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Abstract

This paper presents an investigation of the aerodynamic influence of rim
seal purge flow injection on the main flow in a 1.5-stage turbine with
non-axisymmetric end walls and a bowed stator using experimental flow
measurements and unsteady RANS simulations. The study focuses on the
secondary vortex structures formed in the rotor passages of the 1.5-stage
axial turbine rig. Through performance map measurements, it was found
that the efficiency gain of the non-axisymmetric configuration is partially
eliminated by the injection of purge flow. Numerical investigations, which
are supported by detailed flow measurements with five-hole probes and
hot-wire probes, revealed that the injection of purge air flow intensifies
vortex structures near the hub, thereby generating additional losses. These
resulting vortex structures are highly similar both in the axisymmetric base-
line and the non-axisymmetric configuration and are the result of jet-like
vortices emerging from the cavity. From these findings, it can be concluded
that the non-axisymmetric contour and the bowed stator no longer pro-
vides any efficiency benefit near the hub. Only the near the casing, where
the flow is not affected by the purge flow, the optimized configuration con-
tinues to improve the efficiency of the rig by homogenizing the stator
outflow and thus reducing the secondary flow structures in the rotor
passages.

Introduction

Due to the ever-increasing demand for more fuel-efficient gas turbines,
intensive research efforts have gone into the design of three-dimensional
turbine end walls to reduce loss-inducing secondary flow structures
inside the turbine passages. First proposed by Hausammann (1959), this
idea received little attention until Rose (1994) published a numerically
optimized end wall contour (EWC) which was capable of reducing pres-
sure fluctuations downstream of the turbine guide vane by 70%. An
optimization with similar geometric constraints was published by Yan
et al. (1999). Even though experimental tests showed only a 19%
decrease in secondary flow loss compared to a 40% reduction predicted
by numerical simulations, the predicted mechanisms of the end wall
contouring could be confirmed. Based on a linear design system, Harvey
et al. (1999) conducted the first systematic end wall optimization which
had the goal of improving the static pressure distribution on the end
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wall and the outlet flow angles. Hartland et al. (1999) subsequently verified these designs experimentally in the
Durham Cascade. This optimized design reduced the cross-channel pressure gradient especially in the frontal
region, leading to a reduction of the intensity and radial extent of the passage vortex. An example of one of
the earlier high-pressure axial turbine end wall optimizations is the study published by Brennan et al. (2003),
in which the authors predicted an efficiency increase of 0.4%. The subsequent experimental validation (Rose
et al.,, 2001) showed that the actual improvement of 0.59% even exceeded the numerical predictions. This
efficiency improvement was achieved by weakening the secondary flows. Their general structure, however, did
not change significantly. Further optimizations of this configuration were carried out by Lott et al. (2009),
who incorporated the reduction of gas ingress into the rotor-stator cavity in the optimization process. For this
purpose, the cavity seal was included in the computational domain. Other optimized turbine configurations
were published by, among others, Harvey et al. (2002), Snedden et al. (2010), and Germain et al. (2010). At
the Institute of Jet Propulsion and Turbomachinery (IST) at RWTH Aachen University, Poehler et al. (2015)
optimized the efficiency of the axial 1.5-stage turbine test rig by applying an end wall contouring for the first
stator and rotor. This end wall optimization was combined with a bowed first stator. Experimental validations
by Niewoehner et al. (2015) showed that these design choices helped improve the efficiency of the rig by
0.59%.

Another measure to increase the efficiency of gas turbines is to increase the turbine inlet temperature.
However, this leads to higher stresses on the components, which is why measures must be taken to
protect them from hot gases. One such measure is the injection of purge air through the cavity between
the stator and rotor. This prevents hot gas from entering the cavity and so protects the rotor disk.
However, the mixing process between purge air and main flow generates entropy and thus reduces the effi-
ciency of the turbine (Denton, 1993). A relationship between purge air mass flow and loss of efficiency
was established by McLean et al. (2001a,b). Hunter and Manwaring (2000) found that the dominant
reason for the purge-air-induced losses is the lower circumferential velocity of the purge air compared to
the main flow. Building on this, Ong et al. (2012) demonstrated that the losses could be reduced by
increasing the purge flow’s circumferential velocity. This approach, however, resulted in a decreased sealing
of the cavity. A study by Reid et al. (2006) came to similar conclusions. Experimental investigations of the
trajectory of the purge flow inside the rotor passage by Schiipbach et al. (2010) and Jenny et al. (2013)
demonstrated that the purge flow interacted strongly with the channel vortex and, among other things,
increased its size and intensity.

Several research groups have experimentally investigated the influence of purge air on the performance of
turbine configurations with non-axisymmetric end walls. A comparison of two different EWC configurations
by Schiipbach et al. (2011) showed large differences in the effects of purge flow on the efficiency between
the two configurations. The first EWC configuration suffered an efficiency drop of 1.2% per injected mass
flow percent. The second EWC configuration exhibited an efficiency drop of 0.7% per injected mass flow
percent, which was similar to the behavior of a reference configuration with cylindrical end walls. The
authors attributed the different sensitivities to differing pressure fields at the exit of the cavity leading to
locally different injection rates and thus changed the vorticity in the main flow. Nevertheless, both configura-
tions overall had a higher efficiency under the influence of purge flow than the baseline configuration with
cylindrical end walls. In contrast to this, the EWC configuration investigated by Regina et al. (2014) could
not provide any efficiency gain relative to the baseline configuration when a purge air mass flow of 0.8% of
the main mass flow was injected. At 1.2% injection rate, the EWC configuration performed worse than the
baseline configuration. Given the fact that EWC configuration reactions to purge flow injection can differ sig-
nificantly, Jenny et al. (2012) created an EWC configuration which explicitly took the purge flow into
account during the optimization process. With this configuration, an efficiency gain of 0.8% at an injection
rate of 0.8% and a decrease in sensitivity of 18% was achieved. All these investigations show that it is not
possible to make general statements about the behavior of EWC configurations under purge flow influence.
In order to investigate the behaviour of the design by Poehler et al. (2015) (hereinafter referred to as “F3D
configuration”), a secondary air system was integrated into the axial turbine test rig at the IST and detailed
measurements of the efficiency and local flow conditions in the rig were carried out. The results of this meas-
urement campaign can be found in Schiflein et al. (2022). Together with numerical simulations, these experi-
ments demonstrated that the F3D configuration loses parts of its efficiency gains when purge flow is injected.
In the investigation presented in this paper, numerical simulations together with experimental data are used to
explore in detail the flow physics behind the interaction of the purge flow and the secondary flow structures
inside the turbine rig.
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Methodology

Experimental setup and data acquisition

In order to assess the performance of the F3D configuration under the influence of purge flow, the 1.5-stage
axial cold air turbine test rig at the IST was equipped with a secondary air system (SAS) capable of injecting a
mass flow of 128 g/s (equal to 1.6% of the main mass flow) through the cavity directly upstream of the rotor. A
detailed description of this SAS is given in Schiflein et al. (2022). Figure 1 shows the flow path (green arrow) of
the purge flow. A state-of-the-art low-pressure turbine blading design with cylindrical end walls and twisted rotor
blades was used as a baseline configuration. The rig is operated at a rotor speed of 3,500 rpm, an inlet total pres-
sure of approx. 1.63 bar and a total pressure ratio of approx. 1.29. Under these conditions, which are representa-
tive of the aerodynamic design point (ADP), a torque of approx. 450 Nm is generated. Further characteristic
data on the test rig is listed in Table 1. At the ADP, Reynolds numbers based on exit conditions of the individ-
ual rows reached values ranging from 330,000-810,000. This is, according to Halstead et al. (1997), representa-
tive of a low-pressure turbine during take-off. Further characteristic data on the blading can be found in Table 2.
Data on the efficiency as well as local flow states were acquired in multiple measurement planes (MP), shown in
Figure 1. Rakes with multiple Kielhead and three-hole probe at the turbine inlet (MP0) and outlet (MP4) were
used to determine inflow and outflow data necessary for the calculation of the efficiency. Detailed, two-
dimensional flow measurements were conducted downstream of the stator (MP1) and rotor (MP2) by traversing
the flow radially and circumferentially with a five-hole probe and a 3D-hot-wire probe. For a more detailed
description of the turbine instrumentation, the reader is referred to Schiflein et al. (2022). Additional measure-
ment data of the unsteady pressure fluctuations inside the cavity were acquired by the use of an unsteady pressure
transducer. With its sampling frequency of 500 kHz, it is suitable for measuring high-frequency pressure fluctua-
tions inside the cavity. Its position in the rig is indicated by the red dot in Figure 2. For the efficiency measure-
ments, three operating points (aerodynamic design point and two off-design points) were chosen while the
detailed flow measurements were conducted only at the aerodynamic design point.

Numerical setup

In order to support the experimental investigation and to gain information about the flow physics in places not
accessible via probes, numerical simulations were conducted. To do this, the finite volume solver TRACE, which
is developed by the German Aerospace Center (DLR) in cooperation with MTU Aero Engines, was used. As the
interaction between the purge flow and the main flow is expected to be highly unsteady, transient simulations
were carried out. The blade count of the axial test rig is especially suitable for transient simulations due to the
favourable ratio of the blade numbers in the first (33 blades), second (44 blades) and third row (66 row). This
ratio allows the simulation of 1/11 of each blade row with periodic boundary conditions. To enable the transfer
of local unsteady flow phenomena between the stationary and rotating flow domains, these flow domains were
connected via zonal interfaces (see Figure 3, all stationary parts in green, all rotating parts in red). To avoid influ-
encing the purge flow with the zonal interface, the interface between the first and second row was placed directly
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Figure 1. Measurement planes and purge flow path inside the axial turbine rig.

J. Glob. Power Propuls. Soc. | 2023 | 7: 153-165 | https://doi.org/10.33737/jgpps/162078 1%


https://doi.org/10.33737/jgpps/162078
https://www.journalssystem.com/jgpps/,162078,0,2.html

Schéflein et al. | Influence of purge flow on a turbine with endwall contouring https://www journalssystem.com/jgpps/,162078,0,2.ntml

Table 1. Characteristic turbine rig data at ADP.

Rotor speed (1/min) 3,500
Torque (Nm) 450
Total temperature inlet (°C) 56
Total pressure inlet (Pa) 163,250
Total pressure ratio 1.29
Mass flow (kg/s) 8.0
Stage loading coefficient w 4.1
Flow coefficient ¢ 0.55
Tip diameter (mm) 600
Hub diameter (mm) 490

upstream of the cavity. The mesh, also shown in Figure 3, consists of 26.3 mio. and 28.6 mio. cells for the base-
line and F3D configuration, respectively. On all end walls and blades, the boundary layer was fully resolved with
a y* smaller than one. Inside the cavity, wall functions were used (y© & 10). Turbulence was modelled using
Menter’s shear stress transport (SST) model (Menter et al., 2003). To model the transition from laminar to tur-
bulent flow, the multimode transition model (Kozulovi¢, 2007) was applied to all viscous walls with the excep-
tion of the suction side of the first stator row. There, transition was fixed at a geometric position matching the
backward-facing step present at the same location in the real geometry. The turbulence model was further modi-
fied by the Kato-Launder stagnation point fix (Kato and Launder, 1993) and Bardina’s extension for rotational
effects (Bardina et al., 1985). For spatial and temporal discretization, the Fromm scheme and Euler backwards
scheme were used, both being of 2" order accuracy. To ensure sufficient temporal resolution, 768 time steps per
rotor revolution and 20 sub-iterations per time step were chosen. All numerical results shown here in this paper

Table 2. Characteristic blading data at ADP.

Stator 1 Rotor Stator 2
Blade count 33 44 66
Pitch/cord 0.9 0.98 0.71
Blade height/chord 0.95 1.40 151
Bl. height/Ax. Height 145 177 157
Axial gap 19 mm 19 mm
Reynolds number 810 k 520 k 330 k
Maj, (midspan) 0.145 0.22 0.26
Magy: (midspan) 0.47 05 0.28
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Figure 2. Position of unsteady pressure transducer inside the cavity.

are time-averaged results, which were averaged over one rotor revolution. Flow data acquired with probes in MP0
and MP4 are used as inlet and outlet boundary conditions to ensure maximum reproducibility.

Results and discussion

Numerical validation

Figure 4 shows the experimentally and numerically determined turbine map for both configurations, with and
without purge flow injection respectively. The results were normalized with respect to the ADP of the baseline
configuration without purge flow injection. When purge flow is injected into the baseline configuration, effi-
ciency decreases by —0.65% (CFD: —0.51%). The use of the F3D configuration results in an efficiency gain of
+0.52% (CFD: +0.38%) compared to the baseline configuration. Purge flow injection into the F3D configur-
ation, however, actually results in a larger decrease in efficiency, namely —0.78% (CFD: —0.69%). This larger
sensitivity of EWC configurations to purge flow injection had already been described by Schiipbach et al.
(2011). Compared to the baseline configuration with purge flow injection, however, not all efficiency gain is lost
(Exp.: +0.38% / CFD: +0.2%). Overall, the numerical simulations are able to replicate the trends of the experi-
mental data well, although they misestimate the absolute values, especially when purge air is injected.

In a previous paper on this project (Schiflein et al., 2022), it had already been demonstrated that the purge
flow has virtually no effect on the flow inside the stator passages. It was also shown that the numerical simula-
tions are able to reproduce the local flow measurements downstream of the rotor (MP2) with good accuracy. An

Zonal
interfaces

Stator 1

Cavity
(stationary)

Figure 3. Numerical setup and computational domain of the simulations.
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Figure 4. Experimental and numerical results of the turbine test rig performance.

example of this reproducibility is given in Figure 5 with the radial distribution of the absolute yaw angle (normal-
ized with regard to the design angle) in MP2. The numerical simulation is able to reproduce all relevant trends
of the experiment. Only above 80% channel height, larger deviations are visible due to the complex flow caused
by the tip gap vortex. The plot already gives a first indication of the interaction between the purge flow and the
F3D configuration. Above 50% channel height, the under- and overturning of the rotor outflow is significantly
reduced. Since the rotor has no shroud and the casing is cylindrical, this improvement must result from a hom-
ogenization of the stator outflow, resulting in an improved radial incidence distribution at the rotor inlet. Such a
homogenization was in fact reported in previous measurements of this F3D configuration by Niewoehner et al.
(2015). Above 50% channel height, the purge flow has no effect on the flow, leading to basically congruent
curves in both configurations. With the injection of purge flow, however, large changes in the outflow angle are
visible below 50% channel height. It is there that the previously congruent curves separate. The separation point
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Figure 5. Circumferentially massflow-averaged absolute yaw angle downstream of the rotor (MP2), data from
Schéflein et al. (2022).
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is different for the two configurations: in the baseline configuration, the separation occurs at 50% channel
height, while in the F3D configuration it occurs at 58% channel height. The numerical simulations are able to
replicate this separation point almost exactly. Below the separation point, the yaw angle distribution of the F3D
configuration (orange line) closely resembles that of the baseline configuration (red line). Considering the highly
complex flow interactions in this area, the CFD replicates the absolute values, as well as the intersection point of
both curves, extremely well at 17%. With this in mind, the numerical simulations can be regarded as validated
and can be used to assess flow quantities which are not accessible with the turbine instrumentation.

Since Poehler et al. (2015) and Niewochner et al. (2015) demonstrated that the F3D configuration achieves
its efficiency gain through the reduction of secondary flows near the hub and the casing by homogenizing the
stator outflow, it is reasonable to verify whether this reduction continues to occur under the influence of purge
flow injection. For this, the turbulent kinetic energy (see Equation 1) in MP2 is acquired via a three-dimensional
hot-wire probe and analysed. Regions of high turbulent kinetic energy are associated with highly unsteady flow,
which generates entropy and therefore additional losses through viscous dissipation. The signal measured by the
hot-wire probe is processed using a phase-lock ensemble average. Through this procedure, the constant velocity
u(t) and periodically fluctuating velocity #(¢) can be eliminated, leaving only the randomly fluctuating part #/(¢)
(see Equation 2).

b= (@ + @2 + W) m
u(t) = u(t) + u(t) + o (1) )

In Figure 6, the turbulent kinetic energy distribution for all four cases is displayed. Since the data is shown in
an absolute frame of reference, vortices moving sideways with the rotor appear as bands in the data. To make
quantitative comparisons easier, the radial distribution which was generated by averaging the turbulent kinetic
energy in the circumferential direction is also shown. Comparing both baseline cases, the increase of turbulent
kinetic energy in the lower half of the channel is immediately noticeable. The purge flow injection shifts the
band of high turbulent kinetic energy, which - according to Poehler et al. (2015) - is associated with the horse-
shoe vortex and the passage vortex, towards midspan and increases its turbulent intensity. This, together with the
reduced free-stream area, leads to higher flow losses and the reduction in efficiency seen in the performance map.
The area dominated by the passage-vortex and tip gap vortex (60%—-95%) is virtually identical and therefore not
affected by the purge flow. This is consistent with the flow angle data previously discussed. Comparing the F3D
configuration without purge flow injection to the corresponding baseline case, three changes are noticeable. First,
the turbulent kinetic energy near the casing (55% span — 90% span) is reduced. Second, another reduction of
turbulent kinetic energy can be seen near the hub from 5% - 20% span. From these two changes, the third dif-
ference, namely an increase in the undisturbed free-stream area in the middle of the channel, arises. When purge
flow is now injected into the rig equipped with the F3D configuration, the previously reduced turbulent kinetic
energy near the hub increases above the level of the baseline configuration with purge flow, hinting at secondary
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Figure 6. Turbulent kinetic energy downstream of the rotor in MP2.
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flow structures which are amplified by the purge flow. This gives an indication for the reason for the greater sen-
sitivity of the F3D configuration to purge flow.

CED simulations were used to check whether these differences in turbulent kinetic energy actually lead to
increases in entropy. For this, equidistant cut planes were placed inside the passage. Since no effect of the purge
flow was seen on the flow above midspan, the following figures focus on the flow near the hub. The entropy gen-
eration was calculated according to a method published by Herwig and Kock (2005). This method considers
entropy production due to viscous effects and temperature gradients, as well as production due to turbulent vel-
ocity and temperature fluctuations. The latter two parts are calculated from the dissipation rate provided by the
turbulence model. Since the resulting entropy production term is typically a large number, it is normalized in
Equation 3 according to a suggestion by Denton and Pullan (2012). In this equation, the density p, absolute vel-
ocity u, and temperature 7 are massflow-averaged quantities at the rotor exit, where C,,,, denotes the rotor

chord length.

Entropy Production Rate
P ”21)5/ C’rotor T

3)

Normalized Entropy Production =

Figure 7 shows the normalized entropy production inside the rotor passage for the baseline and F3D config-
urations. When the two baseline cases are compared with each other, a different trajectory of the entropy

(a) (b)

Normalized Entropy __—_-

Production: 0.01 0.02 0.03 0.04 0.05

Normalized Entrop: _:-

y
Production: 0.01 0.02 0.03 0.04 0.05

(c) (d)

Normalized Entropy _:-

Normalized Entropy _:-

Production: 0.01 0.02 0.03 0.04 0.05 Production: 0.01 0.02 0.03 0.04 0.05

Figure 7. Normalized entropy production term inside the rotor passage. Cut-off value: 0.001. (a) Baseline, 0% purge
flow. (b) Baseline, 1.6% purge flow. (c) F3D, 0% purge flow. (d) F3D, 1.6% purge flow.
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maximum in the cut planes can be seen. Before, the entropy core follows the trajectory from the leading edge to
the suction side of the adjacent blade. After, with purge flow injection, the entropy core begins at the exit of the
cavity and then follows the suction side closely while also migrating radially outwards. An intensification of the
entropy production is also visible. In contrast, the F3D configuration strongly reduces the entropy production
when no purge flow is injected. Only a small entropy core can be seen along the suction side of the blade.
When purge flow is injected into the F3D configuration, the distribution of the entropy production term looks
strikingly similar to that of the baseline configuration, although overall higher values can be observed. All these
entropy production cut planes are consistent with the turbulent kinetic energy presented in Figure 4 and demon-
strate that the intended effect of the F3D configuration, namely the reduction of secondary flows, is no longer
effective near the hub when purge air is injected. By visualizing these secondary flow structures with isosurfaces
of the A,-criterion in Figure 8, this hypothesis is confirmed. The visualization for the baseline case shows the
development of a pressure-side horseshoe vortex, which is then transported towards the suction side of the adja-
cent blade by the cross-channel pressure gradient, where it merges with the passage vortex rotating in the same
direction. The baseline configuration with purge flow injection shows a different behavior. There, purge flow
leaves the cavity in the form of a jet-shaped vortex which moves alongside the suction side of the blade. As it
rotates in the same direction as the passage vortex, merging occurs in this case as well. The trajectories of these
two vortex systems match the entropy cut planes and the migration towards midspan, which the experimental
data already showed, is also reproduced. In the F3D configuration without purge flow injection, the hub-side
horseshoe vortex and passage vortex are attenuated by the bowed stator and the hub contour, which both cause a
homogenization of the stator outflow. With purge flow injection, jet-shaped vortices emerge from the cavity of
the F3D configuration. These vortices then amplify the passage vortex, leading to a similar vortex system as it is

(a) (b)

Relative channel NN | | [TTNN Relative channel NN | | [ TN

height[%]: 0 2 4 6 8 1012141618 20 height[%]: 0 2 4 6 8 101214161820

(c) (d)

Relative channel -Djj:_

height[%]: 0 2 4 6 8 1012141618 20

Relative channel -Djjj:-

height[%]: 0 2 4 6 8 1012141618 20

Figure 8. Vortex structures inside the rotor passages (isosurfaces of A,-criterion). (a) Baseline, 0% purge flow. (b)
Baseline, 1.6% purge flow. (c) F3D, 0% purge flow. (d) F3D, 1.6% purge flow.
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present in the baseline configuration. Overall, these visualizations of the vortices in the rotor passage demon-
strates that the F3D configuration is not able to weaken the loss-inducing secondary flows in the rotor when
purge flow is injected.

An analysis of the pressure distribution at the outlet of the cavity reveals the cause for the jet-like injection
of the purge flow into the main flow. In Figure 9, this analysis is shown only for the baseline configuration,
as the result for the F3D configuration was virtually identical. Without purge flow injection, periodic pressure
minima and maxima can be observed at the cavity outlet with an amplitude of approximately 3,500 Pa. From
the position of the pressure maxima it can be deduced that they are caused by the potential fields of the
rotor blades. The cut plane through such a pressure maximum shows that an inflow of the main flow into
the cavity takes place there due to the upstream effect of the rotor blade. Due to the conservation of mass,
this inflowing gas must flow out of the cavity again at another point. The isolines of the radial velocity show
that this occurs in the pressure minima. Overall, however, the mass flow entering and leaving the cavity
without purge air injection is low enough that no jet-shaped vortices are formed. With purge air injection,
the amplitude of the pressure minima and maxima increases to about 9,000 Pa. The potential field effect of
the rotor blades is so strong that it prevents purge air from escaping the cavity directly upstream of the
leading edge, as the cut plane clearly shows. However, in contrast to the case without purge flow injection,
no fluid of the main flow penetrates deep into the cavity anymore. This can be seen in the radial velocity cut
plane through the pressure maximum in Figure 9b, where only positive values inside the cavity are present.
Due to the small dimensions of the cavity and the difficult accessibility, it was not possible to measure the
gas ingress into the cavity directly with a probe. Instead, a method was chosen that can indirectly detect
whether gas ingress occurs.

Multiple authors, such as Cao et al. (2004), Town et al. (2016) and Beard et al. (2016), have demonstrated
experimentally that low-pressure flow structures rotating at approximately 80% of the rotation speed of the disk
can be present inside the cavity when no purge flow is injected. Cao et al. (2004) and Horwood et al. (2018)
showed that these rotating low-pressure structures are suppressed once the purge mass flow reaches a critical
value. This leads to the conclusion that these rotating low-pressure structures inside the cavity can be associated
with gas ingress into the cavity which is suppressed at a sufficiently large purge flow. The pressure fluctuations of
these rotating low-pressure structures were measured with a transient pressure transducer, which was mounted
inside the cavity (see Figure 2). The measurements of the transient pressure fluctuations inside the cavity were
only performed for the baseline configuration, since no significant change to the F3D configuration was
expected. Figure 10 shows the Fast Fourier Transform results of the recorded sensor voltages. Both plots show
clearly defined sharp peaks at the blade passing frequency (BPF). The peaks of the second and third harmonics
of the BPF are also visible. Without purge air injection, an additional peak is visible at 75% of the BPF in
Figure 10a. This peak at 75% BPF agrees very well with the values reported in the literature. Figure 10b shows
that this peak, which is associated with the rotating low-pressure structure inside the cavity, disappears when the
purge flow is activated. Since the presence of such a rotating flow structure is always associated with gas ingress
into the cavity, this indicates that no ingress into the cavity occurs in the case of purge flow injection, which
agrees with the predictions made by the CFD in Figure 9.

(b)
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Figure 9. Pressure distribution at the cavity outlet. (a) Baseline, 0% purge flow. (b) Baseline, 1.6% purge flow.
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Figure 10. Frequency spectrum of pressure fluctuations inside the cavity.

Conclusions

This paper has presented the acrodynamic impact of purge flow injection on a turbine with end wall contour-
ing and a bowed stator. Performance map measurements of the turbine rig showed that the F3D configur-
ation loses parts of its efficiency gains when purge flow is injected. Transient numerical simulations were able
to replicate all operating points within the measurement uncertainty. Flow measurements revealed the mech-
anism behind this partial reduction in efficiency. Near the hub and the casing, a reduction in the turbulent
kinetic energy was achieved by the F3D configuration without purge flow injection. With purge flow injec-
tion, however, the turbulent kinetic energy near the hub reached levels comparable to those of the baseline
configuration with purge flow injection. In the upper half of the channel, the F3D configuration reduced the
turbulent fluctuations regardless of purge flow injection. Numerical simulations then demonstrated that this
behaviour was reflected in the generation of entropy inside the rotor passage: under the influence of purge
flow injection, the F3D configuration and the baseline configuration produced comparable amounts of
entropy near the hub. This entropy generation was caused by the purge flow leaving the cavity in the form
of jet-like vortices which formed due to the pressure field of the rotor blades. The numerical simulations also
showed that this pressure field can lead to gas ingress into the cavity. This was experimentally verified by the
measurements of an unsteady pressure transducer.

Since this project demonstrated that purge flow injection has to be accounted for during the optimization
process, we are currently working on such an optimization in our follow-up project. In this project, a new rotor
end wall contouring will be designed. To take unsteady effects into account, a frequency-domain based flow
solver will be used.

Nomenclature

a Yaw angle (°)

k Turbulent kinetic energy (m?s™?)
u Velocity (m s

p Density (kg m™)

C Chord length (m)

T Temperature (K)

ADP  Aerodynamic design point
BPF  Blade passing frequency
EWC End wall contouring

F3D  Full 3D design

MP  Measurement plane

SAS  Secondary air system
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