80% in Figure 5). However, in an analogue way to the LPVR 

trace, the UPVR trace is modulated by the circumferential 

pressure gradients, illustrated by a dashed white line. Hence, 

the azimuthal propagation velocity of the UPVR is 

decelerated whenever the UPVR passes a stator flow structure 

(marked with “A”). This is the case at around ∆Θ/ΘF�GH =
0.55 and 1.55, at slightly shifted circumferential positions 

compared to the hub. According to the modal decomposition 

for the zero-purge case in Figure 6, the static pressure at 80% 

span is basically composed of the rotor mode �( and the 

interaction modes �*LF and �*OF. These modes are 

spinning in the opposite direction of rotation of the rotor, as 

can be seen in Figure 7 (dashed blue line for mode �*LF). 

The superposition of these dominant modes leads to pressure 

gradients, which decelerates the azimuthal propagation 

velocity of the UPVR a second time within one vane pitch 

(marked with “B”). This is in good agreement with the result 

for the unsteady absolute Mach number, which is locally  
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Figure 7: Time-space plots of ptRMS, ps and Mach 
number at the radial position of the UPVR 

 

decreased whenever the azimuthal propagation velocity of 

the UPVR is decelerated. 

Both the modal decompositions in Figure 5 and Figure 6 

as well as the time-space plots in Figure 7 reveal the 

strengthening of the UPVR and hence of the rotor mode �( 

in case of ejecting purge flows (PFR = 100 %). In particular, 

the ptRMS increases significantly, while its level is modulated 

corresponding to the UPVR trace. Whenever it interacts with 

the stator flow (assuming the chopped counter-rotating upper 

passage vortex of the nozzle), the ptRMS decreases briefly. 

Since the peak-to-peak variation of the static pressure is 

reduced due to the purge ejection, the circumferential 

pressure gradients seem to become weaker. Consequently, 

analogously to the LPVR, the trace of the UPVR tends to a 

more linear behavior, converging the slope of the rotor mode 

for the reference case PFR = 100 %, as can be seen in the 

time-space plots of the static pressure and Mach number.  

A similar unsteady flow behavior is obtained at the 

radial height related to the TLV, demonstrated in the 

respective time-space plots in Figure 8 for both purge 

conditions. Since the radial positions of the TLV and UPVR 

are close together (80% and 95% span, respectively), the 

azimuthal propagation of the TLV shows the same behavior 

as the propagation of the UPVR. Due to the entrainment of 

the purge air, the TLV strength is considerably increased 

compared to the zero-purge case, which leads to an increase 

of the ptRMS levels and thus of the amplitude of the rotor  

 

Figure 8: Time-space plots of ptRMS, ps and Mach 
number at the radial position of the TLV 

 

mode �(. Compared to the ptRMS related to the UPVR, the 

ptRMS related to the TLV spreads over a broader 

circumferential range, leading to broader traces of high 

ptRMS. These traces are again modulated by the stator flow 

structures. It seems that the chopped UPVN segments 

influence both the counter-rotating UPVR and the co-rotating 

TLV. As a result, the TLV strength exceeds the UPVR 

strength, implied by increased ptRMS values. This effect is 

additionally encouraged by ejecting the purge flows. 

While the static pressure is dominated by the stator-rotor 

interaction modes in case of zero-purge, the ejection of purge 

flows leads to a reduction of the peak-to-peak variation and 

thus of the circumferential pressure gradients. Consequently, 

the amplitudes of the stator-rotor interaction modes decrease, 

while the amplitude of the rotor mode �( increases 

(compare with Figure 6). 

CONCLUSIONS 

The impact of hub and tip ejected purge flows on the 

unsteady stator-rotor interaction has been investigated at 

engine-relevant operating conditions. Unsteady 

measurements were carried out downstream of an 

unshrouded HPT rotor for two different purge flow rates, the 

zero-purge case (PFR = 0 %) and the reference case (PFR = 

100 %), respectively. The unsteady interaction mechanisms 

were analyzed in terms of time-space plots and modal 

decompositions of the flow quantities at characteristic span 
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heights, related to the rotor vortices (lower and upper passage 

vortices and tip leakage vortex).  

The traces of the rotor vortices (indicated by bands of 

high RMS values of the total pressure) are shown to be 

modulated by the stator flow structures. This modulation is 

traced back to the unsteady static pressure field, which is 

composed of various azimuthal spinning modes due to the 

stator-rotor interactions. The superposition of these modes 

results in circumferential pressure gradients, which dictate 

the azimuthal propagation of the rotor vortices. Without 

purge flows, the hub region is dominated by the stator-rotor 

interaction, indicated by high amplitudes of the interaction 

modes. On the contrary, the tip region is dominated by the 

rotor mode, since it is driven by the UPVR and TLV.  

When ejecting purge flows, the rotor vortices and thus 

the rotor modes are significantly intensified due to the purge 

air entrainment. This results in an increase of the 

unsteadiness, represented by the RMS of the total pressure. 

Revealed by the modal decompositions, the key driver of the 

unsteadiness is shown to be the rotor mode, whose 

amplitudes increase over the entire span. The stator-rotor 

interaction modes hardly contribute to the unsteadiness. 

Moreover, the amplitudes of the stator-rotor interaction 

modes are reduced for the case with purge flows. As a 

consequence, the peak-to-peak variation of the static pressure 

is decreased and the azimuthal propagation of the traces of 

the rotor vortices are less modulated. Hence, the stator-rotor 

interaction is weakened due to the ejected purge air, which 

homogenize the unsteady pressure field downstream of the 

HPT rotor. In addition, the modal decomposition clearly 

detects the radial migration of the rotor vortices due to the 

purge flow ejection through the hub and tip cavities. 

Regarding aero-elasticity and aero-acoustics, the modal 

decomposition of the static pressure is particularly important. 

The presented mode amplitudes (and their corresponding 

phases) over the entire span can be directly used as an input 

for numerical investigations of the fluid-structure interaction 

(FSI). The prediction of the structural dynamics and blade 

forces in turbine stages can therefore be improved by 

determining the modal content of the unsteady aerodynamic 

flow fields. Based on the results of this paper, the reduction 

of the mode amplitudes of the static pressure due to the purge 

flow ejection implies a decrease of the induced periodic 

components of the blade forces compared to the zero-purge 

case. Consequently, this paper not only demonstrates the 

aerodynamic impact of hub and tip ejected purge flows on 

the flow field downstream of an engine-relevant HPT rotor, 

but also provides an outlook of the leverage of the modal 

decomposition in the assessment of the turbine aero-

elasticity. 

NOMENCLATURE 
#  Fourier coefficient 

0   blade number 

ℎ   harmonic index 

P   imaginary number 

9   integer 

�   azimuthal mode 

��    mass flow rate 

3   rotor speed 

?�   circumferential measurement points 

�Q   static pressure 

��    total pressure 

�   flow quantity 

R   radial coordinate 

�   time 

�   temperature 

:   vane number 

�    circumferential coordinate 

K   period 

S    inclination angle 

Ω   angular velocity 

Subscripts 
U   frequency 

N  nozzle 

R   radial 

R  rotor 

R%U   reference 

Superscripts 
V    time average 
W    phase average 
〈 〉   periodic 

′   stochastic 

Abbreviations 

ADP Aero Design Point 

BPF  Blade Passing Frequency 

BPP   Blade Passing Period 

FWD Forward 

HPT High Pressure Turbine 

LPV Lower Passage Vortex 

PFR  Purge Flow Rate 

RMS Root Mean Square 

TCF Turbine Center Frame 

TLV Tip Leakage Vortex 

UPV Upper Passage Vortex 
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