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Abstract: The impact of the wheelspace cavity purge flow on a high-pressure axial low-reaction 

turbine stage is investigated. Both the flow's sealing ability and the performance impact associated 

with its injection are studied. Two operating speeds are tested, namely a high loading case and the 

peak efficiency, with purge flow rates covering a wide range. As the purge flow is injected 

upstream of the rotor, the sealing effectiveness is quantified both radially and tangentially close to 

the rim seal, where the tangential variation is used to identify the seal mixing region. Having 

passed the rotor blading, the purge flow distribution in the main annulus is quantified, showing an 

influence of operating speed. The purge flow core is localized to the trace of the vane wake, 

however somewhat migrated while passing through the blading. The combination of 

measurements shows that the impact on flow parameters cannot be used to determine the 

spanwise transport of the purge flow; hence two techniques are necessary to both judge the 

spanwise transport and impact on flow. With known sealing effectiveness, industry correlations 

may be adapted to make use of the variation of necessary purge rate to obtain a certain degree of 

effectiveness at a given operating point, and thereby optimize the efficiency. Also the distribution 

of the coolant in the main flow path may be used to optimize film cooling in that area.  

Keywords: turbomachinery; axial turbine; cavity purge; purge flow; wheelspace; rim seal; 

spanwise transport; radial transport; effectiveness 

 

1. Introduction 

The gas turbine secondary air system relies on air bled from the compressor at appropriate 

pressure level. The air is used for internal cooling and film cooling of geometries in the hot gas path 

as well as for balancing axial thrust loads. In addition, the air is used for purging cavities emerging 

between rotating and stationary parts. These cavities are otherwise prone to ingestion of hot gas, and 

the purge air has the function of restricting this ingestion. Structures surrounding the cavities are 

typically constructed of less exotic materials compared to materials used in the hot gas path, 

implying that a temperature boundary must be established in order to guarantee reliable operation.  

The cavity subject to investigation in this study is the wheelspace, forming between an 

upstream stator and downstream rotor under the hub level in the turbine. The purge flow used for 

the wheelspace travels radially through the cavity, passing a seal geometry at hub level before 

mixing with the main flow. The mixing between this low momentum flow with the high momentum 

vane outlet flow leads to significant performance impact which needs to be correctly predicted in 

design. Also, the necessary flow rate to ensure safe operating temperatures must be established. This 

optimization problem is of highest importance to realize the potential efficiency gains of increased 

turbine inlet temperatures.  
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Research on ingestion in gas turbines was reviewed by Scobie et al. [1], summarizing the 

current state of knowledge, and unifying previous research using the group's orifice equations. The 

majority of research is focused on cavities and operating points resulting in separate boundary 

layers on stator and rotor side of the cavity, as predicted by Daily and Nece [2], and this is also the 

most typical case in gas turbine applications. With separate boundary layers seal performance 

values are constant along radius on the stator side. Radial variation of seal performance has been 

seen however, such as in the works by Bohn et al. [3,4]. Studies on the efficiency impact of purge 

flow injection into the flow channel has been investigated experimentally by McLean et al. [5], Reid 

et al. [6] and de la Rosa [7] among others, as well as theoretically by Denton [8]. 

Rotor platform cooling through purge flow ejection from the rim seal has been studied at Texas 

A&M by Suryanarayanan et al. [9] as well as by Popović and Hodson [10], showing the cooling 

potential of the purge flow in the main annulus. The purge flow offers little to no cooling of the rotor 

platform, and is instead entrained into the secondary flow structure. Lindqvist et al. [11] performed 

work in the same test facility as the current study, however with a different test stage. The stage was 

comparable, but designed for a higher loading. Measurements and calculations show a similar 

tendency as [10], namely that the purge flow travels along span with the secondary vortex structure, 

and seems to continue in the spanwise direction after leaving the rotor tailing edge, with very little 

remaining on hub level. Recently, Scobie et al. [12] showed the radial transport of purge flow as it 

passes through the rotor, with a limited amount being re-ingested into the downstream cavity, 

independent of operating speed as long as flow coefficient is maintained constant. The 

pitch-component was not investigated in the study. 

Scobie et al. [13] studied the detail of the flow mixing in a rim seal, showing an impact of vane 

pitch position on the mixing, but independent of seal geometry and operating speed. Savov and 

Atkins [14] provided a model to describe the seal mixing region through turbulent transport, 

showing how the mixing region is blown out of the rim seal at high purge.  

In the current paper, the seal performance of the wheelspace cavity upstream of the rotor is 

investigated with respect to varying purge rates at two different operating speeds of a rotating test 

turbine rig. The cavity flow of the turbine is expected to be in the regime of mixed boundary layers. 

The focus of the paper is concentration measurements in the seal, indicating the mixing between 

ingress and egress flows. Detailed seedgas traverses are performed downstream of the rotor to 

visualize both span and pitch-distribution of purge flow after passing the rotor. Seedgas traverses 

are related to traditional pneumatic probe traverses at two common operating points, relating flow 

features to purge flow concentration. The interaction between purge flow concentration and flow 

characteristics with respect to operating speed has to the authors' knowledge not been investigated 

previously.  

2. Literature Review 

Sealing performance may be quantified as described by [1], where a 1D orifice model is the base 

for characterizing the behavior of the seal effectiveness for varying amounts of purge flow. The 

model assumes the flow as schematically shown in Figure 1a. Due to the rotating boundary layer on 

rotor side, centrifugal forces act on the flow, producing a radial out-flow. This is hence countered by 

flow in the inward radial direction on the stator side to satisfy continuity. Radial flow is 

concentrated to the boundary layers, while an inviscid rotating core develops in the center, where 

flow travels from the stator boundary layer axially, feeding the radially growing rotor boundary 

layer. The velocity distribution in the cavity is exemplified by showing the typical axial variation of 

each velocity component. The inviscid core may be identified by the plateau of tangential velocity 

and zero radial velocity, axially in the center of the cavity. It should be emphasized that the relation 

between the components is not to scale, and the relation is: vθ>vr>vx, where the axial velocity is 

typically several orders of magnitude lower than the tangential velocity.  

An added purge flow at low radius is entrained into the rotor boundary layer, and hence has 

the largest cooling potential on this side. This characteristic is termed the ‘rotor buffering effect’, and 

investigated by Mear et al. [15]. Along the rotor, flow is gradually mixed out with the axial flow from 
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the stator side. At the top location, mixing with the main annulus flow takes place. The main driving 

mechanism for this in gas turbines is the pitchwise pressure variation in the main flow. The mixed 

flow travels down on the stator side, and hence features a constant concentration radially, since no 

flow is added to the boundary layer as it travels inward. Net egress, out of the rim seal, occurs to 

satisfy continuity, when purge flow is added.  

The geometry in the current investigation features a narrow cavity as shown in Figure 1b. Due 

to the narrow cavity, the distinct regions do not develop, but instead a gradient of tangential velocity 

is present though the entire axial distance, and the radial velocity only passes through zero when 

transitioning from radial inflow on the stator to outflow on the rotor. 

The seal flow parameter Φ is used to non-dimensionalize both added purge flow and ingress of 

main flow, defined as in Eq. (1). The implication of the parameter is a ratio between the average 

radial flow velocity through the seal and the disc peripheral velocity. 

 

 
Φ =

𝐶𝑤
2𝜋𝐺𝑠𝑅𝑒𝜃

 (1) 

 

  

 

            (a) 

 

       (b) 

Figure 1. Flow structure of rotor-stator cavity with separate (a) and merged (b) boundary layers 

With the included parameters defined as in the nomenclature, the subscript 0 is used to define 

the superposed purge flow rate, while the ingested flow from the main annulus is denoted with i. 

With this, the effectiveness (ε) is defined as shown in Eq. (2). 

 

 
𝜀 =

Φ0

Φ𝑖 +Φ0

 (2) 

 

Hence, an effectiveness of unity indicates that no flow from the main annulus is present. The 

orifice model allows for derivation of the effectiveness equations to calculate the minimum amount 

of purge flow rate necessary to suppress rotationally induced ingestion (RI) or externally induced 

ingestion (EI), where RI is derived to the swirl ratio of the cavity flow and EI is due to the mentioned 
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tangential pressure variation in the main flow. Experimentally, the performance of a given rim seal 

is commonly evaluated through concentration measurements. In this way, the effectiveness may be 

defined as in Eq. (3). 

 

 𝜀c =
𝑐 − 𝑐𝑔

𝑐0 − 𝑐𝑔
 (3) 

 

Here, the effectiveness is given by the seedgas concentration at the measurement location, in 

relation to the purge flow inlet (subscript 0) and main annulus inlet (subscript g) concentration 

respectively. The equation is used throughout this study, where the effectiveness may be defined 

both in cavity and in the main annulus.  

3. Materials and Methods 

Investigations are centered to the Test Turbine at the Energy Department at KTH, serving the 

foundation for all acquired results in the study. This section describes the facility, instrumentation 

and investigated operating points. 

3.1. Experimental Facility 

The Test Turbine is an open-cycle test facility allowing investigation of rotating turbine stages, 

originally described by Södergård et al. [16] and utilized through Fridh [17] among others. Seal 

effectiveness investigations were initiated by Dahlqvist et al. [18], evaluating the orifice equations. 

However, a majority of operating points featured a leakage through the rotor disc, beneath the 

blading, which is not present in the current investigation.  

Main points and changes on the facility are mentioned here for convenience. The rig operates 

with air supplied by a 1 MWel screw compressor, cooled to a desired fixed turbine inlet temperature. 

The supplied air massflows are determined through standard orifice flanges, both for the main and 

purge flow, with both flow streams originating from the same compressor and air cooling 

equipment.  

The flexibility of the rig allows for testing of up to 3 turbine stages, with a maximum nominal 

air flow of 4.7 kg/s at 4 barabs. The maximum speed of the rig is rated to 12500 rpm. The output power 

of the tested stages is measured through a torque meter featuring a torsional shaft, with the power 

dissipated through a speed regulating water break. Bearing loss is accounted for by suspension of 

the main bearing housing itself in a hydrostatic bearing and measurement of the bearing torque 

through a calibrated load-cell. For the current investigation, a 1-stage configuration is used. A 

cross-section of the stage is shown in Figure 2, with geometrical parameters summarized in Table 1. 

The stage features constant hub radius, axisymmetric casing endwall contouring through the stator, 

and a 15° hade angle of rotor shroud.  

The purge flow is supplied through the lower labyrinth seal at the rotating shaft, and travels 

radially through the cavity of constant width upstream of the rotor. Key parameters describing the 

cavity are the gap and seal clearance ratio (G and Gs respectively). The parameters are based on the 

cavity width (a) seal clearance (s), shown in Figure 2, and their ratio to the hub radius (b), as 

summarized in Table 1. At the hub region of the cavity a simple chute seal is protruding from the 

stator side. The purge flow enters the main flow between stator and rotor, downstream of the local 

measurement plane 2 in Figure 2. The outlet flow condition is evaluated at measurement section 4, 

located 1.74Cx,rotor downstream of rotor trailing edge. 
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Figure 2. Cross-section of the investigated stage with indicated 

measurement points and detail of the seal 

Figure 3. Cavity 

measurement 

points distribution 

on stator wall and 

hub 

 

Table 1. Geometrical parameters of the investigated stage 

Hub radius [m] b 0.1775   

Gap clearance ratio [-] G 0.023   

Seal clearance ratio [-] Gs 0.011   

  Stator Rotor 

Number of blades [-] 
 

42 58 

Mean Euler radius [m] rmean 0.191 0.194 

Tip-to-hub ratio [-] (rtip/rhub)TE 1.149 1.192 

Pitch-to-chord ratio [-] SEuler/Cx 1.186 0.854 

Aspect ratio  [-] (rtip-rhub)TE/Cx 1.100 1.386 

 

3.2. Instrumentation 

3.2.1. Fixed Instrumentation 

The instrumentation utilized in this investigation includes pressure measurements taken in the 

positions indicated 1, 2 and 4 (hub and casing) (Figure 2), and total inlet temperature measured 

through fixed probes upstream of the inlet bell-mouth. These measurements in combination with 

supplied massflows, output torque and operating speed are used to determine the turbine operating 

point and efficiency. The instrumentation setup to determine these key operating parameters is 

referred to as the fixed instrumentation. The fixed instrumentation is sampled at a frequency of 0.5 

Hz, and one measurement point average is taken over 60 seconds once stable operation is achieved.  

3.2.2. Traverse Measurements 

As opposed to the fixed instrumentation, also traversable probes are utilized in order to obtain 

area resolved measurements in key locations. Traverse measurements presented here are focused to 

section 3, where the impact of the purge injection is visualized. Here, the traditional pneumatic 

probe traverses are used to quantify the flow field in terms of area resolved velocity and pressure. 

This is combined with seedgas sampling traverse, allowing quantifying of the area distribution of 

the purge flow. 
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Pneumatic 5-hole miniature conical probes with tip diameter of 1.6 mm were used in traversing 

the flow channel at measurement plane 3, 0.41Cx,rotor downstream of rotor trailing edge, showing the 

impact of purge injection on the flow field. 30 radial traverse points were used to cover 94% span, 

with increased point density in the endwall regions.  Tangential position is covered by turning of 

the complete stator with a stepper motor. One complete stator vane pitch is covered in the tangential 

direction with 29 points, evenly distributed. The probe also features a thermocouple, for 

measurement of the spatial total temperature variation. In the probe calibration routine, the 

thermocouple recovery factor with respect to flow angle and velocity is included.  Pressure 

scanners with a full-scale accuracy of ±0.08% are used, corresponding to averaged flow angle 

accuracy within ±2°. The pneumatic probe traverse routine is described and utilized to a greater 

extent by Dahlqvist et al. [19].  

Area traverses with seedgas sampling in the main flow channel are performed with a simple 

probe of a Ø1.3 mm outer diameter tube directed into the flow. Each traverse consists of 22 by 15 

measurement points, with increased point density in the hub region. The traverse area covers 95% 

span and one vane pitch in section 3 and 4, located 0.41 and 1.74 Cx,rotor downstream of rotor trailing 

edge respectively. Measurements in section 3 are presented here, aligning with the measurement 

plane for pneumatic probe traverse.  

3.2.3. Seedgas Measurements 

This investigation includes concentration measurements in the cavity and main flow channel. A 

determined quantity of carbon dioxide (CO2) is supplied to the purge flow, measured by a thermal 

massflow controller. A mass fraction of 1% CO2 in the injected purge flow is the target value while 

sampling in the cavity. During seedgas measurements in the main flow channel, the target inlet 

concentration of seedgas is 0.1% of the main massflow, regardless of the purge flow rate. The total 

purge massflow consists of the combination of the air from the compressor and the CO2 seeding.  

The CO2-concentration of the sampled gas is measured with an infrared gas analyzer of 1% 

full-scale accuracy, with measurement range set to 0 to 1%vol of CO2. Concentration measurements 

are taken upstream of the shaft labyrinth seal in order to obtain a reference value of the injected 

purge flow seedgas concentration.  At the lowest radial position inside the cavity, four 

circumferentially distributed measurement locations are used to confirm that the seedgas is 

thoroughly mixed with the injected purge flow.  

Sampling of the gas is done at fixed locations in the cavity, utilizing the taps for pressure 

measurement. The taps are distributed to cover variations across both one vane pitch, as well as the 

radial distribution between the shaft labyrinth seal and the hub rim seal on the stator side of the 

cavity. The tap placements are shown in Figure 3, where the radial variation is resolved in 5 points 

from 59.2% to 95.9% of hub radius. The pitchwise variation is resolved at the highest location 

through 5 evenly distributed taps, labeled 2x in Figure 2. In position 4a according to Figure 2, four 

circumferentially distributed positions are used to quantify the amount of purge flow on the hub 

downstream of the rotor.  

During seedgas traverse, the sampling probe is guided through the traverse grid, waiting for 20 

seconds to obtain a stable reading at each location before taking an average consisting of 3 

measurement points. When measuring in the fixed locations, the sampling is included in the 

measurements of all the fixed instrumentation, and one point hence consists of 30 values taken over 

60 seconds. 

3.3. Experimental Procedure 

The stage design pressure ratio of 1.23 static-to-static is investigated, featuring low degree of 

reaction. At this pressure ratio, two operating speeds are investigated, defined through the 

non-dimensional isentropic velocity ratio ν as defined in the nomenclature. These are 

peak-efficiency, obtained at a νtot-stat of 0.55, and νtot-stat 0.43 offering a 2% lower isentropic efficiency at 

higher loading, however close to the stage design point. At each of these speeds, five levels of purge 

(q of 0.5% to 5%, purge massflow to total massflow) are applied consecutively. The operating point 
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and performance is established through the fixed instrumentation, and seedgas is sampled in the 

fixed locations in cavity and on the hub downstream of the rotor at each level of purge flow.   

In addition to this, the flow field is investigated in detail through pneumatic probe traverse at 

0%, 1% and 2% purge. Seedgas traverse in the outlet is performed at 1% and 5% purge rate. Hence, 

the 1% purge point coincides for the techniques and allows qualitative comparison at the two 

operating speeds. The investigated points are summarized in Table 2, including stage loading, flow 

coefficient and degree of reaction for the zero-purge case.  

Table 2: Summary of investigated operating points 

νtot-stat N (rpm) ϕ ψ p q 

0.43 4020 0.579 4.34 0.140 0% to 5% 

0.55 5140 0.446 2.76 0.205 0% to 5% 

 

Stage performance is evaluated combining fixed instrumentation in the test section, massflow 

measurements and the shaft and bearing-loss torque. The efficiency calculation is done according to 

Eq. (4), with the isentropic part defined as in Eq. (5). 

 

 

𝜂𝑡𝑜𝑡−𝑠𝑡𝑎𝑡 =

Ω
𝜏𝑠ℎ𝑎𝑓𝑡 + 𝜏𝑏𝑒𝑎𝑟𝑖𝑛𝑔

𝑚𝑔 +𝑚𝑝

Δℎ𝑖𝑠,𝑔
 (4) 

 

 
Δℎ𝑖𝑠,𝑔 = 𝑐𝑝𝑇01 (1 − (

𝑝4
𝑝01

)

𝜅−1
𝜅
) (5) 

 

4. Results 

4.1. Seal Effectiveness Variation 

The effectiveness is studied in the cavity according to Eq. (3). The radial effectiveness variation 

is displayed in Figure 4, for the two operating speeds, each at 5 distinct levels of purge flow. The 

portrait to the right shows the measurement points location in the cavity. The lowest radius 

measurement at 59.2% of hub radius consists of 4 circumferentially distributed points and the 

average of these measurements. Since a certain circumferential ε-variation may be detected in this 

location, it may also be used to quantify an uncertainty in the measurements of ±3% (2σ). Due to the 

uncertainty, a discrepancy is seen among the high effectiveness values at low radius positions, 

where the anticipated trend of increased effectiveness for increased purge flow rate is lost. At the top 

location the trend is clear, with effectiveness increasing with purge rate.  

A certain degree of radial variation is present, prominent for high speed and low purge rates, 

while at the low operating speed, a stable high effectiveness is obtained through the majority of the 

cavity, except for the lowest purge rate and at the top radius position. The narrow gap clearance (G) 

of the stage is predicted to cause the flow regime of merged turbulent boundary layers, where 

typical larger cavities display effectiveness invariant of radius, an effectiveness gradient is seen here 

along the stator wall in the low purge and high speed cases. This means that the buffering effect on 

the rotor is instead shared between both stator and rotor, since there is a mutual fluid exchange 

between the two boundary layers along the radius. The large gradient between the two top locations 

indicates that a significant amount of the ingress is ejected after only having passed the top position, 

never reaching the subsequent one. 
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Figure 4. Radial effectiveness variation for varying purge rates at operating speed νtot-stat 0.43 (a), 

νtot-stat 0.55 (b) 

At the top radius, the pitchwise ε-variation across one vane pitch is measured. This is shown in 

Figure 5, where the absolute effectiveness relative to the average value at each purge rate is 

displayed. A perfect periodic curve is not achieved over one pitch. Since the curves are consistent, 

this is thought to be due to geometrical imperfections as opposed to measurement error.  

A pitchwise variation of effectiveness at the top radius measurement location leads to the 

conclusion that this measurement is in fact positioned in the mixing region between ingress and 

egress. This means that the measurement should not be used to judge the sealing of the cavity in the 

traditional sense. A mixing will take place in this area despite the remainder of the cavity being 

sealed from ingress. Instead, with the domain of merged boundary layers, an effectiveness invariant 

with radius may be used to judge the cavity as sealed.  Sealing of the cavity is with this approach 

obtained at 1% purge flow for νtot-stat 0.43 and at 1.5% purge flow for νtot-stat 0.55. The reason that an 

effectiveness of unity is not achieved may be due to measurement uncertainty, where the purge inlet 

concentration c0 may not be measured simultaneously as the point of investigation c. 

The absolute effectiveness variation in the mixing region is increasing with operating speed, 

and worth noting is that the most significant variation is found at an intermediate purge rate. For 

both operating speeds, purge rates resulting in an average effectiveness around 50% give the largest 

absolute tangential pitchwise variation of effectiveness. This is visualized in Figure 6, displaying the 

peak-to-trough amplitude of effectiveness from Figure 5 with respect to the average ε-value. The 

average effectiveness of 50% indicates equal quantities of ingress and egress in the mixing region, 

and therefore the largest amplitude. As purge is increased, the mixing region is pushed out of the 

seal. At low purge rates the ingress is dominant, and for this reason the pitchwise variation is less. 
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Figure 5. Tangential effectiveness variation for varying purge rates at operating speed νtot-stat 0.43 (a), 

νtot-stat 0.55 (b) 

 

 

Figure 6. Variation of pitchwise Δε with respect to average effectiveness at top location in cavity for 

varying purge rates and operating speed νtot-stat 0.43 (circles), νtot-stat 0.55 (diamonds) 

4.2. Efficiency Penalty Relative to Effectiveness 

In order to quantify the impact of the investigated purge rates on the turbine efficiency, the top 

radius average effectiveness for a given purge rate (q) is displayed together with corresponding 

efficiency impact normalized to the zero-purge case (Δηtot-stat) as quantified in Eq. (4), in Figure 7. The 

linear fit of the efficiency gives a 1.16%-point drop of efficiency for every 1% of purge flow, showing 

little influence of operating speed. The seal effectiveness is seen to increase non-linearly. To avoid 

ingestion in the high radius location a purge rate between 2% and 5% is necessary. The effectiveness 
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not reaching a value unity at 5% purge is most probably due to limitations in the measurement 

setup. At the intermediate purge rates, a certain discrepancy is seen between the operating speeds, 

where a higher purge rate is necessary to obtain the same degree of sealing for νtot-stat 0.55 as 

compared to νtot-stat 0.43. The difference is however at most a Δq of 0.4%-points. Similarly, the degree 

of sealing for a given purge rate may vary up to a Δε of 13%-points.  

Seedgas sampling is also performed on the hub in measurement section 4, downstream of the 

rotor, through the average of 4 circumferential points, displayed in Figure 8. An effectiveness value 

is quantified in this location according to Eq. (3), giving an indication of the concentration of purge 

flow on the hub. In general low values of effectiveness are seen. A tendency of higher hub 

effectiveness is seen for the low speed case, where for the low purge points about double the 

quantity of purge compared to the mixed out state is seen on the hub. At higher operating speed, 

and purge flow rates, the slope of the curve decreases, indicating a reduced portion of purge flow 

remaining on the hub, despite the increasing absolute value. This information may be used to 

optimize platform film cooling, but the purge flow may not replace it. 

 

 

Figure 7. Seal effectiveness and normalized efficiency, for νtot-stat 0.43 (circles) and νtot-stat 0.55 
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Figure 8. Hub Effectiveness and normalized efficiency for νtot-stat 0.43 (circles) and νtot-stat 0.55 

(diamonds) 

4.3. Traverse Results 

To further visualize the distribution of purge flow in the main annulus downstream of the 

rotor, area traverses were performed with seedgas sampling. The measurements are calculated to 

effectiveness values, using Eq. (3), shown in Figure 9a, and hence shows the distribution of the purge 
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Figure 9. Seedgas sampling through area traverse (a) in the main annulus section 3, for the operating 

point of 1% purge rate at the velocity ratio of νtot-stat 0.55, compared to pneumatic probe traverse 

displaying Mach number (b) and relative flow angle (c) 

Figure 10 shows the radially averaged effectiveness results of the investigated operating points, 

where the result of Figure 9a is shown as the blue line of Figure 10b. A maximum purge 

concentration is seen at 20% span, while at the corresponding purge flow at the lower operating 

speed, νtot-stat 0.43, the maximum is maintained at hub level. Also for the high purge rates, the lower 

operating speed displays a lower spanwise penetration of the purge (35% span compared to 50% 

span). The reason for this is explained by the how the degree of reaction p and thereby the vane exit 

velocity is affected by the operating speed, where higher operating speed gives higher p and lower 

vane exit velocity. The higher main flow momentum compared to the purge flow works to maintain 

the purge flow on hub level to a larger degree. As purge is increased it becomes a major contributor 

to the secondary loss structures by thickening the inlet boundary layer. With the thicker boundary 

layer, the purge flow is transported further spanwise as part of the increased secondary vortex 

structure.  

Due to the limited radial mixing, similar hub values for the operating points may be found in 

Figure 8, despite being measured further downstream. The lower presence of purge flow on the hub 

at higher operating speed seen in Figure 8 is now explained by an increased radial transport. Also 

the decreasing share on the hub with increasing purge rate is explained by an increased radial 

transport, where the maximum is shifted far spanwise.  
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 Figure 10: Spanwise effectiveness variation in the main annulus section 3, for the operating point 

νtot-stat 0.43 (a) and νtot-stat 0.55 (b) 

Figure 11 displays the impact of purge flow on Mach number and flow angle, by comparing the 

radial profile of the parameters for the purge case with the non-purge case. Radial averages are 

produced based on area traverses as those displayed in Figure 9b & c. Measurements were 

performed at 0%, 1% and 2% purge flow, and the deviation from the non-purge case is displayed. 

The 1% purge operating point coincides with the performed seedgas measurements, while the 

subsequent 2% point may be used mainly to judge the tendency.  

The impact on Mach number is largely a mirror of the impact on flow angle for the investigated 

cases. Just as for the seedgas measurements, the affected area tends to mitigate to higher span as the 

purge flow is increased. However, the location of maximum impact on investigated flow parameters 

does not coincide with the maximum of purge concentration for the comparable operating points. In 

fact, for 1% purge flow at νtot-stat 0.55, the impact on Mach number and flow angle experiences local 

minimum in the region of highest purge concentration, around 20% span. This indicates that the 

purge flow has a more indirect impact on the flow features. The reason that a maximum impact on 

flow parameters is seen radially above the maximum purge concentration may be because the shear 

mixing between the two flows has a major role in the impact on flow parameters. This would explain 

that the impact is seen radially higher, at the boundary between the two flows, instead of in the 

purge flow core. At high span, absent of purge flow, opposite impact on flow angle and Mach 

number is seen. This is due to the increased massflow, resulting in higher velocities and thereby 

under-turning to accommodate for the increased volume of flow passing through the rotor.  
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Figure 11: Spanwise absolute deviation from zero-purge case in outlet Mach number (left), 

outlet relative flow angle (right) for investigated speeds of νtot-stat 0.43 and 0.55 (from top to 

bottom) 

5. Discussion 

A turbine stage with its associated wheelspace between stator and rotor has been investigated 

through seal effectiveness, efficiency, outlet flow field and outlet purge flow distribution and how 

the parameters are affected by various levels of purge flow at two distinct operating speeds. The 

interface between the narrow wheelspace and the main flow channel consists of a chute seal. In 

combination with the quantification of the radial effectiveness variation, where merged boundary 

layers are established, the tangential effectiveness variation is measured. A considerable variation is 

present, indicating that the measurement location is in the mixing region of ingress and egress. The 

largest tangential effectiveness variation is seen when the average effectiveness is around 50%, 

meaning equal quantities of purge flow and main annulus flow present. As the purge rate is 

increased further, the mixing region is expected to leave the seal geometry entirely as also proposed 

by Savov et al. [14], hence explaining the drastically reduced variation amplitude. At low purge 

rates, ingress is dominating the region reducing the pitchwise variation in the other extreme. The 

mixing region has not been known to be detected in this manner previously. 

The hub effectiveness is quantified in a downstream location, where the low speed, high 

loading, operating point is found to result in a larger portion of the purge flow remaining on the hub 

level. The behavior is explained by studying the radial distribution of the purge flow, which shifts to 

higher span locations at the higher operating speed. Vane outlet velocity is believed to have a 

significant role in determining the spanwise penetration of the purge flow while passing through the 

rotor. A high vane exit velocity works to maintain the purge flow at hub level. The results do not 

coincide with Lindqvist et al. [11], which on the contrary show increased spanwise transport for 

lower operating speed. This may be due to the stage of investigation being designed for the higher 

speed. The lower speed results in separation on the blade suction side in addition to the increased 

secondary flow associated with the increased turning. This combination leads to an increased 

spanwise penetration of purge, and shows that not only the vane exit velocity is the governing 

factor.  

Through comparison of area resolved flow parameters with the area resolved purge flow 

distribution downstream of the rotor, it is found that the core of the purge flow is, as anticipated, 

localized in the remnants of the vane wake loss structure. Interestingly, the core is positioned toward 

the pressure side of the loss structure. While the flow passes through the rotor, with its blading 

turned in the opposite direction compared to the stator, the rotor inlet boundary layer experiences 

endwall crossflow from pressure side to suction side. This causes a migration of the purge flow 

toward lower pitch positions as it passes through the rotor. This suggests that the purge flow mainly 

leaves the seal in the low pressure vane wake, migrating somewhat while passing through the rotor. 
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The concentration measurements are steady measurements, taken in a highly unsteady 

environment. Further details may be revealed through unsteady investigations. However, if the 

cooling potential of the purge flow in the stationary frame is to be evaluated, the rapid fluctuations 

may not have any significant impact due to the thermal inertia of the geometries. It may however be 

of interest to determine the purge flow distribution in the rotating frame through the rotor to 

evaluate the crossflow among other topics.   

Based on the current investigation, a combination of pneumatic probe traverse and seedgas 

traverse seems necessary to determine the combined impact of purge flow on the main flow path. 

Seedgas sampling allows quantifying the distribution of purge flow and its cooling potential, while 

pneumatic probe traverse is necessary to determine the impact on flow velocity and angle. The 

impact on flow parameters cannot be used directly to determine the spanwise location of the purge 

flow downstream of the rotor. 

6. Nomenclature 

 

Symbol Description 
 

Unit 

a Gap axial clearance 
 

m 

b Hub radius 
 

m 

C Chord 
 

m 

Cw 
Non-dimensional purge flow 

rate 
mp/μpb - 

c Mass concentration of CO2  - 

G Gap clearance ratio a/b - 

Gs Seal clearance ratio s/b - 

m Massflow 
 

kg/s 

q Massflow ratio mp/(mp+mg) - 

rmean Mean Euler radius (rEuler LE+rEuler TE)/2 m 

SEuler Pitch (blade spacing at mean Euler radius) m 

s Seal clearance 
 

m 

v Absolute velocity  m/s 

ε Effectiveness   

κ Ratio of specific heats  - 

p Pressure based degree of reaction - 

η Isentropic efficiency 
 

- 

μ Dynamic viscosity 
 

Pa s 

ν Isentropic velocity ratio Ωrmean/√(2Δhis,g) - 

τ Torque 
 

Nm 

ϕ Flow coefficient v2x/(Ωb) - 

ψ Stage loading coefficient 2Δhtot/(Ωrmean)2 - 

Ω Rotor angular velocity 
 

rad/s 

Subscripts 
  

0 Purge inlet condition to cavity 
 

1,2,3,4 Vane inlet, outlet and blade outlet condition 
 

g Main inlet flow 
  

is Isentropic process 
  

i Ingested flow 
  

p Purge flow state at rim seal exit 
 

stat Static condition   

tot,0 Total condition   

x Axial direction 
  

θ Tangential direction 
  

Abbreviations 
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cp Specific heat through constant pressure J/kgK 

Rex Axial Reynolds number ρ2gv2xb/μ2g - 

Reθ Rotational Reynolds number ρpΩb2/μp - 
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