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SENSITIVITY OF PURGE FLOW EFFECTS TO DIFFERENT HIGH WORK TURBINE DESIGNS
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Abstract

An experimental study of hub
purge flow from the rotor upstream
rim seal gap on the performance of a
highly loaded turbine stage with two
different aerodynamic designs 1is
presented in this paper. The test
configuration consists of a one-and-
a-half stage, unshrouded, highly
loaded axial turbine with two
different sets of blading, which are
representative of low aspect ratio
high work gas turbines.

Efficiency measurements per-
formed with a pneumatic probe at the
exit of the rotor for several purge
flow injection levels show re-
duction of efficiency of 0.8 per
percent of injected purge mass flow
for both aerodynamic designs. How-
ever, the different designs yield a
different spanwise extent where the
hub injection has a detrimental
impact on the efficiency.

Time-resolved measurements at
rotor inlet and rotor exit performed
with the in-house developed Fast
Response Aerodynamic Probe (FRAP)
reveal the sources for the different
behavior of the stage designs: The
unsteady interaction of the purge
flow with the secondary flows of the
main flow and the dominant impact on
the pulsating radial displacement of
the rotor hub passage vortex show a
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magnitude which is sensitive to the
stage design. The maximum
penetration depth of the core of the
rotor hub passage vortex shows a
difference of 10 % - 15 % span for
the different designs, leading to an
increased level of interaction
between the secondary flows from the
hub and the casing for the stage
design with the higher penetration
depth of the «rotor hub passage
vortex.

Vorticity measurements are used
for correlating the strength of the

rotor hub passage vortex and its
intensification by the injected
amount of purge flow with the
unsteady penetration depth of the
rotor hub passage vortex. The two
stage designs vyield a different
sensitivity of the wvorticity and

circulation of the rotor hub passage
vortex indicating the sensitivity of

the purge flow related periodic
variation of penetration depth to
the stage design.
Nomenclature
Variables:
Cps Mean absolute flow [m/s]
velocity
Cax axial flow velocity [m/s]
specific heat capa- [J/kg/K]

city

Copyright ©2013 by the American Institute of Aeronautics and Astronautics Inc. All rights reserved

1



incidence angle [
injection rate [
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angular frequency

Subscripts:

0 stagnation flow quantity

in turbine inlet flow quantity
rel relative frame flow quantity
tt total-to-total

Abbreviations:
FOR frame of reference
FRAP Fast Response Aerodynamic

Probe
HPV hub passage vortex
Ip intermediate pressure
LP low pressure

NGV nozzle guide vane
RMS root mean square

Introduction

In modern gas turbines, the
ingestion of hot gases from the main
flow into the disk cavities between
the rotors and the stators 1is
prevented by bypassing cooling purge
flow from the compressor and
injecting it through the
stator/rotor rim seal. This ensures
a safe operation of the machines by
avoiding the ingress of hot gases
into these cavities, minimizing the

risk of local overheating. However,
this seal mechanism 1is wused for
mechanical integrity reasons and has
a strong adverse impact on the
aerodynamics of the turbine po-
tentially reducing the turbine
efficiency.

The 1injection of purge flow
results 1in highly complex mixing
processes and interaction mechanisms
with the secondary flows of the main
annulus and it has a strongly 3-
dimensional and unsteady character,
which 1is difficult to numerically
predict by means of commonly used
computational methods.

In order to keep the
computational expenses in a
reasonable frame and find a
practicable compromise between

computational costs and accuracy,
modern turbines are often designed
with CFD methods, which do not
detail these complex interaction
mechanisms and processes.

It 1is well reported in open
literature that there are several
different factors during the
operation of a gas turbine which set
the minimum amount of purge mass
flow to make the seal mechanism
effective. Worth mentioning are a
temperature fluctuation criterion

given by Kobayashi et al. [1], a
pressure criterion used by Chew et
al. [2], a factor depending on the

seal geometry and the rotational
Reynolds number given by Dadkah et
al. [3]. However, e.g. Gentilhomme
et al. [4] report on deviations
between an ingestion model and
measurements of seal effectiveness
for high injection rates and based
on numerical simulations, Jakoby et
al. [5] report on large scale
unsteady features in wheelspaces for
a specific range of sealant mass
flow.

Also the impact of the purge
flow injection on the main flow of
HP turbines is reported in
literature. McLean et al. [6] found
the changes 1in efficiency to be
strongly dependent on the type of
injection configuration. Paniagua et
al. [7] related the increased
penetration depth of the rotor HPV



coming along with increasing purge
mass flows to the lower temperature
of the purge flow. Ong et al. [8]
attributed the intensification of
the rotor HPV and the increase in
penetration depth to the negative
incidence resulting from the purge
flow. The periodic nature of the
penetration depth of the rotor HPV
has been shown by Ong et al. [8],
Schuepbach et al. [9] and Regina et
al. [10].

The present work addresses and
quantifies experimentally the impact
of the injection of purge flow on
the isentropic total-to-total
efficiency of two 1low aspect HP
turbines with different aerodynamic
designs under the same operating
conditions. For improving understan-
ding of the purge flow interaction
mechanisms in a HP +turbine, the
impact of the purge flow on both
stage designs 1s compared. Since
both turbine stages have not been
especially designed for the unsteady
interaction mechanisms associated to
the purge flow, the current work
aims to evaluate the robustness of
the stage designs towards the
changes in the flow field caused by
the injection of the purge flow.

Experimental Method

The experimental study was
carried out 1in the research axial
turbine facility "LISA" in the
Laboratory for Energy Conversion at
ETH Zurich. The one-and-a-half stage
unshrouded turbine is representative
for a high work, cooled turbine.

Research Turbine Facility

The research turbine facility
consists of a quasi-closed air loop
which includes a single stage radial
compressor, a two stage water-to-air
heat exchanger and a calibrated
venturi nozzle for high accuracy
mass flow measurements. In order to
ensure a homogeneous flow field,
there 1s a 3-m-long flow condi-
tioning stretch upstream of the
turbine test section. Additionally,
the flow undergoes an acceleration

ahead of the turbine to reduce the
significance of any remaining flow
non-uniformities from upstream.
Downstream of the turbine test
section, the air loop 1s open to
atmospheric conditions. A DC

generator absorbs the power of the
turbine and controls the rotational
speed with an indicated accuracy of
+0.02 % (£0.5 rpm). Figure 1 shows a
schematic of the test rig and its
main components.

Safety Coupling 1

Safety Coupling 2

Turbine Teststand

Venturi Nozzle

Bypass System
Flow Conditioning Stretch
Cooler

Filter

Figure 1: Schematic of the test rig
"LISA" at ETH Zurich

The inlet total temperature
To,in 1s controlled by the water-to-
air heat exchanger to an accuracy of
+0.3 K. A torgquemeter is used for
the measurement of the torque on the
rotor shaft. As the compressor
pressure ratio is limited to I, nax
= 1.5, it 1is necessary to add a
tandem deswirl wvane arrangement to
recover the static pressure at the
exit of the second stator back to
the ambient level in order to reach
the intended turbine pressure ratio
of I,;.s = 1.65. The unshrouded
rotor has a nominal tip clearance
gap of 1 % of the span and the
variation of the tip clearance gap
between different assemblies is less
than 1 % of the gap ensuring good
repeatability. At the exit of the
first stator, the flow is
compressible with an average Mach
number of 0.53.

The current turbine configura-
tions are derived from the design



presented by Behr et al. [11]. The
most salient differences are an in-
creased Dblade row spacing between
the first stator and the rotor, an
increased axial <clearance at the
exit of the hub cavity, where the
purge flow is injected ("Design A"),
as well as additionally a modified
profile stacking in the first stator
and a more aft-loaded rotor with re-
duced leading edge radius ("Design
B") .

Operating conditions

During the measurements of both
turbine design configurations, the
1.5 stage total-to-static pressure
ratio 1is kept constant at II;,;.5 =
1.65 1in order to account for the
change in ambient pressure on
different days. With the same pur-
pose, the pressures are non-dimen-
sionalized by the respective inlet
stagnation pressure. The main ope-
rating parameters are summarized in
Table 1.

Table 1: Operating conditions and
geometrical characteristics

Pressure ratio 1.650 £ 0.006
O.,1.5 [-]

Inlet total tem- 327.9 £ 0.3
perature Tmin[K]

T 151.8 £ 0.2

Capacity
0,in
kg-K'?
s-bar
Non-dimensional 2.49 £ 0.05
N rps
speed {RTT}

0,in

Mach nr [-] 0.53/0.26/0.48

(S1,ex/R,ex/S2,ex)

Reynolds nr Pl@] 7.1/3.8/5.1
(S1 / R / s2)
Blade count [-] 36/54/36

(s1 / R / S2)

Aspect ratio [-] 0.87/1.17/0.82

(S1 / R / S2)

The purge flow injected from
the rotor upstream stator/rotor
cavity 1is an off-take from the
primary air loop upstream of the

flow conditioning stretch and 1is
measured by means of a standard
nozzle. The bypassed air passes a
plenum and 1is fed through ten
different nozzle guide vanes into
the cavity underneath the stator
platform, labeled as B in Figure 2,
where a schematic of the purge flow
path is depicted.
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Figure 2: Schematics of the purge
flow path [15] (Dimensions distor-

ted)

.

After the purge flow enters the
under platform cavity, there are two
paths, which are indicated by dotted
arrows 1in Figure 2. One path 1is
through the upstream rim seal into
the main flow, labeled as P. The
rest of the gas, called secondary
mass flow and labeled as S in Figure
2, 1s ejected through the drum into
the atmosphere, after being measured
in an additional standard nozzle.
Since the pressure difference across
the downstream rim seal is
controlled to be zero, the net mass
flow through the downstream rim seal
can be assumed to be zero. As a
consequence, the mass flow P
eventually injected into the main
flow can be calculated as the
difference between the measured
bypass mass flow B and the measured
secondary mass flow S.

In the present investigation,
the injection levels were set using
the definition of the injection rate
(IR) given by Equation 1.

Mg —m
IR=—EB—35.100 (1)

MpaiN
The current tests have been

conducted with IR1A=-0.1% for the



design A (representing a moderate
sucking from the main flow) and
IR1B=0.4% for design B, as well as
for IR2=0.8% and IR3=1.2% for both

designs respectively. These
injection rates are considered to be
representative for real engine
conditions.

Measurement Technology

The steady flow field at the
exit of the rotor is measured with a
miniature cobra-head five-hole probe
(5 HP) with a tip diameter as small
as 0.9 mm, whereas at the inlet to
the rotor a ©pneumatic miniature
four-hole probe (4 HP) with a cylin-
drical head and a diameter of 1.8 mm
is used.

The unsteady flow field
measurements are conducted using a
Fast Response Aerodynamic Probe
(FRAP), which was developed in-house
at the LEC at ETH Zurich. Details on
the FRAP probe and measurement
technique are described in depth in
Kupferschmied et al. [12] and Pfau
et al. [13]. The FRAP is capable of
capturing the unsteady flow features
up to frequencies of 48 kHz based on
measurements including the total and
static pressure, flow yaw and pitch
angles and Mach number. The fre-
quency bandwidth of the temperature
is limited to a frequency of 10 HZ.
However, the influence of the
temperature on the velocity 1is
judged to be very modest. The FRAP
has a tip diameter of 1.8 mm and is
equipped with two miniature silicon
piezo-resistive pressure sensors.
The probe 1is operated in a virtual-
4-sensor mode to measure the 3-
dimensional, time-resolved flow pro-
perties. The data is acquired at a
sampling rate of 200 kHz over a
period of time of 2 s. The post
processing is done for three con-
secutive rotor pitches. The sampling
rate resolves 82 points in the rotor
relative frame of reference. The
typical measurement uncertainties
obtained with FRAP for a calibration
range of 124° for the yaw angle and
+20° for the pitch angle are given
in Table 2. The relative uncertain-

ties and static pressures are given
as a percentage of the dynamic head.

Table 2: Relative
bandwidth of the FRAP

uncertainty

Yaw angle Pitch angle Pe Ps
0.24° 0.36° 1% 1.2 %

The measurement data is
acquired at two different axial lo-
cations in the turbine test section.
By traversing the probe in radial
and circumferential direction, axial
plane measurements are performed.
The first traverse plane, labeled
with "R;," 1s located upstream of
the rotor at a distance of 16%+2% of
the axial chord of the rotor. This
axial location is situated above the
platform leading edge of the rotor.
The second traverse plane, labeled
as "R.", 1s located downstream of
the rotor at a distance of 15%+2% of
the rotor axial chord. The spatial
resolution of the measurement grid
at these traverse planes consists of
38 points in radial and 41 points in
circumferential direction covering
one pitch of the first stator. The
circumferential grid points are
equidistant, whereas the radial
points are clustered near the end
walls.

Results and Discussions

In the frame of the current
study, the focus of the flow field
analysis 1s put on the rotor exit
and the comparison of the sensitivi-
ties with respect to purge flow
variation of both stage designs.
However, also the flow field at the
inlet to the rotor shall be briefly
characterized for a better under-
standing of the origination of the
complex mechanisms of purge flow.

As was mentioned by Cao et al.
[14], shown by Schuepbach et al.
[15] and reported by the authors in
a previous publication [10], the
purge flow inherent mixing processes
have a clear influence on the un-
steadiness of the flow field. Sub-
sequently, the rms wvalues of the
random part of the pressure signal



acquired by means of FRAP has proven
to be a good indicator for the
mixing processes related to the
purge flow injection and convection.
The random part of the pressure sig-
nal pf(t) is calculated as the
difference between the time-resolved
pressure signal pﬁ) and the phase-
lock averaged
ﬁﬁ}+ﬁﬁ), as given in Equation 2.

pressure signal

p(t) = p(t)+ p(t)+ p'(t) (2)

More specifically, the rms of
the random part of the pressure
signal of the central hole (p;'")
will be used in the following.

Rotor inlet flow field

The unsteadiness of the flow
field at the inlet to the rotor as
measured with FRAP show a sensiti-
vity with respect to the injected
purge flow revealing that the mixing
process of the purge flow has al-
ready started at this location and
it has a clear impact on the flow
field. In Figure 3 the time averaged
and circumferentially mass weighted
rms(py') at the plane R;, are de-
picted for both stage designs under
consideration.

The comparison of the radial
distribution of the unsteadiness
shows an effect due to purge flow
which extends up to midspan for the
design A and which 1is contained
below 20% span for the case of the
design B. These measurements prove
the effectiveness of the sealing
arrangement by means of an over-
lapping buffer arm in the cavity of
the design B. Subsequently, the
entrainment of the purge flow into
the main flow 1is lower for this
design. In terms of flow field un-
steadiness, the incoming flow field
to the rotor is influenced in a more
reduced and more contained way by
the purge flow injection in the case
of the design B.

+IR1A =-0.1% IR2ZA=+0.8% —=IR3A=+1.2%
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Figure 3: Time averaged and circum-
ferentially mass weighted rms(p,")at
plane R;, for design A (top) and
design B (bottom)

A further dominant flow quanti-
ty affected by the injection of the
purge flow and partly responsible
for the later impact of the purge
flow on the performance of the stage
is the relative flow yaw angle. Due
to the passive injection method, the
purge flow exits from the wunder
platform cavity without any treat-
ment and therefore is injected as
low momentum fluid, causing a nega-
tive change 1in relative flow vyaw
angle. The time averaged and circum-
ferentially mass weighted rotor
relative flow yaw angles are shown
in Figure 4 for both stage designs.
The comparison 1is focused on the
lower 30% span, which is the region
with the strongest differences and
from where the rotor hub passage
vortex will originate.
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Figure 4: Time averaged and circum-
ferentially mass weighted relative
flow yaw angle at plane R;, for
design A (top) and design B (bottom)

When comparing both sensitivi-
ties, the reduction in relative flow
yaw angle due to purge flow in-
jection is seen for both cases. How-
ever, the effect of the purge flow
on the relative flow yaw angle
change (incidence) is larger on the
design A than on the design B. E.g
at about 10% span, the incidence
change amounts to -1.4° for design A
and only -0.9° for design B if IR2
and IR3 are compared.

The measurement results at the
rotor inlet reveal that two main
drivers influencing the evolution of
the purge flow mixing and convection
mechanisms at the inlet to the rotor
are less affected by the purge flow
in the case of the design B.

Rotor exit flow field

Since both rotors have not been
designed for a varying unsteady in-
teraction of the purge flow with the
main flow, the purpose of the
present study 1s to quantify the

My =

detrimental impact on the stage per-
formance due to the purge flow in-
jection and the off-design condi-
tions introduced associated with the
purge mass flow.

For this purpose, the isen-
tropic total-to-total stage effi-
ciency 1is derived from integral
torque measurements and total
pressure measurements with the
pneumatic 5 HP at the exit of the
rotor. The underlying evaluation of
the efficiency is performed at every
point of the measurement grid pre-
viously described and is given in
Equation 3.

oM
m T

MAIN 'Cp “loin
(r-1), -1y (3)
1=[1= R | Pore /?_Aﬁi. Pore ’
100 pO‘ in 100 pO,cav

Based on a linear regression,
the sensitivity of the efficiency
penalty due to purge flow injection
amounts to Ang. = -0.8% of effi-
ciency per percent of injected purge
mass flow for both stage designs
tested.

However, when analyzing the
performance of the rotor at
different spanwise positions, the

sources of efficiency penalty can be
identified and differences between
the two stage designs are observed.
The time averaged and circumferen-
tially mass weighted distributions
of corrected total to total stage
efficiency as measured for Dboth
stage designs and for the wvarious
injection rates are shown in Figure
5. For a comparison of the impact of
the purge flow, the efficiencies of
both stage designs have been linear-
ly corrected to the give the value 1
at the maximum efficiency of each
design.
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Figure 5: Time averaged and circum-
ferentially mass weighted corrected
stage efficiency at plane Rq for
design A (top) and design B (bottom)

The impact of the purge flow on
both stage designs confirms pre-
viously reported and documented
trends showing a strong impact on
the stage efficiency until midspan.
The present measurements confirm the
dominance of the impact of the purge
flow on the rotor hub passage vortex
and the losses associated with it.

However, in the frame of this
study, a further effect will be ana-
lyzed. The remarkable difference
between the measured spanwise dis-
tributions of efficiency on the two
different stage designs is the
radial extent of the influence of
the purge flow and the resulting
impact on the performance at upper
spanwise positions. E. g. at about
80% span, which is a region in the
flow field predominantly affected by
the tip passage vortex of the rotor,
the efficiency penalty due to the
purge flow injection range tested

amounts to An.e = -0.2% for the
design A, whereas to Ang. = -0.4%

for the design B. For identifying
the source of these differences,
further 3D, time-resolved measure-
ment data analysis is required.

As in the measurement plane up-
stream of the rotor, the unsteadi-
ness in the flow field is characte-
rized with the rms of the random
part of the pressure signal
rms (p1') . After a potentially
different work extraction by the
rotors of the two different designs,
this wvalue 1s appropriate for a
comparison between both design
cases, since it remains unaffected
by the amount of work extracted,
still highlighting mixing and
turbulent processes. In Figure 6,
the instantaneous field contour dia-
grams of the rms(p;') are shown for
both stage designs. The respective
point in time (or relative Dblade-
vane position) for the diagrams were
chosen such to show the maximum pe-
netration depth of the rotor hub
passage vortex for each design.

-0.5 Stator |.lit1:h [-1 1.5
Figure 6: Instantaneous rms(p:™)
(non-dimensionalized) at plane Rg
for design A (top) and design B
(bottom) for the highest IR3=+1.2%

The measurements capture and
confirm the periodic nature of the
penetration depth of the rotor HPV.



As shown in previous publications,
the vortex core migrates towards
midspan as it interacts with the
purge flow injected. Since the purge
flow injection upstream of the rotor
occurs periodically with stator vane
passing period (in the rotor frame
of reference), the periodic va-
riation of penetration depth of the
rotor HPV after it convects and
migrates through the rotor passage
also occurs with the same perio-
dicity.

A comparison of the time-re-
solved behavior as can be made with
Figure 6 shows that the maximum
radial location of the centre of the
rotor HPV is about 25% span for the
design A, while it reaches values of
up to about 40% span for the design
B.

It is this remarkably different
migration away from the end walls,
which is predominantly influenced by
the injection of the purge flow,
which has shown to be responsible
for the influence of the casing
regions by the injection of purge
flow from the hub for the low aspect
ratio stage design B.

In order to highlight the
importance of the rotor HPV on the
performance of the stage, also the
streamwise vorticity shall be consi-
dered. Based on FRAP measurements at
the exit plane of the rotor, the
vorticity can be derived based on
Equation 4.

wx(r,B,t)
&= r(’ ’)/ . a)r(l’,tg,t) (4)

o(r,9,t)=V, A
v,(n.9t)/ | lo,r91)
v

unity

Based on a frozen flow assumption,
the radial and tangential components
of the wvorticity wvector can Dbe
accurately approximated based on
time derivatives instead of axial
derivatives as was shown by
Schuepbach [15].

In Figure 7, the time averaged
streamwise vorticity is shown after
the transformation of the data into

the rotor relative frame of refe-
rence for both stage designs.

P 25 3
Figure 7: Time averaged streamwise
vorticity (non-dimensionalized) at
plane Rex for design A (top) and
design B (bottom) for the middle
I1R2=+0.8%

If both diagrams are compared,
a larger zone of high positive
streamwise vorticity (clockwise ro-
tation) below 40% span associated
with the rotor HPV 1is observed 1in
the case of the design B. This
appears together with a larger =zone
of high negative streamwise vorti-
city associated with the trailing
shed vorticity, especially also at
the lower 50% span. Subsequently,
the design B shows a rotor exit
field which 1is characterized by a
stronger interaction =zone of the
vortical structures from the hub and
the tip.

Due to the fact that the lo-
cation of the core of the rotor hub
passage vortex 1is varying periodi-
cally as shown in Figure 6, it 1is
not sufficient to characterize the
intensity of the vortices neither by
the peak vorticity of the core nor
by the area influenced with positive
vorticity. For this reason, the cir-
culation inside of the region in-



fluenced Dby the rotor HPV is
integrated.

In a first step, the region
affected by the rotor HPV is iso-
lated by the iso-line of =zero
streamwise vorticity. In Figure 8,
the isolated regions of the rotor

HPV are shown for both designs.

== T r—

& i i i ! ]
Vo lmeselameamngzs 4 /

0.8 = ‘*". i :: :.'F“-_"'"--:{
. I e SOREY |
0.6 : J
2 N ;

9 0.4 .

1 1.5
Rotor pitch [-]

0 0.5 ]'. 1._5 2

0 Rotor pitch [-] ) 3
Figure 8: Time averaged streamwise
vorticity (non-dimensionalized) in-
side of the rotor HPV at plane Rex
for design A (top) and design B

(bottom) for the highest IR3=+1.2%

When comparing both designs
based on Figure 8, the location of
the core of the rotor HPV can be
identified to be at about 20%-25%
span based on the location of the
peak vorticity in the time averaged
domain. Furthermore, this location
is equal for both stage designs. It
becomes evident that time averaged
considerations neglect the pre-
viously described present periodic
location of the core of the rotor
HPV, which comes along with the
injection of purge flow. However, by
looking only at the time averaged
field, still some traces of the
periodic behavior can be identified.
A larger size of the area inside the
iso-line of zero streamwise vortici-
ty (by 15%) coming along with a
lower peak streamwise vorticity in
the centre of the area (by 12%) in

10

10

the case of the design B at the
highest IR is a consequence of the
periodic orbit, which is described
by the core of the rotor HPV in the
rotor frame of reference. Further-
more, the shape of the areas is also
characteristic for the orbit and the
more round shape in the design B as
compared to the more oval shape of

the design A, 1is a result of a
stronger radial component of the
periodic wvariation of ©penetration

depth for the case of the design B.
In a second step, the areas in-
side of the iso-line of zero stream-
wise wvorticity serve as the area
over which the wvorticity i1is inte-
grated yielding the circulation. By
normalization with the size of the
area of integration, a mean circu-
lation is used based on Equation 5.

p stdA
AHP\/ - I dA

Figure 9 contains the magnitude of
the mean circulation of the rotor
HPV for the different injection
rates tested. The values were non-
dimensionalized with the case of the
lowest mean circulation (design A,
IR1A) .
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Figure 9: Mean circulation inside of
rotor HPV (non-dimensionalized) at
plane R, for both stage designs and
all injection rates

The diagram in Figure 9 shows an
overall higher level of mean circu-
lation for the case of the design B,
which is e. g. about 20% higher than



in the design A at IR2=+0.8%. Also,
the higher the injection rate
tested, the higher the circulation
and strength of the vortex 1is
captured. The higher strength of the
rotor HPV in the design B as well as
the higher sensitivity of the
circulation in the design B 1is seen

to Dbe correlated to the larger
penetration depth in the design B
and to be responsible for the

remarkably larger impact of the
purge flow on the upper spans of the
design B.

Incidence sensitivity of the rotors

Since Dboth stage designs have
not been designed for the unsteady
interaction of the purge flow with
the main flow, the injection of
purge flow upstream of the rotor can
be considered as bringing the rotor
profiles to off-design conditions.
For better understanding the
differences between the two stage
designs with respect to the off-
design conditions introduced by the
purge flow, the two turbines have
been tested under the same overall
off-design condition Dby reducing
mass flow rate and pressure ratio of
the turbine, therefore resulting in
a reduced relative flow angle at the
inlet to the rotor.

In Figure 10 the resulting
salient impact of the off-design
conditions are summarized with the
time averaged and circumferentially
mass weighted relative flow vyaw
angle at the inlet to the rotor and
the stage efficiency as measured at
the exit of the rotor. For both test
cases, the values are given as
differences of the off-design values
from the nominal wvalues at IR2 =
+0.8%.
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Figure 10: Time averaged and circum-
ferentially mass weighted relative
flow yaw angle difference at plane
Rin (top) and stage efficiency diffe-
rence at plane R (bottom) for both
stage designs at the middle
IR2=+0.8%

The off-design measurement show
a similar impact on the flow field
incoming to the rotor for both de-
signs, as the differences in rela-
tive flow yaw angle and the distri-
bution along the span show in Figure
10. At around 20% span - 1in the
region directly influenced by the
purge flow injection at this plane -
the differences are about -4°, which
are 1n a similar range as the
changes in relative flow yaw angles
introduced by the purge flow (Figure
4) . However, the rotor of the design
A experiences a change in relative
flow yaw angle, which is larger by
about 1° until about midspan with
respect to the changes to which
design B was subject to.

Since the change in performance
of the respective vanes 1is negli-
gible, the changes in stage effi-
ciency can be attributed to changes



in performance of the rotors more
specifically. Although the impact on
design A at the inlet to the rotor
is smaller than for design B, the
resulting impact on the stage
efficiency 1is larger on design B.
Integrated in radial direction, it
amounts to +0.6% for the design A
while to +0.9% for the design B. As
a consequence, it becomes clear that
for the operating conditions wunder
consideration in the purge flow sen-
sitivity study in the previous
section, the changes in the incoming
flow field have a stronger impact on
the rotor of the stage design B and
the rotor of the stage design A has
an improved robustness with respect

to changes in the incoming flow
field to the rotor.
Conclusions

The results presented in this
paper are based on pneumatic and
aerodynamic probe measurements by

means of five-hole probe and time-
resolving FRAP probe, which were
conducted in a one-and-a-half stage
research axial turbine. The tested
configuration was equipped with two
sets of low aspect ratio blading re-
presentative for HP gas turbines as
well as with injection of purge flow
through the rotor upstream rim seal
at injection rates of -0.1% (mode-
rate sucking) and of +0.4%, +0.8%
and 1.2% which are representative
for real engine conditions. The most
relevant differences Dbetween Dboth
stage designs are the radial
stacking of the stator profiles as
well as a different LE radius and
the throat location of the rotor.

The measurements show a
sensitivity of the purge flow
effects with respect to the stage
design. For stage design B, the
impact of the purge flow extends to
upper spanwise positions more
clearly than for the other design A.
In terms of the losses associated
and the resulting efficiency, the
design B shows an impact twice as
large at these near casing spanwise
positions.
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By means of time-resolved FRAP
measurements it is shown, that the
remarkable difference of the rotor
exit flow fields of both designs 1is
a consequence of the periodic be-
havior of the rotor hub passage vor-
tex, and the different penetration
depth reaching values of up to 40%
span in the time domain.

These observations can only be
made by capturing the periodic and
highly unsteady nature of the mixing
process between the purge flow and
the secondary flows. However:

1. Time averaged streamwise vor-
ticity and the circulation can
be taken into consideration for

the characterization of the
sensitivity of the impact on
the rotor hub passage vortex
with respect to the stage
design;

2. Steady complementary measure-
ments at off-design conditions
confirm the higher robustness
of one stage design with
respect to changes in the
incoming flow field to the
rotor.

In this case, a larger leading
edge radius as well as a more front-
loaded rotor, as in the design A, is
seen to be more beneficial for the
impact of the purge flow on the
evolution and the penetration depth
of the rotor hub passage vortex,
potentially avoiding an interaction
with the secondary flow features
from the casing.
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