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Control of Rotor Tip Leakage
Through Cooling Injection From
the Casing in a High-Work
Turbine
This paper presents an experimental investigation of a novel approach for controlling the
rotor tip leakage and secondary flow by injecting cooling air from the stationary casing
onto the rotor tip. It contains a detailed analysis of the unsteady flow interaction between
the injected air and the flow in the rotor tip region and its impact on the rotor secondary
flow structures. The experimental investigation has been conducted on a one-and-1/2-
stage, unshrouded turbine, which has been especially designed and built for the current
investigation. The turbine test case models a highly loaded, high pressure gas turbine
stage. Measurements conducted with a two-sensor fast-response aerodynamic probe have
provided data describing the time-resolved behavior of flow angles and pressures, as well
as turbulence intensity in the exit plane of the rotor. Cooling air has been injected in the
circumferential direction at a 30 deg angle from the casing tangent, opposing the rotor
turning direction through a circumferential array of ten equidistant holes per rotor pitch.
Different cooling air injection configurations have been tested. Injection parameters such
as mass flow, axial position, and size of the holes have been varied to see the effect on the
rotor tip secondary flows. The results of the current investigation show that with the
injection, the size and the turbulence intensity of the rotor tip leakage vortex and the
rotor tip passage vortex reduce. Both vortices move toward the tip suction side corner of
the rotor passage. With an appropriate combination of injection mass flow rate and axial
injection position, the isentropic efficiency of the stage was improved by 0.55 percentage
points. �DOI: 10.1115/1.2777185�
/article-pdf/130/3/031014/5845432/031014_1.pdf by ETH
 Zuerich user on 17 O
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ntroduction
Modern gas turbine designs aim to reach the highest possible

urbine entry temperatures in order to increase cycle efficiency
nd turbine specific work. Different cooling strategies have been
eveloped in order to achieve adequate life for all components
hat are exposed to these high temperature gas flows. One critical
egion for cooling in a high-pressure turbine is the blade tip area,
hich experiences high thermal loads and which is difficult to

ool. A second aspect in optimizing turbine efficiency is the re-
uction of aerodynamic losses. The unshrouded design of high-
ressure rotor blade rows introduces high losses due to tip leakage
ows. Booth �1� found tip leakage losses to be in the order of up

o one-third of the overall stage losses.
Several strategies for reducing losses due to blade tip gap flows

ave been the subject of a number of investigations over the past
ecade. According to Denton �2�, the loss related to tip leakage
ows is proportional to a discharge coefficient. Further, the loss
cales with the velocity distribution around the blade tip, and thus
ith the loading of the blade tip.
One way of changing the discharge coefficient without affect-

ng significantly the pressure distribution around the tip profile is
o modify the blade tip geometry. Contouring can be done by
ncluding squealer rims or radii along the edges of the tip. Booth
3� presented test on a series of different tip geometries and evalu-
ted the related discharge coefficients. Bindon and Morphis �4�
ested three different tip geometries in a linear cascade. They
ound that the discharge coefficient is not necessarily representa-

Contributed by the International Gas Turbine Institute of ASME for publication in
he JOURNAL OF TURBOMACHINERY. Manuscript received January 26, 2007; final manu-
cript received March 16, 2007; published online May 5, 2008. Review conducted by
avid Wisler. Paper presented at the ASME Turbo Expo 2007: Land, Sea and Air
GT2007�, Montreal, Quebec, Canada, May 14–17, 2007, Paper No. GT2007-27269.
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tive of the overall loss associated with the tip leakage flow. It does
not account for losses due to mixing of the tip leakage flow down-
stream of the rotor. In the investigation of Kaiser and Bindon �5�
in a 1.5-stage rotating rig, the plain tip was shown to have the best
performance compared to other geometries tested. With a tip that
is radiused along the edges of the pressure side, the vena contracta
that usually forms inside the tip gap could be almost completely
eliminated. Other studies in rotating rigs concerning this area of
research have been presented by Yoshino �6� and Camci et al. �7�.
A numerical analysis examining the influence of improved tip
concepts has been described by Mischo et al. �8� and Chander et
al. �9�.

The possibility of reducing tip leakage flows through a reduced
loading of the tip region has been discussed by De Cecco et al.
�10� and Yamamoto et al. �11�. Staubach et al. �12� achieved the
off-loading of the tip by applying 3D design strategies to the
profiles. Tip lean was found to be beneficial for this purpose;
however, its application is limited due to stresses within the rotor
blade.

Offenburg et al. �13� investigated the effect of different trenches
within the casing around the rotor on efficiency of the stage. The
function of trenches within the casing was found to be dependent
on the tip gap height. Up to a relative tip gap of 2.3% blade span,
a straight casing contour has been shown to yield the best results.

On the effect of tip leakage in a multistage environment, Har-
vey �14� concluded that no benefit results from the tip leakage
flow once it has formed into a vortex. In order to limit the losses
that this vortex generates in subsequent blade rows, the tip leak-
age flow and thus the strength of the vortex have to be reduced.

Another approach in order to reduce the losses due to tip leak-
age has been examined by Dey and Camci �15� and Rao and
Camci �16,17�. Coolant was injected from the blade tip into the tip

gap in order to reduce the mixing losses due to the tip leakage.
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ets at different discrete positions and blowing ratios were evalu-
ted. An influence of the injection rate on the radial position of the
ip leakage vortex and of the injection position on its strength
ould be detected.

The concept of injecting air from the rotor casing through cir-
umferential slots onto the rotor blade tip was proposed by Auyer
18�. Minoda et al. �19� injected air in a similar way through
rrays of inclined holes at three axial positions. The inclined jets
t an angle of 30 deg opposed the rotor turning direction. It was
ound that the flow could be influenced down to a radial position
f 50% span; across this range, the relative rotor exit angles were
ncreased from 100% to 70% span and reduced from 70% to 50%
pan. The promising observations of these investigations are based
n steady state measurements in the stator relative frame.

In gas turbine engines, the external side of the high-pressure
urbine rotor casing is generally cooled with compressor discharge
ir. The cooling is necessary for the casing part to withstand the
emperatures of the rotor inlet gas that may be 1400°C and higher.
fter cooling the casing, the cooling air is purged into the gas path
f the turbine, where it mixes out with the main flow. The current
pproach investigates the injection of cooling air from the rotor
asing onto the rotor tip. This injection is used to control and
educe the development of the rotor tip secondary flows and hence
mprove the aerodynamic performance. In contrast to previous
ork and to understand the aerodynamics of this complex prob-

em, unsteady measurement techniques are applied, which allow a
tudy of the time-resolved flow in the rotor-relative frame. This
xperimental approach is supported by a numerical study by Mis-
ho et al. �20�.

xperimental Method

Turbine Test Rig Facility. The experiments for the current
nvestigation have been conducted on the 1.5-stage unshrouded
xial turbine test rig at the Turbomachinery Laboratory of ETH
urich. A cross section view of the turbine module is presented in
ig. 1. Global parameters of the turbine at the design operating
oint are shown in Table 1. The characteristics of each blade row
re presented in Table 2.

The air loop of the facility is of a quasiclosed type and includes
radial compressor, a two-stage water to air heat exchanger, and
calibrated venturi nozzle for mass flow measurements. Before

he flow enters the turbine section, it passes through a 3 m long
traight duct, which contains flow straighteners to ensure an
venly distributed inlet flow field. Downstream of the turbine, the
ir loop is open to atmosphere. A dc generator converts the turbine
ower and controls the rotational speed of the turbine. A torque
eter measures the torque that is transmitted by the rotor shaft to

he generator. The turbine entry temperature is controlled to an
ccuracy of 0.3% and the rpm is kept constant within �0.5 min−1

y the dc generator. The pressure drop across the turbine is stable
ithin 0.3% for a typical measurement day. More detailed infor-
ation on the test rig can be found in Ref. �21�.

Measurement Techniques. The flow field data presented in the
aper are derived from time-resolved probe measurements in a
lane 15% rotor axial chord downstream of the rotor trailing edge.
he unsteady pressure measurement technology of the fast-

esponse aerodynamic probes �FRAPs� has been developed at the
SM �Kupferschmied et al. �22� and Pfau et al. �23��. The main-
tream flow field was measured using a novel 1.8 mm tip diam-
ter, two-sensor FRAP in virtual-four-sensor mode to provide
wo-dimensional, time-resolved flow field information. Each mea-
urement plane is resolved by a grid of 27 points in the radial
irection clustered close to the end walls, and 20 equally spaced
oints in the circumferential direction, covering one stator pitch.
he time-resolved pressure signals are acquired at each measure-
ent point at a sampling rate of 200 kHz over a period of 2 s. The

ata sets are processed to derive basic flow quantities, i.e., total

nd static pressures, flow yaw and pitch angles, velocity compo-

31014-2 / Vol. 130, JULY 2008
nents, and Mach number, by applying a phase lock average over
85 rotor revolutions. For the data evaluation, three consecutive
rotor passages were selected. Each rotor pitch is resolved in time
by 82 samples. The frequency response of the probe allows flow
features to be captured at frequencies up to 35 kHz. With this
two-sensor probe technology, it is also possible to determine flow
turbulence information �Porreca et al. �24��. The FRAP technol-
ogy also provides temperature data at a frequency of up to 10 Hz.

The time-resolved static pressure distribution of the base line
configuration at the rotor casing has been measured using minia-
ture piezoresistive differential pressure transducers �Endevco
8507C-5� having a head diameter of 2.67 mm and a resonance
frequency of 85 kHz. A sector of the rotor casing of the size of

Fig. 1 “LISA” 1- and −1/2-stage axial turbine facility

Table 1 Main parameter of “LISA” 1.5-stage axial turbine re-
search facility at design operating point „measured…

Turbine

Rotor speed �rpm� 2700
Pressure ratio �1.5 stage, total to static� 1.60
Turbine entry temperature �°C� 55
Total inlet pressure �bar abs norm� 1.4
Mass flow �kg/s� 12.13
Shaft power �kW� 292
Hub/tip diameter �mm� 660 /800

First stage
Pressure ratio �first stage, total to total� 1.35
Degree of reaction �—� 0.39
Loading coefficient �=�h /u2 �—� 2.26
Flow coefficient �=cx /u �—� 0.65
Transactions of the ASME
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ne stator pitch has been resolved with a mesh of 7 axial and 40
quidistant circumferential positions. Data from all sensors have
een acquired simultaneously at a sampling rate of 100 kHz.

Cooling Air Injection. The cooling air injection is applied
hrough an injection window that covers a sufficiently representa-
ive sector of five rotor pitches. A picture of the injection window
rrangement is shown in Fig. 2. The inner contour of the rotor
asing ring and the injection window have been machined to-
ether in order to ensure a continuous inner contour. The part of
he window that faces the rotor tip area is interchangeable. In this
ay, different injection plate configurations can be tested with a

hort changeover time.
The cooling air is provided by both an air supply system that

ehumidifies the air and controls the temperature and the mass
ow. A detailed description of the system can be found in Ref.
25�. In order to achieve a uniform distribution of the injected air,
he injection window module has a symmetric shape. The air en-
ers the plenum of the module from two sides. To further homog-
nize the air, the plenum is divided into two chambers. The air
nters Plenum 1, before it passes through a screen of 3�40 large
oles to reach Plenum 2. The total pressure and total temperature
re measured in Plenum 2.

For the current investigation, three axial injection positions
ere tested �Table 3�. The axial positions were chosen to counter-

ct the formation of the tip leakage vortex. With all configura-
ions, air is injected circumferentially against the rotor turning
irection at an angle of 30 deg relative to the casing’s tangent in
rder to oppose the rotor tip leakage flow. For each configuration,

able 2 Characteristic geometry and performance parameters
f the 1.5-stage turbine configuration „performance values are
erived from five-hole-probe measurements at the design op-
rating point…

Stator 1 Rotor Stator 2

umber of blades 36 54 36
nlet flow angle �deg� �midspan� 0 54 −42
xit flow angle �deg� �midspan� 73 −67 64
spect ratio �span/chord� 0.87 1.17 0.82
lade row relative exit
ach numbers �—� �average�

0.54 0.50 0.48

eynolds number based on
rue chord and blade row
elative exit velocity �—�

7.1�105 3.8�105 5.1�105

ig. 2 Air injection system and probe access within travers-

ble rotor casing ring assembly

ournal of Turbomachinery
cooling air is injected at two mass flow rates representing an in-
jection of 0.7% and 1.0% of the turbine mass flow on the full
annulus at the conditions shown in Table 4. Differences between
the discharge characteristics of the injection configurations have
been found to be negligible. Reference measurements for all three
configurations with no injection are made with the holes sealed
from the inside of the plenum with tape.

Rotor Tip Flow and Casing Injection
In axial flow turbines, the required clearance between the tips

of the rotor blades and the surrounding casing results in secondary
flows. Fluid that passes through the tip gap of the rotor forms a tip
leakage vortex, which has a major contribution to the loss produc-
tion inside the rotor. A detailed literature review on the studies of
tip clearance flow in unshrouded axial turbines has been presented
by Sjolander �26�. The following section gives an overview of the
secondary flow phenomena in the rotor blade row of the turbine
configuration under investigation. In the following, the problem of
the casing air injection will be addressed. Based on the experi-
mental findings, the interaction between rotor secondary flows and
injection fluid will be discussed.

In Fig. 3, a schematic view of the secondary flow development
inside a rotor is shown. The incoming boundary layers at the hub
and tip end wall experience a strong adverse pressure gradient as

Table 3 Geometric parameters of injection configurations

Configuration A B C

Rotor axial chord 30 50 30, 50
Number of holes/rotor 10 10 10+10
Hole diameter �mm� 1.0 1.0 0.7
Hole angle relative to 30 30 30
Length/diameter ratio 8.0 8.0 11.4

Table 4 Injection air conditions

Injection rate �% of passage mass flow� 0.7 1.0
Plenum total pressure pt,I �kPa� 128 140
Plenum total temperature Tt,I �°C� 32.5 32.5
Average density ratio DR �—� 1.0 1.0
Average blowing ratio BR �—� 2.2 3.2
Average momentum flux ratio IR �—� 4.8 10.3
Fig. 3 Secondary flow model after Sjolander †26‡

JULY 2008, Vol. 130 / 031014-3
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hey approach the leading edge of the rotor, which leads to the
ormation of a “horseshoe” vortex that wraps around the profile.
he incoming end wall flow that enters the passage is influenced
y the pressure gradient between the pressure and suction sides.
ue to the difference in momentum across the boundary layer, the
ressure gradient drives the fluid that is adjacent to the end wall
loser to the suction side. This crossflow on the end wall subse-
uently rolls up into the passage vortex, which often merges with
he pressure side leg of the horseshoe vortex.

In the tip region of an unshrouded rotor blade, the characteris-
ics of secondary flows differ from the previously described

odel. Due to the reduced strength of the adverse pressure gradi-
nt at the tip gap, the horseshoe vortices appear only at small
learances. In addition, a tip leakage vortex develops. At the blade
ip, the pressure gradient between pressure and suction side sucks
ff mass flow from the tip region of the pressure side into the tip
ap. The inlet flow to the gap separates along the pressure side
orner of the tip gap and forms a separation bubble. The unsepa-
ated flow passes through a vena contracta that is between the
eparation bubble and the casing. This vena contracta region is
haracterized by a maximum in the flow velocity and a minimum
n the static pressure.

The tip leakage flow leaves the gap at a high velocity and
nteracts with the flow on the blade suction side. The passage flow
nd the passage vortex cause the leakage jet to roll up into the tip
eakage vortex. In the rotor exit plane, this counter-rotating pair of
ip leakage vortex and tip passage vortex are observed to be at-
ached to the suction side. The tip leakage vortex is additionally
onfined by the casing end wall.

In Fig. 4, the position of the secondary flows in the rotor tip
egion can be confirmed from the distribution of the relative total
ressure coefficient. In this plane at 15% rotor axial chord down-
tream of the rotor trailing edge, the vortices can be identified as
egions of low relative total pressure. Hence, the tip leakage vor-
ex extends from 90% to 100% span, adjacent to the tip passage
ortex from 60% to 90% span. Further, radially inward on the left
ide of the vortices, the low-pressure field of the rotor wake can
e identified. A more detailed discussion of the flow field has been
resented in Ref. �21�.

Figure 5 shows the nondeterministic pressure distribution at the
asing wall measured with fast-response pressure sensors. The
alue plotted represents the variation �or rms� of the phase-locked
ressure signal ��pw� � calculated out of 180 values. The distribu-
ion of this parameter has been calculated for each stator-rotor
elative position. Afterward, all these distributions have been av-
raged in the rotor-relative frame. At the position of the vena
ontracta and the separation bubble at the pressure side corner of

ig. 4 Relative total pressure coefficient Cptrel „-… measured at
he rotor exit „rotor-relative frame, time averaged…
he tip, a region with high levels of pressure unsteadiness can be

31014-4 / Vol. 130, JULY 2008
found from 20% to 80% axial chord. This region marks the posi-
tion where the tip leakage fluid enters the tip gap. At the opposite
side of the tip, the region of the tip leakage vortex can clearly be
distinguished. The position of the start of the vortex development
at 60% rotor axial chord coincides with the approximate position
of the peak suction pressure. Inside the vortex region, the maxi-
mum level of unsteadiness is at a position of 90% rotor axial
chord. Xiao and Lakshminarayana �27� investigated the develop-
ment of tip leakage vortices using laser Doppler velocimetry
�LDV�. They found that a reduction of the vortex circulation
downstream 90% rotor axial chord coincided with a slower
growth of the vortex. If one assumes that the circulation and the
unsteadiness of a vortex are correlated, this effect is also seen in
the present measurement.

Due to the fact that the rotor is embedded in between two
stators, the rotor exit flow as well as the development of rotor
secondary flows are influenced by blade row interactions. Figure 6
shows the nondeterministic pressure distribution on the rotor cas-
ing at 104% rotor axial chord versus the time of two stator blade
passing periods. The tip leakage vortex is again indicated by high
levels of pressure unsteadiness. The relative circumferential posi-
tion of the tip leakage vortex to the rotor trailing edge varies with
its position relative to the subsequent stator leading edge. The
unsteady casing pressure measured further upstream shows that
the blade row interaction affects the development of the entire tip
leakage vortex up to the position where the vortex first leaves the
tip gap. This effect is seen in a modulation of unsteadiness and a
variation of the relative position of the vortex. This phenomenon
is also discussed in Ref. �21�.

Fig. 5 rms of nondeterministic pressure variation „Pa… mea-
sured at the rotor casing „rotor-relative frame, time averaged…

Fig. 6 rms of nondeterministic pressure variation „Pa… mea-
sured at the rotor casing at 104% rotor axial chord versus sta-

tor blade passing period „rotor-relative frame…

Transactions of the ASME
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The acceleration of the flow into the tip gap reduces the static
ressure close to the pressure side. The maximum static pressure
t the tip occurs along the dividing stream surface �see Fig. 3� that
s close to the blade pressure side. Fluid on one side of this surface
oes into the tip gap. The fluid on the other side forms the cross-
assage flow that is then accelerated toward the suction side and
orms the passage vortex. Another secondary flow feature devel-
ps at the tip of rotating blade rows �not shown in Fig. 3� and is
aused by the relative movement of the blade to the tip casing
all. The casing boundary layer is scraped by the suction side of

he blade tip and moves down the suction surface. This shear layer
ventually rolls up into the scraping vortex, which rotates counter
o the tip leakage vortex. The scraping vortex results in a low
tatic pressure region at the end wall.

The previously described secondary flow features at the casing
re evident in the distribution of static pressure at the casing �see
ig. 7�. The trace of the dividing stream surface at the casing is

ndicated by the static pressure maxima of the dividing stream line
DSL� that is offset from the pressure side toward the passage. On
he pressure side, a line of static pressure minima is also seen and
s a result of the vena contracta �VC� region. A second line of
tatic pressure minima, which is offset from the suction side to-
ard the passage, is caused by fluid that has been accelerated due

o the proximity of the blade. This fluid goes along the suction
urface, and is referred to as the scraping vortex �SV�.

The oil flow visualization near the pressure side on the blade tip
urface �Fig. 8� shows the position of the line of the separation
ubble as well as the flow direction across the separation bubble.
he region along the pressure side corner of the tip is blank,
hereas further inward oil deposits from the recirculation are

een.
In summary, the interaction between the injected fluid and the
ain flow can be subdivided into two regions. These regions are

ig. 7 Static pressure „Pa… measured at the rotor casing
rotor-relative frame, time averaged…
Fig. 8 Flow visualization on rotor tip surface

ournal of Turbomachinery
distinguishable depending on the manner in which the injected
fluid enters the main flow path. Region A �shown as the gray
shaded region in Fig. 9� is comprised of the cross flow from the
pressure side to the suction side and the SV that is close to the
suction side. Fluid in this region tends to move from the pressure
to the suction side across the passage in the rotor-relative frame of
reference. Region B is dominated by the fluid that passes through
the tip clearance and eventually forms the tip leakage vortex. This
region extends circumferentially from the dividing stream surface
close to the suction side across the rotor tip until the rotor tip
suction side. It further includes the region downstream of the rotor
suction side, which is dominated by the tip leakage vortex. The
flow in this region moves faster in the circumferential direction
than the rotor. Therefore, it moves in the opposite circumferential
direction in the rotor-relative frame then the flow of region A.

The mass flow rate of the cooling air injection is determined by
the pressure difference between the plenum total pressure and the
static pressure at the exit of the injection hole and the discharge
coefficient. Each injection hole is exposed to a static pressure field
that varies with the relative position of the rotor blades. Thus, the
injection mass flow rate changes accordingly. The maximum mass
flow occurs with the lowest static pressure and vice versa. Figure
10 shows the circumferential distribution of static casing pressure
at the two axial injection positions considered in the current in-
vestigation. The vertical blue lines in the plots mark the approxi-

Fig. 9 Model of the flow directions at the casing in the rotor-
relative frame of reference

Fig. 10 Static pressure distribution measured at the rotor cas-
ing „rotor-relative frame, time averaged… at two rotor axial

chord positions; „a… 30% and „b… 50%

JULY 2008, Vol. 130 / 031014-5
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ate positions of the pressure and suction sides. It is evident that
n the surface of the blade tip, the highest injection rate occurs at
elatively constant level. Within the passage, the injection rate
educes from this level until the dividing stream surface that is
lose to the pressure side at which the static pressure reaches its
aximum.
The inclined injection at an angle of 30 deg introduces a cir-

umferential velocity component that is opposite to the rotor turn-
ng direction. In the rotor-relative frame, the injection angle is
educed to approximately 20 deg relative to the casing tangent.
he velocity triangle of the injection is shown in Fig. 11.
In order to show the evolution of the injected fluid within the

otor passage, the axial velocity in the rotor exit plane can be
onsidered. Figure 12�a� shows the distribution of axial velocity
f the base line case. The midpassage flow of the rotor has an
verage axial velocity of around 70 m /s. The regions occupied by
he tip leakage vortex and tip passage vortex show a reduction of
xial velocity of up to 30%. Figure 12�b� visualizes the change in

Fig. 11 Velocity triangle of casing injection

ig. 12 Rotor-relative frame, time-averaged contours: „a… axial
elocity cx „m/s… measured at the rotor exit, baseline, „b… axial
elocity difference �cx „m/s… measured at the rotor exit be-

ween injection A-1% and base line case

31014-6 / Vol. 130, JULY 2008
axial velocity due to an injection of 1% cooling mass flow at 30%
rotor axial chord �injection configuration A�. The velocity change
is the difference between the axial velocities of the injection and
the base line case. The mass flow difference derived from the
measured data of both flow fields is equivalent to the injected
mass flow. A substantial increase in axial velocity is seen in the
core of the tip passage vortex �see also Fig. 4�. Also, in the region
of the tip leakage vortex, there is a slight increase. The rest of the
flow field is nearly unaffected. This indicates that at the exit of the
rotor, most of the injected fluid has accumulated within the tip
passage vortex.

Based on the flow models and experimental data described
above, the main effects of cooling air injection can be described as
follows:

�1� Within the tip gap region until the dividing stream surface,
the cooling jets oppose the direction of the tip leakage fluid.
Due to the momentum exchange between the jets and the
leakage fluid and the increased static pressure upstream of
the holes, the leakage fluid is reduced and deflected to a
more downstream position. Therefore, the leakage vortex
leaves the suction side at a more downstream position.
Within the rotor exit plane, the vortex has a reduced
strength and is closer to the suction side.

�2� The upstream border of the passage vortex marks the posi-
tion of an end wall separation line, where the boundary
layer of the incoming flow and the new boundary layer of
the cross-passage flow meet each other. This separation line
moves upstream due to the casing air injection, such that
the secondary flow of the passage vortex then impinges on
the suction side of the opposing blade at a more upstream
position. The reason for this effect is the increase in static
pressure upstream of the injection holes, which displaces
the incoming low momentum fluid. Secondly, the injection
is directed in the same direction as the cross-passage flow.
Therefore, it will add to it a circumferential velocity com-
ponent, which will accelerate the development of the pas-
sage vortex.

In the next section, this description of the flow is verified with
experimental data.

Effect of the Injection Mass Flow
For all injection configurations considered in this investigation,

the following effects are seen and are more pronounced with in-
creasing injection.

Tip Leakage Vortex and Tip Passage Vortex

Reduction of Vortex Turbulence Intensity. The position and the
size of secondary flow features in the flow field can be identified
from the turbulence intensities derived from the FRAP data. The
distributions of turbulence intensity have been calculated for each
measured stator-rotor relative position and then averaged in the
rotor-relative frame. The measurements at the rotor exit of the
base line case are presented in Fig. 13�a�. The turbulence levels
correlate well with the relative total pressure shown in Fig. 4. At
the position of the tip leakage vortex, the highest turbulence levels
are measured, and high levels are also seen in the region of the tip
passage vortex.

With injection, the levels of turbulence intensity in the region of
the rotor tip vortices are reduced by up to 35%. This effect is
shown from the turbulence intensity differences of two cases with
different injection mass flows in Figs. 13�b� and 13�c�. The largest
reduction of turbulence is in the tip passage vortex, as can be seen
in blue contours at around 70% span. Hence, the injected fluid
stabilizes the passage vortex.

In the region of the tip leakage vortex, a similar effect is seen;
however, the largest reduction in turbulence occurs at midpitch

and not at the center of the leakage vortex in the base line case

Transactions of the ASME
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see Figs. 13�b� and 13�c��. It is thought that the injection reduces
he vortex diameter. Hence, the vortex moves closer to the suction
ide of the blade and occupies less space in the midpitch region.
ince the turbulence levels are reduced in the entire region from
0% to 100% span, it is concluded that the tip leakage vortex is
hanged not only in size and position but also reduces its turbu-
ence intensity.

To quantify the overall effect on the flow field, the pitchwise
ass-averaged values are presented in Fig. 14. The largest reduc-

ig. 13 Rotor-relative frame, time-averaged contours, injec-
ion configuration A; „a… turbulence Tu †%‡ measured at the ro-
or exit, baseline case, „b… turbulence difference �Tu „%… mea-
ured at the rotor exit between injection A-0.7% and base line
ase, and „c… turbulence difference �Tu „%… measured at the
otor exit between injection A-1% and base line case
ions of turbulence intensity are also seen in the vortex span re-

ournal of Turbomachinery
gions, with reductions at around 2% for the tip leakage vortex and
1.5% for the tip passage vortex at an injection rate of 1% of the
turbine mass flow.

Reduction of Vortex Size. The effect of the casing air injection
on the vortex size has been described above. Another indication of
this is seen in the pitchwise mass-averaged distribution of the flow
yaw angle �see Fig. 15�. In the flow region from 60% to 100%
span, the characteristic overturning-underturning of the flow due
to rotation of the vortices can be seen. The position of the mini-
mum underturning due to the tip passage vortex is at around 75%
span. This position moves radially outward with an increasing
injection rate. Cooling injection of 1% of the turbine mass flow
displaces the minimum by 4% span compared to the base line.
This observation indicates that the passage vortex affects less fluid
in the midspan region.

Increase of Vortex Overturning-Underturning. A second effect
is seen in the distribution of flow yaw angles in Fig. 15. With an
increasing injection rate, the underturning of the tip passage vor-
tex and the overturning of tip leakage and tip passage vortex are

Fig. 14 Turbulence intensity „%… measured at the rotor exit
„pitchwise mass averaged… of baseline case and injection con-
figuration A at injection rates of 0.7% and 1.0%

Fig. 15 Absolute yaw angle „%… measured at the rotor exit
„pitchwise mass averaged… of baseline case and injection con-

figuration A at injection rates of 0.7% and 1.0%

JULY 2008, Vol. 130 / 031014-7
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ncreased. This indicates that the casing injection increases the
otation of the tip passage vortex, which results in larger deviation
f the flow from the design.

Increase of Total Pressure. The injection of cooling air from the
asing adds energy to the flow, which increases the total pressure
n the affected region. Figure 16 shows the pitchwise mass-
veraged distribution of total pressure. An effect of the injection
n the main flow is seen in the region between the casing and 60%
pan. The largest increase in total pressure occurs at the positions
f the vortex centers, that is, at 75% and close to the casing end
all.

Rotor Wake

Shift Away From Suction Side. The injection of casing cooling
ir is seen to have secondary effects on other secondary flow
eatures such as the rotor wake. In Fig. 17, the pitchwise distribu-
ion of axial velocity at the midspan of the rotor exit is presented.
he wake of the rotor is identified from the deficit of the axial
elocity that is a minimum at a rotor pitch position of 0.08. The
ake is clearly displaced away from the suction side as the injec-

ion rate is increased �see also Fig. 12�b��. This suggests that the

ig. 16 Total pressure coefficient Cpt „-… measured at the rotor
xit „pitchwise mass averaged… of baseline case and injection
onfiguration A at injection rates of 0.7% and 1.0%

ig. 17 Axial velocity cx at 50% span „m/s… measured at the
otor exit for base line case and two injection mass flows

rotor-relative frame…

31014-8 / Vol. 130, JULY 2008
development of the suction side boundary layer on the rotor blade
is altered in the presence of injection. It is thought that the modi-
fied passage vortex has an effect on the pressure distribution on
the blade surface. The changed 3D loading on the blade then
modifies the boundary layer and the wake development.

Increased Turning. In addition to the displacement of the wake,
a change in the yaw exit angle of the fluid on both sides of the
wake toward higher turning is observed. This effect is seen in the
pitchwise distribution of absolute flow yaw angle at midspan, Fig.
18. At both rotor pitch positions of 0 and 0.3, the maxima of the
exit angle are changed by up to 1 deg.

Main Flow

Reduction of Axial Velocity. The flow that is not directly af-
fected by the rotor secondary flows is termed the main flow. It is
observed that with injection, the axial velocity of the main flow at
the midpitch is reduced. In Fig. 17, the distribution at the midspan
shows a reduced axial velocity between rotor pitch positions of
0.3 and 1.0. This effect is also seen in the other injection configu-
rations �see Fig. 19�. The reason for this redistribution of mass
flow is still under investigation.

Increased Turning. With injection, the exit angle of the rotor
flow between 30% and 70% span changes toward higher turning.
This effect is seen in the pitchwise mass-averaged yaw angle dis-
tribution in Fig. 15. The previously described reduction of axial
velocity in this region results in the opposite effect, and is thus not
the source of this increase.

Effect of the Injection Position
The injection of casing air into the rotor tip region has been

investigated with three injection configurations at different axial
positions:

�A� at 30% rotor axial chord
�B� at 50% rotor axial chord
�C� at 30% and 50% rotor axial chord

In the previous section, the detailed effects on the flow field
have been described for the injection configuration A. In this sec-
tion, the other injection configurations with 1.0% injection rate are
also presented. The results are presented in terms of pitchwise
mass-averaged radial distributions. In order to clarify the effect of
the injection position, the differences relative to the base line case

Fig. 18 Flow yaw angle at 50% span „deg… measured at the
rotor exit for base line case and two injection mass flows
„rotor-relative frame…
are also presented.

Transactions of the ASME
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From the distribution of axial velocity presented in Fig. 19�a�, it
an be seen that the axial position of the injection has different
ffects. Interestingly, a more upstream injection �Case A� does not
ause a deeper penetration of the cooling flow into the main flow
ompared to a more downstream injection �Case B�. This is more
learly seen in the difference plot in Fig. 19�b�. It is thought that
he reason for this behavior is the effect the injection fluid has on
he development of the rotor tip passage vortex. It has been shown
bove that the injection fluid accumulates mostly inside the pas-
age vortex. Hence, depending on its radial position, an increase
f axial velocity occurs.

The axial velocity distributions also show the extent of the re-
istribution of mass flow within the rotor passage. A more up-
tream injection �Case A� has the highest level of mass flow re-
istribution. In this case, the axial velocity is reduced in the
idspan region of the wake between 30% and 70% span, whereas

he axial velocity increases in the passage vortex region. A more
ownstream injection �Case B� shows a similar effect in the wake

Fig. 19 Pitchwise averages of base l
an injection rate of 1.0% turbine mass
velocity difference from baseline case

Fig. 20 Pitchwise averages of base l
an injection rate of 1.0% turbine mas

flow yaw angle difference from base line

ournal of Turbomachinery
region, however, a smaller effect in the vortex region. The simul-
taneous injection at both axial positions �Case C� shows in the
region of the passage vortex values in between the other two
cases, which indicates a quasilinear behavior.

The change of radial position of the rotor passage vortex, which
is inferred from the distribution of axial velocity, is confirmed in
the distribution of flow yaw angles �see Fig. 20�. The position of
the passage vortex is changed the most for the most upstream
injection case. The smallest radial shift occurs at the 50% rotor
axial chord injection position. From the difference plot �Fig.
20�b��, it can be seen that the yaw angle distributions are almost
linearly related to the axial injection position. The simultaneous
injection at both axial positions �Case C� results in an angle dis-
tribution that is in between the two single-row injections �Cases A
and B�.

The effect of the casing injection to reduce the turbulence in-
tensity of the rotor tip vortices is evaluated for the three injection
cases in Fig. 21. Also, the turbulence distributions show a quasi-

and three injection configurations at
: „a… axial velocity „m/s… and „b… axial

/s…

and three injection configurations at
ow: „a… flow yaw angle „deg… and „b…
ine
flow
„m
ine
s fl
case „deg…
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inear relation to the axial injection position. The most upstream
njection case yields the largest reduction of turbulence in the
assage vortex. However, the same case shows a smaller reduc-
ion of turbulence in the tip region between 80% span and the
asing end wall. It is thought that this behavior depends on which
ow features are most affected by the casing injection. In Case A,

he cross-passage flow and hence the passage vortex seem to be
ost changed. In Case B, the tip leakage is most affected by the

asing air injection.

iscussion
The concept of injecting casing cooling air through an array of

nclined holes into the tip region of a rotor increases the complex-
ty of the flow in this region. The experimental data show that
here are significant effects on the entire flow field of the rotor.
epending on where the injected air enters the rotor passage, it
ay attenuate or intensify the existing flow features, which are

llustrated in Fig. 9.
Due to the fact that the injection is modulated by the pressure

eld of the rotor, a portion of the injected fluid interacts with the
otor tip leakage flow. The other portion of the flow is entrained
nto the cross-passage flow of the rotor, which generates the rotor
ip passage vortex. Calculation of the pitchwise distribution of the
njection yields a 1:1 ratio of the two mass flows. This ratio will
epend on the specific turbine configuration, especially on the
itch area covered by the metal surface of the blade tip. The
xperiments have shown that both parts of the injected fluid can
mprove the aerodynamic performance of the rotor due to the

echanisms described below. Their final effect on the overall per-
ormance will be evaluated in the next section.

From the measurements of turbulence intensity, it is shown that
he tip leakage vortex moves with injection closer to the rotor
uction side and occupies a smaller pitch area in the rotor exit
lane �see Fig. 13�. In the opinion of the authors, this effect is a
esult of the injected air that counteracts the tip leakage flow and
oves the onset of the tip leakage vortex to a more downstream

osition. As a result, the vortex occupies a smaller volume of the
otor passage and therefore reduces its interaction with the main
ow on the blade suction side. The reduced turbulence intensity of

he vortex implies a reduced level of turbulent kinetic energy,
hich should decrease the related loss. It is suggested that the

njection stabilizes the rotating flow of the vortex, and hence

Fig. 21 Pitchwise averages of base l
an injection rate of 1.0% turbine mass
turbulence intensity difference from b
auses a reduction of the turbulence intensity.

31014-10 / Vol. 130, JULY 2008
The portion of the injected air that is entrained in the cross-
passage flow shows that there is potential to control the rotor tip
passage vortex. The yaw angle measurements show that there is a
modification of the vortex characteristic angle distribution. The
increased level of overturning-underturning and the radial out-
ward shift of this region indicate that the passage vortex is altered.
Its rotational strength is increased but the diameter is reduced. As
a consequence, the passage vortex moves further radial outward.

From measurements of axial flow velocity, it was concluded
that the injected cooling mass flow accumulates mostly inside the
tip passage vortex and the tip leakage vortex. Furthermore, probe
measurements have shown an increased level of turbulent kinetic
energy and temperature in the flow regions of the vortices with
respect to the main flow. Downstream of the blade row, the hotter
fluid of the vortex mixes with the colder fluid of the main flow.
Hereby, the creation of losses is also a function of the temperature
difference. The accumulation of colder air of the injection inside
the vortex will reduce its temperature. Hence, the temperature
gradient to the blade surface and thus the heat load on the blade as
well as the mixing losses reduce.

A secondary effect of the air injection on the rotor wake and the
rotor main flow is observed. It is thought that the modified shape
and position of the tip leakage vortex and the tip passage vortex
cause a change of the 3D pressure distribution on the rotor blade
surface. Consequently, the development of the rotor wake is
changed with injection, and results in a more detached position of
the wake from the rotor suction side surface �see Fig. 17�. In
addition, the exit angle in the span region of the wake increases
toward higher turning with the injection.

Performance
This section presents performance data of the injection cases

investigated. On the basis of these values, the overall effect of the
injection on the flow field and the performance of the turbine can
be evaluated. From the turbulent velocity fluctuations of the flow,
the turbulent kinetic energy �TKE� can be derived as

TKE = 0.5�csw�
2 + cr�

2 + c��
2�

Figure 22 shows the relation between the TKE and the injection
rate. The plot shows mass-averaged values in order to account for
the mass flow redistribution in the flow field due to the injection.
Even though the injected mass flow mainly accumulates in the

and three injection configurations at
: „a… turbulence intensity „%… and „b…
line case „%…
ine
flow
ase
vortex regions, the mass-averaged value of TKE reduces with in-
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ection. All three injection cases show a reduction of 20–25% at
n injection rate of 1% compared to the base line.

In Ref. �28�, the high turbulent flow of the rotor tip vortices
ould be related to a periodically appearing region of reduced total
ressure at the exit of the subsequent stator. Consequently, a re-
uced level of turbulence of the rotor vortices is thought to have a
ositive effect on the generation of total pressure loss within the
ext stator row.

In order to evaluate the overall effect of the injection on the
erformance of the turbine, the efficiency of the different injection
ases is analyzed. The aerodynamic efficiency can be defined as
he ratio of the real and isentropic enthalpy flux difference,

� =
�Ḣreal

�Ḣis

where �Ḣ = ṁ�ht,in − ht,out� and ht = cpTt

If various mass flows of different total temperatures and pres-
ures are involved in the expansion process, as in the case of
ooling injection, a general definition can be formulated,

� =

�
i=1

I

ṁicpTt,i − �
j=1

J

ṁjcpTt,j

�
i=1

I

ṁicpTt,i − �
j=1

J

ṁjcpTt,is,j

with Tt,out,is = Tt,in� pt,out

pt,in
��	−1�/	

ased on the total pressure ratio and the inlet total temperature of
ach mass flow, its isentropic exit temperature can be derived.

In the current cases, the turbine inlet mass flow ṁM and the
njection mass flow ṁI introduced energy into the system. The
um of both mass flows ṁT= ṁM + ṁI leaves the rotor. The total
emperatures and total pressures of the passage mass flows were

easured with FRAP. The 2D temperature and pressure data of
ach plane are mass-averaged values. The values of the injection
ass flow were measured inside the plenum with three PT100

ensors and three total pressure sensors.
According to the above equations, a thermodynamic isentropic

fficiency value can be defined for the current case as follows:

� =
ṁMcpTt,M + ṁIcpTt,I − ṁTcpTt,T

ṁMcpTt,M�1 −
pt,T

pt,M

��	−1�/	

+ ṁIcpTt,I�1 −
pt,T

pt,I

��	−1�/	

The change of efficiency of the three injection cases compared
o the base line is presented in Fig. 23. The most upstream injec-
ion at 30% axial chord �Case A� achieves the maximum effi-
iency gain of 0.55% at the injection rate of 0.7%. At 1% injection
ate, the efficiency is increased only by 0.41%. The injection at
0% axial chord �Case B� reduces the efficiency by −0.12% at 1%
njection. If air is injected from both axial positions �Case C�, the

ig. 22 TKE „J/kg… „mass averaged… versus injection rate „% of
urbine mass flow…
fficiency is in between the two single-row injections.

ournal of Turbomachinery
These results reflect two competing mechanisms, which influ-
ence the effect of injection on the stage efficiency. From the mo-
mentum balance on the rotor, it can be seen that the injection
against the rotor turning direction reduces the torque on the rotor.
The differential torque of the injection is calculated as �MI
=rtipṁIcI,�. If the injection mass flow is increased, the injection
velocity increases proportional to that. Therefore, the differential
torque of the injection on the rotor is proportional to the square of
the injection mass flow, �MI
 ṁI

2. At the same time, the injection
causes an increase in efficiency compared to the base line case.
This positive effect comes from an improved aerodynamic perfor-
mance of the stage due to the reduction of secondary flow losses
in the tip region of the rotor. The results of this investigation
suggest that an improvement of efficiency can be achieved with an
injection in the upstream part of the tip leakage and cross-passage
flow development region and a moderate injection rate.

Conclusions
A novel approach of using rotor casing cooling air for the con-

trol of rotor tip secondary flows is presented. The cooling air is
injected in the circumferential direction at a 30 deg angle from the
casing tangent, opposing the rotor turning direction through a cir-
cumferential array of ten holes per rotor pitch. Three different
cooling air injection configurations are investigated at injection
rates of up to 1% of the turbine mass flow. FRAPs and fast-
response wall pressure sensors were used to measure the rotor
flow field.

The effects of the casing air injection on the unsteady rotor flow
field are analyzed in the current paper. A flow model that describes
the interaction of the injected fluid with the main flow is pre-
sented. It subdivides the interaction between injected fluid and
main flow in two regions. In one region, the injected fluid coun-
teracts with the tip leakage fluid. In the other region, the fluid is
injected into the cross-passage flow and influences the develop-
ment of the passage vortex.

With the casing injection, it was possible to reduce the size of
the rotor tip leakage and the tip passage vortex. Both vortices
move toward the tip suction side corner of the rotor passage. In
accordance to the flow model, the more upstream axial injection
position at 30% axial chord affected more the passage vortex,
whereas the injection at 50% axial chord had more effect on the
tip leakage vortex.

The turbulence intensity of the rotor tip vortices reduces with
the injection. The overall TKE of the rotor exit flow field reduces
linearly with the injection rate. With an injection of 1% of the
turbine passage mass flow, the TKE reduces by 25% with respect
to the noninjection case.

From the isentropic efficiencies of the injection cases, it can be
concluded that the aerodynamic performance of the rotor im-
proves with injection. However, the negative momentum of the
injected fluid reduces the work output of the rotor. In the current

Fig. 23 Change of isentropic efficiency „%… compared to the
base line case versus injection rate „% of turbine mass flow…
study, the optimum between both effects was found at an injection

JULY 2008, Vol. 130 / 031014-11
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f 0.7% of the turbine mass flow at 30% axial chord, which im-
roved the isentropic efficiency by 0.55% percentage points.

omenclature
c � absolute flow velocity �m/s�
v � rotor-relative velocity �m/s�
u � rotor velocity �m/s�

cp � specific heat capacity at constant pressure
�J/kg K�

h � enthalpy �J/kg�
ṁ � mass flow �kg/s�
p � pressure �Pa�
r � radius �m�

Ḣ � enthalpy flux �W�
M � torque �N m�
T � temperature �K�
tu � turbulence intensity �%�

TKE � turbulent kinetic energy �J/kg�
Cp � pressure coefficient Cp= �p− ps,3� / �pt,0− ps,3�

DR � density ratio ��c /�m�
BR � blowing ratio ��ccc /�mcm�
IR � momentum flux ratio �BR2 /DR�

reek
� � density �kg /m3�
� � efficiency
� � loading coefficient ��=�h /u2�
� � flow coefficient �=cx /u
	 � isentropic coefficient �	cp /cv�
� � standard deviation

bbreviations
FRAP � fast-response aerodynamic probe

PS � pressure side
SS � suction side

RMS � root mean square

ubscripts
0 � turbine inlet is isentropic
3 � turbine exit
x � axial coordinate

sw � streamwise coordinate
r � radial coordinate
� � circumferential coordinate
c � coolant jet

m � local main flow
is � isentropic

rel � rotor relative
s � static
t � total

w � wall
I � rotor injection flow

M � first stage main inlet flow
T � first stage total exit flow

uperscripts
− � mass average
· � turbulent fluctuation
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