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EXPERIMENTAL FLOW AND PERFORMANCE INVESTIGATIONS 

OF CAVITY PURGE FLOWS IN A HIGH PRESSURE TURBINE 

STAGE 

J. E. Dahlqvist – J. Fridh 

Energy Department, KTH Royal Institute of Technology, Stockholm, Sweden, jdahlq@kth.se 

ABSTRACT 
A high pressure turbine stage has been investigated from the aspect of flow and performance 

impact associated with cavity purge. Performance is referred to as the operating parameters of 

the turbine, mainly based on the continuous output torque monitoring. The flow parameters 

were studied through measurements featuring temperature and pressure throughout the flow 

path, as well as in the cavity. Purge and main flow velocities were quantified in the vane exit 

section, and degree of sealing based on purge-amount correlations and pressure readings. Results 

were related to turbine efficiency based on a simple correlation, and also entropy generation. 

Change of operating point was found to have a significant effect on degree of sealing, while the 

change of efficiency was found to be linear with respect to relative purge rate and independent of 

operating point. 

NOMENCLATURE 
Symbol Description  Unit 

a Gap axial clearance  m 

b Hub radius  m 

C Chord  m 

c Absolute velocity  m/s 

G Gap clearance ratio a/b - 

Gs Seal clearance ratio s/b - 

M Mach number  - 

m Mass flow  kg/s 

q Mass flow ratio  mp/(mp+mg) - 

rmean Mean euler radius (reuler,LE+reuler,TE) /2 m 

S Pitch  m 

s Seal clearance  m 

    

γ Flow angle difference  deg 

κ Ratio of specific heats  - 

η Isentropic efficiency   

μ Dynamic viscosity  Pa s 

ν Isentropic velocity ratio rbΩ/√(2Δhs,g) - 

Π Static-static pressure ratio   - 

τ Torque  Nm 

Ω Rotor angular velocity  rad/s 
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Subscripts    

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

b Blade   

g Main flow   

is Isentropic process   

p Purge flow   

x Axial direction   

ϕ Tangential direction   

Abbreviations    

Cp Pressure coefficient  - 

cp Specific heat over constant pressure  J/kgK 

Cw Non-dimensional purge flow rate mp/μpb - 

EI Externally induced ingress   

Rex Axial Reynolds number ρ2gc2xb/μ2g - 

Reϕ Rotational Reynolds number ρpΩb
2
/μp - 

RI Rotationally induced ingress   

INTRODUCTION 
The optimization of secondary flows in turbomachines experiences increased relative importance. 

As turbine inlet temperatures are increased in search of increased efficiency, larger amounts of cooling 

flows are necessary. If the secondary flows are not properly optimized, the benefit of the increased 

operating temperatures is lost. One of these flows is the cavity purge flow, used in the gas turbine to 

establish a temperature boundary between the hot main annulus flow and the interior of the annulus and 

also to cool the rotor disc. This is essential to ensure safe turbine operation, since an elevated 

temperature in these sensitive areas would lead to failure. 

The purge is necessary in order to overcome or at least reduce the ingress of hot gas into the cavity. 

The driving force of ingress has previously been said to mainly be due to the so-called disc-pumping 

effect. This phenomenon occurs due to the centrifugal forces in the cavity boundary layers, where the 

rotor rotation gives rise to a radial outflow. This outflow (egress) is then balanced by an inflow 

(ingress) on the stator side. It has however been found that in the turbomachinery application, the main 

driving force of ingress is due to tangential pressure variations in the hub region of the main flow 

channel (Owen 2011; Owen, Zhou, et al. 2012; Owen, Pountney, et al. 2012). This form of ingress is 

referred to as externally induced ingress (EI), as contrary to the described rotationally induced ingress 

(RI).  

EXPERIMENTAL FACILITY 
The Test Turbine at the Energy Department at KTH  is an open-cycle test facility allowing 

investigation of turbine stages in a rotating environment, originally described by (Södergård et al. 

1989) and utilized through (Fridh 2012) among others. The rig operates at cold inlet conditions (30 °C - 

90 °C), with air supplied by a 1 MWe screw compressor. The flexibility of the rig allows for testing of 

up to 3 turbine stages, with a nominal air flow of 4.7 kg/s at 4 bara. The maximum speed of the rig is 

rated to 11,500 rpm. The maximum allowable stage tip diameter is 0.60 m, while the minimum 

allowable hub diameter is 0.28 m. The output power of the tested stages is measured through a torque 

meter featuring a torsional shaft, with the power dissipated through a water break which also is used for 
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speed regulation. Bearing loss is accounted for by suspension of the bearing housing itself in a 

hydrostatic bearing, and monitoring the corresponding torque through a load-cell. The supplied mass 

flows are determined through standard orifice flanges and calculated according to standard  

ISO 5167-1:Amd 1, both for the main and purge flow.  

For the current investigation a 1-stage configuration was used. A cross-section of the stage is shown 

in Figure 1, with geometrical parameters summarized in Table 1. Performance parameters are 

calculated through pressure measurement in the positions indicated 1a…3b, each consisting of 4 

distinct measurement points separated evenly around the circumference and logged through 

piezoresistive pressure scanners of appropriate ranges. Total inlet temperature is measured through 4 

evenly separated shielded thermocouple probes, each with 2 measurement positions with equal span 

separation upstream of the inlet bell-mouth, logged through voltage processors with built-in 

thermocouple compensation.  

 

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 [-] S/Cx 1.186 0.854 

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

 

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

through the cavity of constant width. At the hub region of the cavity a simple rim seal is protruding 

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

local measurement plane (2 in Figure 1a). Main flow impacts are hence primarily visible in the 

measurement section downstream of the rotor (3 in Figure 1a).   

Key measurements are performed in the cavity, namely static pressure and total temperature. The 

static pressure is measured through pressure taps, distributed to cover variations across both one stator 

pitch, as well as the radial pressure distribution between the shaft labyrinth seal and the hub rim seal. 

Figure 1b displays the position of the mentioned pressure taps used to evaluate seal and cavity 

parameters. Hub and cavity measurements are here illustrated in the same pitch, while physically being 

separated by 10 pitches. The top radius cavity measurement point is also displayed in (a), labeled 2x, 

placed at 96% of the hub radius. Hub measurements are in position 2a, 0.17Cx,vane downstream of vane 

trailing edge, and 0.058Cx,vane upstream of stator platform trailing edge.  

Total temperature is measured in the cavity through thermocouples with exposed tips protruding to 

the center of the cavity. A similar strategy is applied in placement as for the pressure taps, however at a 

more course resolution. The instrumentation of the test turbine for cavity purge investigations is 

described in greater detail by (Dahlqvist et al. 2014). 
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(a) (b) 

Figure 1: Cross-section (a) of the investigated stage, with indicated measurement locations 

and axial numbering indices. Axial view (b) of stator downstream wall, with circles indicating 

static pressure measurement points in cavity and on stator hub. 

EXPERIMENTAL PROCEDURE 
The stage design operating point was investigated, featuring low pressure ratio, and thereby low 

degree of reaction. An additional point, referred to as elevated, was also tested. This point is 

characterized by higher pressure ratio, and thereby higher degree of reaction. The higher stator exit 

velocity is compensated for by considerable increase in operating speed, reaching low rotor incidence 

and high efficiency. This point was selected to assimilate current high pressure gas turbine stages, 

while the design point is typical of a high pressure steam turbine stage. The design point is more 

heavily loaded, for an increased power output at a given rotational speed, resulting in slightly lower 

efficiency. Operating parameters of the two cases are summarized in Table 2. At each of the two 

operating points a series of purge flow rates were supplied and the effects studied. Also a series of 

operating speeds were investigated at the design pressure ratio. 

 

Table 2: Turbine operating parameters of main investigated operating points 

  Design Point Elevated Point 

Static-to-static pressure ratio [-] Π 1.23 2.07 

Isentropic velocity ratio [-] ν 0.47 0.60 

Rotational speed [rpm]  4,454 10,530 

Degree of Reaction [-]  0.08 0.17 

RESULTS 

Flow Velocity Quantification 

For the investigated cases, the cavity flow was found to be characterized by the regime of merged 

boundary layers from stator and rotor wall (Childs 2011). Due to the viscous boundary layer 

interaction, the average purge tangential velocity component was assumed to be half of the rotor 

peripheral velocity upon entry into the main flow. In the radial-axial plane, the purge velocity was 
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assumed the angle of the rim seal of 20° in positive radial direction from axial. While the tangential 

component of the purge is governed by the rotor speed as mentioned, the axial flow component is 

governed by the purge mass flow rate. As the purge flow rate is increased, the entry velocity is turned 

from being purely tangential in the case of zero purge, to a more axial entry.  

Calculated velocity triangle relations are displayed in Figure 2 for the two operating points, 

including two levels of purge in addition to the zero-purge case. The main flow velocities, based on 

vane metal exit angle, are shown for the zero-purge case. Connecting the absolute and relative velocity 

is the rotational speed, negative due to counter-clockwise rotation. The additional dashed line indicates 

the blade metal inlet angle in relation to the relative velocity. A negative incidence is seen in the 

elevated case. 

 

  
(a) (b) 

Figure 2: Main flow and purge flow velocity vectors of design point (a) and elevated point (b). 

 

At a certain amount of purge, the flow had an entry angle equal to that of the main flow. Upon 

further increase of purge, the added flow acted in under-turning the main flow, contributing to a 

negative rotor incidence in the hub region. Still, the entry angle was largely similar compared to the 

main flow angle for the investigated cases. The major effect instead came from the difference in 

velocity magnitude between main flow and purge, resulting in a low energy flow in the hub region and 

sheer losses associated with the mixing process (Denton 1993).  

Stage Performance Quantification 

In quantifying the stage performance, the total-to-static efficiency was used, where the isentropic 

expansion was based on the main flow. This was calculated through of upstream static temperature, 

static pressure and velocity, expanded to the downstream static pressure, as shown in Eq. [1] - [2].  
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A simple correlation was used in estimating the efficiency deficit associated with purge injection, 

according to [3], (Mamaev 2013). The simple equation relates the change of efficiency compared to the 

reference case of zero injection to the amount of purge and the main flow stream-wise Mach number. 

 Blade speed 

 Blade inlet angle  
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The correlation does not account for the effect of velocity angle and magnitude difference between the 

main and injected flow.  

In an attempt to reach a more fluid dynamically based correlation, the loss quantifications 

summarized by (Denton 1993) were applied to this case. Here, entropy generation is the main 

parameter used for loss quantification, which however can be recalculated to a change of efficiency 

with the knowledge of the isentropic enthalpy change and the corresponding temperature at which the 

entropy increase takes place. The entropy increase due to mixing of a main flow with a smaller flow 

can be summarized as Eq. [4], where only viscous entropy generation is regarded. Entropy generation 

due to flow mutual heat transfer does not affect turbine performance. 

Here,  represents the 3D angle between the flows. Relating the entropy increase to a change in 

efficiency, it is assumed to take place at constant pressure and constant temperature. The temperature is 

assumed as the vane static exit temperature. This leads to the efficiency impact shown in Eq. [5]. 
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The results of the two correlations together with the measured efficiency impact are displayed in 

Figure 3, normalized to the value of 1 at zero purge. For the design case (Figure 3a) the quantified 

expected absolute uncertainty is displayed as error bars. The largest contributing factor for the simple 

correlation was the mass flow measurement of the purge flow. While also being a significant factor for 

the entropy relation, here also the estimation of swirl ratio and the seal clearance had similar 

contributions to the uncertainty. It should be noted that the trials were performed together; hence a 

lower relative uncertainty is expected between the displayed points. For the elevated operating point, 

lower errors are expected due to more significant pressure and temperature drops through the rig.  

It can be seen that the simple correlation is deviating from the measured. It is also changing 

between under-predicting the loss in the design case, to over-predicting in the elevated case. The 

entropy relation on the other hand matches the trend of measured efficiency well, resulting in a RMSE-

value of 0.0053 in the design case, and 0.0020 in the elevated case. The corresponding values for the 

simple correlation are 0.0199 and 0.0143. 

For the design case a series of high purge rates are applied, showing that the entropy assumption is 

valid for all realistic purge flow rates. It is however consistently over-predicting the loss associated to 

purge. This is contrary to the expected, since the measured efficiency relates to all turbine losses 

associated with the purge injection, such as changed secondary flows and redistribution of mass flow 

within the rotor. The predicted loss on the other hand only relates to the entropy generation due to the 

viscous mixing. While the difference falls within the measurement margin of error, it can be concluded 

that the viscous mix is the main contributing factor to reduced turbine performance with respect to 

purge rate. 
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(a) (b) 

Figure 3: Total-to-static isentropic efficiency prediction compared to measured values for 

design point (a) and elevated point (b). 

Sealing Performance Quantification 

For both types of ingress RI and EI, correlations exist for quantifying the minimum amount of 

purge necessary to avoid ingress. The non-dimensional seal flow parameter Cw (Eq. [6]) was used for 

quantifying the purge rate, where the minimum amount necessary for a sealed cavity is defined as 

Cwmin. For RI, the well-known correlation by (Bayley & Owen 1970) is often referred to, (Eq. [7]). 

Cwmin,RI is here found to be completely governed by the cavity gap ratio and rotational Reynolds 

number. For EI, the corresponding parameter was found to be dependent on the hub static pressure 

variation and the main flow velocity (Phadke & Owen 1988) (Eq. [8] & [9]). It was however found that 

the measurement location on the hub, in relation to stator trailing edge and cavity exit is crucial. 

Pressure measurements should be correlated to seed gas measurements in order to obtain guidelines for 

a given turbine geometry. (Owen et al. 2014). Finding this specific point requires seed-gas 

investigations of the stage. Here, a general correlation was used, together with the available hub 

pressure taps.  

 

   
  

   
 [6] 
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 [9] 

 

Δpmax refers to the maximum tangential pressure difference on the hub. The value adopted for K 

was 0.6, by (Phadke & Owen 1988) found to predict seal performance for seal clearance ratios of 0.005 

to 0.02 and axial Reynolds numbers of up to 1.1*10
6
, however disregarding stage rotation. 
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Results of applying the correlations are shown in Table 3, in relation to the Cw-values of the 

investigated cases. It is seen that the purge rate necessary for sealing the cavity with respect to EI is 3 

times larger compared to RI for the design point and 4 times for the elevated case. Despite the large 

amounts of purge supplied at the high purge case, the correlations do not predict a complete seal of the 

cavity with respect to EI. 

 

Table 3: Purge flow parameters for the two investigated operating points at the corresponding 

purge flow rates. 

 Design Point Elevated Point 

Rex*10
5
 5.6 12 

Re*10
5
 9.4 9.5 9.6 23 24 24 

q 0% 1.4% 2.8% 0% 1.6% 2.9% 

Cw 0 7,800 15,200 0 17,600 32,500 

Cwmin,RI 6,300 15,600 

Cwmin,EI 19,500 58,900 

 

The variation of Cwmin according to these correlations was studied with respect to turbine operating 

speed (Figure 4). Cwmin,RI varied linearly with speed, since the only influenced parameter here was the 

rotational Reynolds number. Cwmin,EI was found to only vary 5%, within the investigated speeds, 

approaching a maxima close to the point of maximum efficiency. This trend originates from the 

variation of Δpmax. The statement that EI is the governing ingress mechanism holds true for the 

investigated cases, but for a speed approaching 13,000 rpm, the influence of both factors would be of 

similar magnitude. For this pressure ratio, such an operating speed would however be far from the 

design point of the investigated stage. 

 

  
(a) (b) 

Figure 4: Variation of Cwmin,RI (a) and Cwmin,EI (b) with respect to velocity ratio at the design 

pressure ratio. 

Sealing Pressures Analysis 

The effect of prominent EI could be seen in the variation of hub pressure along one pitch, compared 

to the corresponding cavity pressure below the rim seal. Here, a cavity pressure coefficient, Cpϕ, was 

used in analyzing the results, as defined in [10].  
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The reference pressure for both hub and cavity pressures was the average of the hub pressure 

readings. Shown in Figure 5, it can be seen that the increasing amount of purge raises the pressure level 

in the cavity, however not by far enough to reach the high static pressure in the vane wake. This is the 

region prone to ingress, where there is a negative pressure gradient from main annulus to cavity. To 

achieve a confident seal, the purge flow would need to be increased enough to consistently exceed the 

main annulus pressure. 

For the elevated point at zero purge, the cavity pressure was found to be lower than the main flow 

average, compared to the design case where the difference was zero. This was thought to be due to the 

suction effect the main flow caused as it passed over the radial clearance rim seal. The effect was 

prominent in the elevated case due to the high flow velocity. Here, as purge was introduced, the 

pressure difference approached zero but the cavity pressure did not increase above the hub average 

pressure as can be seen in the design case. 

 

 

 

 
(a) (b) 

Figure 5: Pressure variation over one pitch above (peak) and below rim seal, for design (a) 

and elevated (b) operating point. 

CONCLUDING REMARKS 
It has been shown that through the entropy quantification by (Denton 1993), an effective relation 

between stage efficiency change and purge rate can be developed. Required parameters in using the 

relation were upstream Mach number, main and purge flow velocities, purge rate, vane exit 

temperature and stage pressure ratio. With these parameters known or estimated, more exact loss 

quantifications could be made compared to the simple correlation only including Mach and purge rate. 

The general rule of thumb of 1% additional loss per 1% of additional purge mass flow has however 

show to also be a reasonable estimate of the impact of purge flow, for the investigated cases. 

In evaluating the pressure difference across the rim seal in relation to EI, it was found that the 

addition of purge flow does not increase the cavity pressure over the average hub pressure for the 

elevated case. Suction due to the high velocity main flow over the seal geometry was suspected to be 
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the reason of this lower pressure. Further investigation of the effect on sealing performance due to this 

phenomenon is proposed. 
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