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Effects of Suction and Injection
Purge-Flow on the Secondary
Flow Structures of a High-Work
Turbine
In high-pressure turbines, a small amount of air is ejected at the hub rim seal to cool and
prevent the ingestion of hot gases into the cavity between the stator and the disk. This
paper presents an experimental study of the flow mechanisms that are associated with
injection through the hub rim seal at the rotor inlet. Two different injection rates are
investigated: nominal sucking of �0.14% of the main massflow and nominal blowing of
0.9%. This investigation is executed on a one-and-1/2-stage axial turbine. The results
shown here come from unsteady and steady measurements, which have been acquired
upstream and downstream of the rotor. The paper gives a detailed analysis of the chang-
ing secondary flow field, as well as unsteady interactions associated with the injection.
The injection of fluid causes a very different and generally more unsteady flow field at the
rotor exit near the hub. The injection causes the turbine efficiency to deteriorate by about
0.6%. �DOI: 10.1115/1.4000485�
chinery/article-pdf/132/2/021021/5755293/021021_1.pdf by ETH
 Zuerich user on 17 O
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Introduction
In order to improve the thermal cycle efficiency of gas turbines,

urbine entry temperatures have been continuously increased over
he past decades. With these increases the ingestion of hot gases
nto the disk cavities has become an issue, as it can cause over-
eating of the disks, as well as thermal fatigue of the components.
n order to mitigate the adverse effects of ingestion of hot gases,
ypassed compressor air is injected through the rim seals between
he rotating and stationary parts. The goal is to minimize the
mount of injection massflow and to reduce the aerodynamic
osses, which can be attributed to the injection. The ingestion of
ot gases is driven by both disk pumping, as well as the external
onaxisymmetric pressure field. This has been experimentally in-
estigated in previous studies; Kobashi et al. �1� found that the
ressure difference criterion underestimates the minimum cooling
ow rate. Chew et al. �2� and Dadkhah et al. �3� also examined the
uestion of the minimum coolant flow that is required to prevent
ngestion and where the ingested air would end up in the cavity.
he pressure field is however highly unsteady due to stator-rotor

nteractions. Roy et al. �4�, for example, showed that the effect of
he unsteady pressure field was much more pronounced inside the
avity than the time-averaged circumferential external pressure
eld. Recent research has focused on the flow interactions be-

ween the cooling air and the mainstream flow. McLean et al. �5,6�
ested radial, impingement, and root injection cooling configura-
ions. They observed that root injection had the most pronounced
ffect on the loss coefficient and total-to-total efficiency. Further-
ore they found profound effects on the secondary flows of the

ollowing row. Girgis et al. �7� compared radial injection to com-
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ication in the JOURNAL OF TURBOMACHINERY. Manuscript received August 20, 2008;
nal manuscript received August 29, 2008; published online January 21, 2010. Edi-
or: David Wisler.

ournal of Turbomachinery Copyright © 20
pound injection, which had both radial and tangential components.
They observed that the latter resulted in an efficiency improve-
ment. Ong et al. �8� also concluded that some of the efficiency
penalty due to coolant could be regained by introducing a swirl
component to the coolant jet. Furthermore they found that most of
the coolant is entrained by the downstream blade hub secondary
flow. Paniagua et al. �9� reported that there is an intensification of
the rotor hub vortex and an enhancement of the radial migration
due to injection. In recent studies the importance of the unsteady
interaction of the freestream and the cavity were highlighted. Bou-
det et al. �10� found frequencies that are unrelated to the blade
passing frequency. They attributed this to a nonlinear coupling of
the blade passing frequency with an instability formed inside the
cavity. They concluded that only full annulus and unsteady mod-
eling would capture the experimentally observed flow phenomena.
Reid et al. �11� quantified the efficiency penalty caused by the rim
seal flow to be about 0.56% for 1.0% of injection massflow.
Marini and Girgis �12� in a numerical study examined the effects
of the blade leading edge platform and noted that there is a 0.07%
stage efficiency benefit and a reduced sensitivity to an increasing
cavity massflow.

The present work shows performance sensitivities for purge
flow. Intensification of the secondary flows at exit of the rotor and
a higher penetration of the secondary flows with purge flow are
observed. A detailed time-resolved measurement and analysis with
and without purge flow are presented. By a spectral analysis at
exit of the rotor with purge, flow subharmonic frequencies are
resolved.

2 Experimental Method

2.1 Experimental Turbine Facility. The experimental inves-
tigation was performed in the research turbine “LISA” in the
Laboratory of Energy Conversion at Swiss Federal Institute of
Technology. Recently the existing two-stage, shrouded turbine

configuration �13� was redesigned as a one-and-1/2 unshrouded
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urbine that is representative of a high work cooled turbine. Fur-
her details of the new design are presented by Behr et al. �14�, but
ts salient features are described below.

The air-loop of the facility is a quasiclosed type and includes a
adial compressor, a two-stage water to air heat exchanger and a
alibrated venturi nozzle for mass flow measurements. Upstream
f the turbine section is a 3 m part with flow straighteners to
nsure a homogenous flow field. Additionally the flow undergoes
n acceleration ahead of the turbine section in order to reduce the
ignificance of any remaining flow nonuniformities. At the exit of
he turbine section the air-loop opens to atmosphere. A dc genera-
or absorbs the turbine power and controls the rotational speed
ith an indicated accuracy �0.02% ��0.5RMP�. A heat ex-

hanger controls the Tt,in to an accuracy of �0.3%. A torquemeter
easures the torque on the rotor shaft. With a compressor ratio

imited to �c,max=1.5, it is necessary to add a tandem deswirl
ane arrangement to recover the static pressure at the exit of the
econd stator back to the ambient level, in order to reach the
ntended turbine pressure ratio of �1.5=1.65. The turbine is un-
hrouded with a nominal tip gap of 1% of the span. The variation
n the tip gap between builds is less than 1% of the tip gap, which
nsures a good repeatability.

Table 1 gives the general geometrical data of the first stage of
he investigated turbine. A new air-system was designed to pro-
ide the possibility of injection of air through the rotor upstream
im seal. The air is bled off the primary air-loop upstream of the
ow conditioning stretch. The bleed air passes through a venturi

o measure the bypassed massflow. Finally the bypass flow enters
plenum from where ten plastic pipes lead the flow to ten first

ozzle guide vane rows �NGV1s�. Through these NGV1s the flow
nters the cavity labeled B in Fig. 1. From the cavity underneath
he NGV1s there are two leakage paths indicated in Fig. 1 as
otted arrows P and S. One path is through the upstream rim seal
nto the mainflow P. The rest of the gas is ejected through the
rum to the ambient after being measured in another venturi
alled the secondary massflow S. The pressure difference over the
abyrinth seal leading from the downstream rim seal into the drum
s balanced. Under these conditions the net massflow through the
ownstream rim seal into the drum is assumed to be zero. Thus
he injection or purge massflow can be calculated as the difference
f the bypass massflow and secondary massflow. Previously it was
nly possible to run the rig with the upstream rim seal in a suck-
ng mode.

Table 1 Characteristic geometry

Stator 1 Rotor

o. of blades 36 54
nlet angle �midspan� �deg� 0 54
xit angle �midspan� �deg� 73 −67
olidity �chord/pitch� 0.87 1.17
spect ratio �span/chord� 1.27 1.41
rofile stacking LE CoG
Fig. 1 Illustration of leakage path

21021-2 / Vol. 132, APRIL 2010
2.2 Measurement Technology. The steady flow field is mea-
sured with a miniature cobra-head five-hole probe with a tip di-
ameter of 0.9 mm. The unsteady flow field is measured with a fast
response aerodynamic probe �FRAP�, which was developed at the
LEC �15,16�. The probe is capable of capturing unsteady flow
features of up to frequencies of 48 kHz based on measurements
including total and static pressures, flow yaw and pitch angles,
and Mach number. The frequency bandwidth of the temperature is
limited to a frequency of 10 Hz. However the influence of the
temperature on the velocity is very modest. The used FRAP probe
has a 1.8 mm tip diameter and is equipped with two sensors. The
probe is operated in a virtual-four-sensor mode to measure three-
dimensional time-resolved flow properties. The measurement grid
consisted of 39 radial and 40 circumferential points �covering one
stator pitch� with a radial clustering near the endwalls. The data
are acquired at a sampling rate of 200 kHz over a period of 2 s.
During the data processing a phase lock averaging over 85 rotor
revolutions per rotor pitch is used. The postprocessing is done for
three consecutive rotor pitches. The sampling rate resolves 82
points per rotor pitch in the relative frame of reference.

3 Results and Discussion

3.1 Operating Conditions. During measurements the turbine
1�1/2� stage total-to-static pressure ratio is kept constant at �1.5
=1.65. The entry temperature is kept constant to permit an accu-
rate comparison between measurements made on different days.
To account for the change in ambient pressure on different mea-
surement days the pressures are nondimensionalized by the re-
spective inlet total pressure. The operating conditions are given in
Table 2.

In this paper the data of two different injection rates are com-
pared. The definition of the injection rate is given in Eq. �1�.

IR =
ṁby − ṁdr

ṁv
· 100 �1�

The tests were conducted with two different IRs −0.14% and
0.9%. At −0.14% the rim seal is nominally in a modest sucking
mode, while at 0.9% it is said to be blowing.

3.2 Performance Sensitivity. In this section the sensitivity of
the total-to-total efficiency to different injection rates is presented.
The definition of efficiency used in this study, accounting for the
injection is given in Eq. �2�

�tt =

� · M

ṁv · cp · Tt,in

1 − �1 −
IR

100
� · � pt,R1ex

pt,in
��−1/�

−
IR

100
· � pt,R1ex

pt,cav
���−1�/�

�2�

The efficiency drop is ��tt=0.6% when comparing the sucking
case �IR=−0.14%� to the blowing case �IR=0.9%�.

Figure 2 shows the circumferentially massflow averaged rela-
tive flow yaw angle at the exit of the rotor. The design metal angle
is −67 deg over the whole span. At the hub one can see the
underturning region between 20% and 30% span.

At 10% span there is the overturning region induced by the hub

Table 2 Operating conditions

�1.5 1.65�0.4%

Tt,in 328�0.2 K

ṁ�Tt,in

pt,in
152�0.2% � kg K1/2

s bar
�

N
�Tt,in

2.48�0.05 rps

K1/2
passage vortex. At 72% span the tip passage vortex introduces
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nderturning. At 88% span there is the combined overturning of
he tip passage vortex and the tip leakage vortex. Finally at the
asing the underturning part of the tip leakage vortex can be seen.
n the outer half of the annulus there is no influence of the injec-
ion. At the hub the underturning is reduced by 1.4 deg with purge
ow, while it radially migrated outwards by 5% of the span. The
verturning is the same in both cases. With purge flow the highest
verturning is at a 5% lower span position. With purge flow the
ignature of the secondary flow is diminished, while it has a larger
adial extent.

Figure 3 shows the radial distribution of the total-to-total effi-
iency. It should be noted that this efficiency is linearly related to
he total pressure distribution since the power used to calculate it
s only a one-dimensional �1D� value. The efficiency is nondimen-
ionalized with the midheight value of the �IR=−0.14%� sucking
ase. There is an increasing efficiency deficit toward the hub for
he injection case. The suction case has a more pronounced loss
ore around 20% span, while it is more diffused in the purge flow
ase.

3.3 Time-Resolved Data. Figure 4 shows the relative total
ressure field of the blowing case with an injection rate of 0.9%
or two stator pitches at exit of the rotor. As the vane to blade ratio
s two to three, the loss systems of three rotor blades can be seen.

ig. 2 Mass-averaged relative flow angle traverse plane R1ex
Fig. 4 Relative total pressure for blow

ournal of Turbomachinery
Figure 4 shows the situation at one instant in time in the absolute
frame. The rotor loss features can be identified as the low relative
total pressure zones.

From 90% span up to the casing the loss is associated with the
tip leakage vortex labeled with 1. Between 65% and 80% span the
tip passage vortex loss 2. In between 30% and 65% span the rotor
wake can be identified. From 10% to 30% span the low relative
total pressure zone shows the rotor hub passage vortex 3. The low
momentum purge flow is entrained by the hub passage vortex of
the rotor. This results in a large and diffused region at the hub.

Based on the stationary flow field three different interaction
zones in the rotor exit flow field can be identified. The centerlines
of these regions are seen as radial lines in Fig. 4 labeled with A,
B, and C. In the region along traverse A the loss features of the
upstream nozzle appear. Sharma et al. �17� called this region mini-
mum interaction time location as the nozzle flow features pass
through the rotor passage with minimal interaction with the rotor
leading edge. Traverse B is in the middle of a high relative total
pressure zone caused by the pressure waves of the downstream
nozzle. In the region around traverse C there is no interaction of
the rotor flow features with either the upstream nozzle or the
downstream nozzle. Sharma et al. �17� showed that this region is

0.9 0.95 1 1.050

0.1
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0.6
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Rotor Exit @PR=1.65
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Fig. 3 Mass-averaged total-to-total efficiency traverse plane
R1ex
ing IR=0.9% at traverse plane R1ex
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haracterized by low turbulence values and that the flow field is
uite similar to the one, which would be observed in cascade tests.
o better understand the different interactions in region A, B, and
, these traverses are plotted against time, as seen in Figs. 5–7.
Figure 5 shows the rms values of the random part of the total

Fig. 5 rms of random part of total

Fig. 6 Relative flow a
Fig. 7 Pitch angle at t

21021-4 / Vol. 132, APRIL 2010
pressure signal as a plot of radius against time for the three
traverses. Using the triple decomposition of the time-resolved
pressure signal as shown in Eq. �3� the random part p��t� can be
evaluated as the difference between the time-resolved pressure
p�t� and the phase-locked averaged pressure p̄+ p̃�t�. The same

ssure at traverse plane R1ex „Pa…

e traverse plane R1ex
pre
ngl
raverse plane R1ex
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pproach was used by Porreca et al. �18� to derive turbulent quan-
ities.

p�t� = p̄ + p̃�t� + p��t� �3�
Figures 5�e� and 5�f� show only minor rotor-stator interactions

haracterized by the lowest integral rms values. The rotor flow
eatures identified in Fig. 4 can be seen as high rms regions. From
0% span to the tip one can identify the tip leakage vortex labeled
ith 1 in between 60% and 80% span the rotor tip passage vortex
, and finally between 15% and 35% span the rotor hub passage
ortex 3. With purge flow the highest unsteadiness in the hub
assage vortex is constrained to the hub and diffused over a larger
rea.

In traverse B the unsteadiness in the rotor hub passage vortex
ises due to the interaction with the downstream stator leading
dge. The purge flow case shows a much stronger increase in rms.
his could be the signature of a vortex break down.
Along traverse A the integral rms values rise once more as

dditional high rms zones are occurring. These zones show the
emains of the upstream vane flow features. There is a high rms
one at the hub labeled 4 associated with the upstream vane hub
assage vortex. With purge flow the high rms zone of the rotor
ub passage vortex 3 is lifted of the endwall once it starts to
nteract with the upstream vane hub passage vortex 4. This is
robably happening as the leakage fluid has very little momentum.

If streamwise vorticity is present in a flowfield one will find
adial gradients of yaw angle, as well as circumferential gradients
f pitch angle. As the rotor vorticities travel through the radial
raverse, the time gradients are related to the circumferential gra-
ients in the rotating frame. Therefore the strength of the radial
aw angle and the time gradient of the pitch angle are good indi-
ators of the strength of the streamwise vorticity.

Figure 6 shows the relative flow angle in the time-space format.
t the hub there is a positive radial gradient of the relative flow

ngle associated with the hub passage vortex 3. In traverse B and
this gradient is lowered by a factor of about 5–6 with purge

ow present. In traverse B it has been reduced from 4.9 deg/mm
o 1.0 deg/mm with purge flow and at traverse C from 4.6 deg/mm
o 0.8 deg/mm. At traverse A the gradients are about the same size
.4 deg/mm and 1.6 deg/mm for both injection cases. This leads to
he conclusion that the hub passage vortex of the purge flow case
hows a different behavior once the vortex starts to interact with
he upstream vane features as seen in traverse A. With purge flow
he vortex is gaining intensity as it starts to interact with the up-
tream flow features. Without purge flow the vortex loses
ntensity.

Figure 7 shows the radial-time diagram for the pitch angle of

Fig. 8 Time-averaged relative total pressure in
raverse A and C. Traverse C shows pitch angle variations caused

ournal of Turbomachinery
by the rotor flow features. Between 10% and 30% span there is a
positive temporal pitch angle gradient, which is the signature of
the rotor passage vortex 3. The maximum pitch angle gradient is
at 27% in the sucking case and at 21% in the blowing case. The
gradient reduced by 2.7 deg per blade passing period with purge
flow. This indicates a lower vorticity peak closer to the hub. In
traverse A the maximum temporal pitch angle gradient can be
found at 23% in the sucking case and at 26% in the blowing case.
With purge flow the positive gradient at the hub is reduced by 3.5
deg per blade passing period in this circumferential location. With
purge flow the rotor hub passage vortex migrates outwards going
from traverse C to A. This reconfirms the observation made fur-
ther up that the hub passage vortex lifts of the endwall once it
starts to interact with the upstream vane flow features, as seen in
traverse A if purge flow is present.

3.4 Rotating Frame Time-Averaged Results. Figure 8
shows the relative total pressure at the rotor exit time-averaged in
the rotating frame of reference. Below 30% span there is the low
relative total pressure zone that is associated with the rotor hub
passage vortex 3. Between 65% and 80% the tip passage vortex
loss core can be identified as 2. Between 90% span and the casing
there is the signature of the tip leakage vortex 1. The narrow band
of low relative total pressure between 30% and 65% represents the
rotor wake. In the purge flow case the hub loss zone is about twice
the size of the zone in the sucking case. This loss zone extends
from 40% span down to the measurement line closest to the hub

Yrel�r� =
ptrel,S1ex�r� − ptrel,R1ex�r�
ptrel,R1ex�r� − ps,R1ex�r�

· 100 �4�

Equation �4� gives the definition for the relative total pressure
loss coefficient Yrel. Figure 9 shows the radial distribution of Yrel
determined with the mass-averaged relative total pressure values
at the same radial height. Figure 9 confirms the observations made
in Fig. 8. The peak loss in both cases is the same within 1%. The
purge flow however shows loss over a much larger radial extent,
resulting in an 18% higher integral hub loss.

Figure 10 shows the streamwise vorticity at the rotor exit time-
averaged in the rotating frame of reference. The positive stream-
wise vorticity seen at 20% span and labeled 3 is due to the rotor
hub passage vortex. The negative vorticity region 5 can be asso-
ciated with the trailing edge shed vortex. At 75% the vorticity of
the tip passage vortex can be seen in region 2. The tip shed vortex
is labeled 4. Along the casing the positive vorticity signature of
the tip leakage vortex is seen in region 1. With purge flow the
peak vorticity of the hub passage vortex is about halved. This
agrees with the observation made in the radial-time plots of the

rotor frame of reference at traverse plane R1ex
the
pitch and relative flow angle, as seen Figs. 6 and 7. However the

APRIL 2010, Vol. 132 / 021021-5
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ntegrated circulation is 10% higher with injection. The integrated
irculation of the hub trailing shed vortex has increased by 30%.
his indicates a greater variation in blade lift with span. Therefore

he lift at the hub must have reduced. The purge flow shows no
ignificant influence in the outer annulus half.

Figure 11 shows the time-averaged rms values of the random

0 5 10 15 20 25 300
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PR=1.65

IR=−0.14%
IR=0.9%

ig. 9 Time-averaged and circumferentially mass-averaged in
he rotor frame of reference relative total pressure loss at
raverse plane R1ex „%…

Fig. 10 Time-averaged streamwise vorticity in the
Fig. 11 Time-averaged rms of random part of total pressure

21021-6 / Vol. 132, APRIL 2010
part of the total pressure signal in the rotating frame of reference.
There are three distinct regions of high rms values representing
the hub passage vortex �below 40% Span� 3, the tip passage vor-
tex �between 60% and 80% Span� 2 and the leakage vortex �be-
yond 90% span� 1. Furthermore there is a band of high rms values
between 40% and 60% span associated with the rotor wake. The
rms plot shows a very diffused hub passage vortex region with
purge flow, which has increased in size and reduced in peak in-
tensity compared with the sucking case.

The rate of irreversible heat generation by doing work against
the viscous forces is given in Eq. �5� given in Ref. �19�. The
parameter � is the dissipation function. The viscosity in Eq. �5� is
the molecular or laminar viscosity. In order to evaluate the dissi-
pation correctly one would need a very fine spatial resolution. The
instantaneous velocity vector with its deterministic and turbulent
fluctuations is also needed. In practice the spatial resolution is
limited by the traverse grid size and the temporal resolution is
only deterministic. For these reasons the calculated dissipation
must be regarded with some care as the modest spatial resolution
and the deterministic time signature will result in an underesti-
mate of the dissipation

dQF = dt · �V · 	 · � �5�

�, the viscous dissipation function, is given in cylindrical co-
ordinates in Eq. �6�. The required axial gradients are approximated
using a frozen flow structure assumption. The detailed approach
can be found in Ref. �20�

tor frame of reference at traverse plane R1ex „1/s…
ro
in the rotor frame of reference at traverse plane R1ex „Pa…
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In order to better quantify the dissipation function, it is normal-

zed by the flux of kinetic energy given in Eq. �7�

ṁ ·
u2

2
= � · ux · Ax ·

u2

2
�7�

here

u2 = ux
2 + ur

2 + u

2 �8�

hus we have the semi-nondimensional dissipation function D
iven in Eq. �9�

D =
	 · �

� ·
u2

2

�9�

Figure 12 shows the time-averaged D parameter at the rotor exit
n the rotating frame of reference. The highest values are mea-
ured both in the tip leakage region and in the interaction zone of
he tip trailing edge shed vortex 4 and the tip passage vortex 2.
he dissipation at the hub is much less pronounced. The peak
issipation values are about the same in both cases. However the
xtension with purge flow is much larger, resulting in a 39.6 %
igher integral dissipation value for the lower annulus half.

3.5 Spectral Analysis. The frequency composition of the
ow in the hub loss core is determined from an fast Fourier trans-
orm �FFT� of the raw voltage signal of sensor 1 of the FRAP

Fig. 12 Time-averaged D parameter in the roto
Fig. 13 FFT of the raw voltage signal of the

ournal of Turbomachinery
probe, which is directly related to the pressure signal. The ampli-
tude is nondimensionalized by the baseline value at blade passing
frequency. The measurements at 16% span and �12.5% pitch are
considered. The results are presented in Fig. 13. The blade passing
period is 2430 Hz. With IR=−0.14% there is a distinct peak at the
blade passing frequency. With purge flow the peak amplitude at
the blade passing frequency is reduced. Furthermore there is a
band of relatively high amplitudes centered on the subharmonic of
the blade passing frequency. The injection seems to introduce
such subharmonic frequencies, as was observed by Boudet et al.
�10�. They found that such frequencies result from the nonlinear
interactions with cavity instabilities. In the present work no time-
resolved cavity data are available. Therefore no conclusive state-
ment on the origin of these frequencies can be made. Alternatively
there are possibly some nondeterministic modes of the rotor hub
secondary flows influenced by the purge flow.

4 Conclusions
The results with axisymmetric endwalls show a total-to-total

efficiency drop of ��tt=0.6% when increasing the injection from
the sucking mode IR=−0.14% to the blowing mode IR=0.9%.
With injection and conventional endwalls the hub secondary flows
have a larger radial extent. The angles, as well as the vorticity
contour plots in the rotor hub passage vortex region, show that the
vorticity peak values are reduced by using purge flow. This indi-
cates a reduced rotation of the vortex when the purge flow is
entrained into the vortex. However the integrated circulation of
the passage vortex with purge flow has increased by 10%. The
circulation of the hub trailing shed vortex has increased by 30%
with injection through the rotor upstream rim seal. The integrated
dissipation function D has increased with purge flow by almost
40% explaining some of the efficiency deficit.

ame of reference at traverse plane R1ex „%/s…
r fr
frap probe at 16% span and −12.5% pitch
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FFT results show that there is a frequency in the pressure signal
f around half the blade passing frequency in the hub region,
hich could possibly result from a nonlinear combination with

ome cavity modes. Nevertheless no conclusive statement can be
ade as there is no time-resolved data from the cavity available.
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omenclature
A � area �m2�
D � semi-nondimensional dissipation function �%/s�
cp � specific heat for constant pressure �J/kg�
IR � injection rate
M � torque �Nm�
ṁ � massflow �kg/s�
N � rotational speed �rps�
p � pressure �Pa�
p̄ � time mean part of pressure signal �Pa�
p̃ � periodic part of pressure signal �Pa�

p� � random part of pressure signal �Pa�
Q � amount of heat �J�
r � radial coordinate �m�
T � temperature �K�
T � blade period �s�
t � time �s�
u � velocity �m/s�
V � volume �m3�
x � axial coordinate �m�
Y � total pressure loss coefficient

reek
� � isentropic coefficient
� � efficiency

 � circumferential coordinate
	 � viscosity �kg /m s�
� � pressure ratio
� � density �kg /m3�

� � dissipation function �1 /s2�
� � rotational speed �rad/s�

ubscripts
by � bypass

c ,max � compressor
cav � cavity

dr � drum
F � frictional
in � turbine inlet
r � radial coordinate

rel � relative frame
R1ex � rotor1 exit

s � static flow quantity
S1ex � stator1 exit
t � stagnation flow quantity

21021-8 / Vol. 132, APRIL 2010
tt � total-to-total
v � main venturi
x � axial coordinate

 � circumferential coordinate

1.5 � total-to-static 1.5 stages

Abbreviations
R1ex � rotor1 exit
S1ex � stator1 exit
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