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This paper presents an experimental study of the flow mechanisms of tip leakage across
a blade of an unshrouded turbine rotor. It shows the design of a new one-and-1/2-stage,
unshrouded turbine configuration, which has been developed within the Turbomachinery
Laboratory of ETH Zurich. This test case is a model of a high work ��h /u2=2.36� axial
turbine. The experimental investigation comprises data from unsteady and steady probe
measurements, which has been acquired around all the bladerows of the one-and-
1/2-stage, unshrouded turbine. A newly developed 2-sensor Fast Response Aerodynamic
Probe (FRAP) technique has been used in the current measurement campaign. The paper
contains a detailed analysis of the unsteady interaction between rotor and stator blade
rows, with particular attention paid on the flow in the blade tip region. It has been found
that the interaction of the rotor and the downstream stator has an influence on the
development of the tip leakage vortex of the rotor. The vortex is modulated by the stator
profiles and shows variation in size and relative position to the rotor trailing edge when
it stretches around the stator leading edge. Thereby a deflection of the tip leakage vortex
has been observed, which expresses in a varying circumferential distance between two
neighboring vortices of ±20% of a rotor pitch. Furthermore, a significant influence of
quasi-stationary secondary flow features of the upstream stator row on the secondary
flow of the rotor has been detected. The geometry and flow field data of the one-and-
1/2-stage turbine will be available to the turbomachinery community for validation and
improvement of numerical tools. �DOI: 10.1115/1.2447707�
chinery/article-pdf/5844915/348_1.pdf by ETH
 Zuerich user on 17 O
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ntroduction
Modern gas turbine designs aim to reach highest possible tur-

ine entry temperatures in order to increase cycle efficiency and
urbine specific work. Due to the limitation of the material, rotat-
ng blade rows of high-pressure gas turbine stages are designed as
nshrouded rotors to reduce mechanical stress. In addition, differ-
nt cooling strategies have been developed in order to achieve
dequate life for all parts that are exposed to these high-
emperature gas flows. One critical region for cooling in a high-
ressure turbine that remains is the blade tip area. Due to its
unction of sealing the rotating blade against the stationary casing
ow path, this region experiences high thermal loads and is typi-
ally difficult to cool. Another way of increasing turbine cycle
fficiency is the reduction of aerodynamic losses. The unshrouded
esign of high-pressure rotor blade rows introduces high losses
ue to tip leakage flows. Booth et al. �1� found them to be in the
rder of up to one third of the overall stage losses.

Several strategies for reducing losses due to blade tip gap flows
ave been subject to a number of investigations in the past de-
ades. According to Denton �2� the loss related to over tip flows is
roportional to a discharge coefficient. Further it scales with the
elocity distribution around the blade tip, and thus with the load-
ng of the blade tip.

One way of changing the discharge coefficient without effect-
ng significantly the pressure distribution around the tip profile is
hrough modifying the blade tip geometry. Contouring can be

Contributed by the International Gas Turbine Institute of ASME for publication in
he JOURNAL OF TURBOMACHINERY. Manuscript received June 7, 2006; final manuscript
eceived June 8, 2006. Review conducted by David Wisler. Paper presented at the
SME, Turbo Expo 2006: Land, Sea and Air �GT2006�, Barcelona, Spain, May

–11, 2006. Paper No. GT2006-90959.
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done by including squealer rims or radii on the edges of the tip.
Booth �3� presented test series of different tip geometries and
evaluated the related discharge coefficients. Bindon and Morphis
�4� tested three different tip geometries in a linear cascade. They
found the discharge coefficient is not necessarily representative
for the overall loss created due to tip leakage flow. It does not
account for losses due to mixing of the tip leakage flow down-
stream of the rotor. In an investigation of Kaiser and Bindon �5� in
a 1.5-stage rotating rig the plain tip has shown the best perfor-
mance compared to other geometries tested. With a tip containing
a radius on the pressure side edge, the vena contracta that usually
forms inside the tip gap could be almost completely eliminated.
Other studies on rotating rigs concerning this area of research
have been presented by Yoshino et al. �6� and Camci et al. �7�. A
numerical analysis on the influence of improved tip concepts has
been by Chander et al. �8�.

The possibility of reducing tip leakage flows due to reduced
loading of the tip region has been discussed in De Cecco et al. �9�
and Yamamoto et al. �10�. Staubach et al. �11� realized the off-
loading of the tip by applying three-dimensional �3D� design strat-
egies 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. �12� investigated in 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
depend on the tip gap height. Until a relative tip gap of 2.3%
blade span the straight casing contour has shown the best results.

On the effect of tip leakage in a multi-stage environment, Har-
vey �13� concluded that no benefit can be gained out of the tip
leakage flow once it has formed into a vortex. In order to limit the
losses this vortex imposes on subsequent blade rows, the over tip

leakage has to be reduced, and thus the strength of the vortex.
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Another approach in order to reduce the losses due to tip leak-
ge has been undertaken by Dey et al. �14� and Rao et al. �15,16�.
oolant has been injected from the blade tip into the tip gap in
rder to reduce the mixing losses due to the tip leakage. Jets at
ifferent discrete positions and blowing ratios have been 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 design of the new test case focuses on the set research
bjectives and orientates on findings of previous investigation de-
cribed above. A 1 1/2 stage turbine configuration, comprising a
at blade tip geometry and a straight rotor casing contour, has
een implemented into a continuously operating test rig. Unsteady
robe measurement techniques can be applied to measure the
omplete flow field around the blade rows. The existence of a
econd stator as well allows the evaluation of tip leakage effects
n the performance of subsequent blade rows. The experimental
nvestigation of the new test configuration creates the background
or an upcoming study of tip leakage flow phenomena.

xperimental Method
The new research project required some substantial modifica-

ion to the existing turbine rig of the turbomachinery laboratory.
he previous two-stage, shrouded turbine configuration has been
uccessfully used for a number of multi-stage, low-speed investi-
ations, �i.e., Schlienger �17�, Pfau �18�, Porreca et al. �19�, and
ehr et al. �20��. A redesign of the entire turbine section made it
ossible to achieve more realistic flow conditions for the upcom-
ng investigation and, at the same time, it increases the capabilities
or measurement access. In the following sub section the new
urbine rig will be introduced in more detail.

Research Turbine Facility.

Global System Design. The air loop of the facility is of a quasi-
losed type and includes a radial compressor, a two-stage water to
ir heat exchanger, and a calibrated venturi nozzle for mass flow
easurements. Before the flow enters the turbine section, it passes

hrough a 3 m long straight duct, which contains flow straighten-
rs to ensure an evenly distributed inlet flow field. Downstream of
he turbine the air loop is open to atmospheric conditions. A dc
enerator absorbs the turbine power and controls the rotational
peed of the turbine. A torque meter measures the torque that is
ransmitted by the rotor shaft to the generator. The turbine entry
emperature �TET� is controlled to an accuracy of 0.3% and the
pm is kept constant within ±0.5 min−1 by the dc generator. The
ressure drop across the turbine is stable within 0.3% for a typical
easurement day. More information on the test rig can be found

n Sell et al. �21�.
For the current investigation the test rig turbine section has

een redesigned to meet the following objectives:

1. Model of unshrouded, high-pressure gas turbine stage:

• High-pressure gas turbine blade design;
• High stage loading;
• Compressibility effects;
• Low aspect ratio; and
• Realistic rotor exit flow field through second stator.

2. High accessibility for flow measurements:

• Probe access to inlet and exit of each blade row; and
• Optical access to all blade rows.

3. Flexibility for different research projects:

• Modular design for fast hardware changes;
• Universal measurement windows; and

• Clocking of stator blade rows.

ournal of Turbomachinery
Given the fact that the compressor pressure ratio is limited to
�c,max=1.5, the new turbine contains only one highly loaded ro-
tating blade row. This design was chosen in order to maximize
flow Mach numbers and the loading coefficient of the turbine
stage. The static pressure of the flow at exit of the first stage
reaches almost the level of the atmospheric pressure, before it is
further reduced by the second stator. The existence of a second
stator has been set as a design intention in order to have the
potential field of a subsequent stage. Since the turbine rig is open
to atmosphere at the exit, a tandem de-swirl vane arrangement
recovers the static pressure at exit of the second stator back to the
ambient level. This design increases the available pressure ratio at
the first stage to the maximum possible. The key parameters of the
new turbine configuration are presented in Table 1 as a compari-
son between computational fluid dynamics �CFD� prediction and
experimental validation.

Mechanical Design
A cross-section cut of the turbine section is shown in Fig. 1, as

well as an expanded view of the test section in Fig. 2. The turbine
mechanical design allows quick and precise assembly of all parts,
which ensures a high level of repeatability and comparability be-
tween different builds.

First stator and rotor are manufactured as bladed disks �blisks�
out of one piece �see Fig. 3�. The manufacturing process ensures
an accuracy of the profile shape of ±0.05 mm with respect to the
design intention. The roughness of the profiles and flow channels
are hand polished down to Ra=0.8 �m. The second stator ring is
divided into several segments, which gives the opportunity of in-
dividual instrumentation of single stator profiles.

The first stator row is fixed to a support ring that can be con-
tinuously positioned in circumferential direction. This feature
opens the possibility to clock the two stator blade rows relatively
to each other.

Measurement access for intrusive and nonintrusive techniques
is provided around all blade rows. Aerodynamic probes can be
automatically positioned inside the flow by a four-axis numeri-
cally controlled traversing system with high accuracy in every
direction. In order to minimize the disturbance of the flow due to
the probe access, only small holes are placed in the casing rings,
which allow a probe to pass through. For the circumferential po-
sitioning, the casing ring is then traversed together with the probe.

Inside of the rotor casing ring a multi-purpose window has been
implemented which covers around five rotor pitches. It can be
traversed as well in a circumferential direction. Through that ac-
cess it is possible to apply optical techniques, such as particle in

Table 1 Main parameter of “LISA” 1.5-stages axial turbine re-
search facility at design operating point

Turbine CFD Exp.

Rotor speed �rpm� 2700 2700
Pressure ratio �1.5-stage, total to static� 1.58 1.60
Turbine entry temperature �°C� 55 55
Total inlet pressure �bar abs norm� 1.4 1.4
Mass flow �kg/s� 12.15 12.13
Shaft power �kW� 289 292a

Hub/tip diameter �mm� 660/800 660/800
First stage CFD Exp.
Pressure ratio �first stage, total to total� 1.35 1.35
Degree of reaction �-� 0.39 0.39
Loading coefficient �=�h /u2 �-� 2.21 2.36b

Flow coefficient �=cx /u �-� 0.63 0.65

aFrom torquemeter.
bFrom five-hole-probe measurement.
velocity �PIV�.

APRIL 2007, Vol. 129 / 349
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laderow Design
All bladerows of the new 1 1/2 stage, unshrouded turbine have

een designed at the Turbomachinery Laboratory. The geometry
ata are available to the public domain from Behr et al. �22�. A
umber of commercial and in-house design and validation tools
ave been combined to establish a development algorithm, which
ead to the final design of four new turbine blade rows:

1. 1D design: The meanline design of the new turbine has been
done using an in-house tool of the Turbomachinery Labora-
tory of ETH Zurich �LSM�. In addition the commercial tool
Concepts NREC Axial has been applied.

2. Profile generation: The commercial tool Concepts NREC
Axcad has been used for creating the baseline 2D profiles at
different span positions and to define the stacking line of the
3D profiles. The implemented profile generator is based on
an 11-parameter, axial turbine airfoil geometry model of
Pritchard �23�.

3. Profile optimization: The baseline 2D blade profiles have
been optimized by running the industrial CFD code Stage3D
in an inverse design mode. By defining the loading distribu-
tion of a 2D profile, the code corrects the geometry of the
profile until it matches to the given distribution. The method
has been developed and introduced by Troxler �24�. As a
result of this optimization Fig. 4 shows the profile of the
rotor at span positions hub, midspan and tip and its corre-
sponding distributions of relative isentropic surface Mach
number �Fig. 5�.

4. Aerodynamic design validation: The industrial CFD code
Stage3D has been used to validate the performance of the

Fig. 1 “LISA” 1 1/2 stage axial turbine facility
3D blade geometries. All profiles have been modeled using

50 / Vol. 129, APRIL 2007
grids created out of straight H meshes. Calculations were
performed on single rows as well as in the multi-stage do-
main. The 3D steady and unsteady Navier–Stokes multistage
solver Stage3D has been derived from the original Dawes
code BTOB3D �25�, running a discretization scheme from
Jameson and Baker �26�. The one-equation turbulence mod-
els of Spalart and Allmaras �27� has been chosen in the
current case. When running steady state the solver uses a
so-called mixing-plane between rotating and nonrotating
cascades, which mixes out circumferential variations. The
averaging for the mixing planes is done, using a consistent

Fig. 2 1.5-stage turbine section with probe measurement
planes and tandem exit guide vane section
Fig. 3 Rotor blisk of the 1.5-stage unshrouded turbine

Transactions of the ASME
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approach from Denton �2�. The code has been further vali-
dated and improved by Mokulys et al. �28�.

5. Computer aided design (CAD) design: The construction of
3D CAD models for manufacturing has been done using
CATIA V5. It uses a cubic spline interpolation to connect the
imported 2D profiles to a 3D model. Splines inbetween the
profiles can be defined to prevent undesirable twisting of the
3D geometry. Important design geometry parameters, such
as trailing edge radii, or throat areas, can be checked very
accurately with this tool.

6. Finite element method (FEM) validation: To check the struc-
tural integrity of the rotor the FEM tool Abaqus has been
applied.

The flow is turned by the first stator blade row to an average
xit angle of about 73 deg. Thereby it reaches an average Mach
umbers of Maav=0.54 at the exit of the first stator. The profiles of
he both stators follow a constant exit angle design. Within the
otor the flow is redirected by an average turning angle of �
122 deg, which results in a mean loading coefficient of �
2.36. The radial tip gap between rotor and casing has been se-

ected to be of 1% of the blade span. The flow enters the second
tator blade row at an average absolute flow angle of �av=

ig. 4 Profile geometry of rotor blade at three span positions

ig. 5 Distribution of relative isentropic Mach numbers on the

otor at three span positions

ournal of Turbomachinery
−42 deg and leaves it again at �av=64 deg. It is thereby acceler-
ated to an average exit Mach number of Maav=0.48. A more de-
tailed list of profile parameters can be found in Table 2.

During the design process it was decided to use a tandem outlet
guide vane ensemble. The first outlet guide vane �OGV� row was
designed to be adjustable in a range of stagger angle of ±10 deg.
The second OGV row is fixed and turns the flow back to a 0 deg
exit flow angle. Since the turbine exit is open to atmosphere, this
design gives the possibility to throttle the exit of the turbine and
hence to adjust the pressure ratio of the 1.5-stage turbine stages.

The first OGV has been design using the NACA profile defini-
tion of the Concepts AXCAD profile generator �see Fig. 6�. The
intended turning of this profile is in the order of 18 deg. In order
to prevent flow separation at the endwalls and related unsteady
flow instabilities, hub and tip lean have been applied for the pro-
file stacking. At the hub a lean angle of 30 deg has been applied

Table 2 Characteristic geometry and performance parameters
of the 1.5-stage turbine configuration „performance values de-
rived from five-hole-probe measurements at design operating
point…

Stator 1 Rotor Stator 2

Number of blades 36 54 36
Inlet flow angle �deg� �midspan� 0 54 −42
Exit flow angle �deg� �midspan� 73 −67 64
Solidity �chord/pitch� 1.27 1.41 1.34
Mean stagger angle �deg� 52.8 39.4 34.5
Aspect ratio �span/chord� 0.87 1.17 0.82
Zweifel number �-� 0.7 1.0 1.0
Profile stacking LE CoG LE
Blade row relative exit
Mach numbers �-� �average�

0.54 0.50 0.48

Reynolds number based on
true chord and blade row
relative exit velocity �-�

7.1·105 3.8·105 5.1·105
Fig. 6 Profile of first outlet guide vane row

APRIL 2007, Vol. 129 / 351
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rom 0% to 25% span. At the tip a lean angle of 15 deg has been
pplied from 90% to 100% span. The stacking definition is pre-
ented in Fig. 7.

The second OGV row comprises of a cylindrical profile which
urns the flow from 46 deg to 0 deg. This extreme turning can be
ealized by the special shape of the profile, which accelerates the
ow almost until the trailing edge, where a step diffuser releases it

nto the duct. With this design no separation and hence no block-
ge occurs �see Table 3�.

Measurement Technology. The experimental flow field data
resented in the paper originate from time-resolved probe mea-
urement in planes downstream of each bladerow. The unsteady
ressure measurement technology of the fast response aerody-
amic probes �FRAP� has been developed at the LSM �29,30�.
he mainstream flow field was measured using a novel 1.8 mm tip
iameter, two-sensor FRAP probe in virtual-four-sensor mode
roviding 2D, time-resolved flow field information. Each mea-
urement plane is resolved by a grid of 39 points in radial direc-
ion which are clustered close to the endwalls and 20 equally
paced points in circumferential direction, covering one stator
itch. The time-resolved pressures signal is acquired at each mea-
urement point at a sampling rate of 200 kHz over a time of 2 s.
he data sets are processed to derive basic flow quantities, i.e.,

otal and static pressure, flow yaw and pitch angles, velocity com-
onents, and Mach number by applying a phase lock average over
5 rotor revolutions. For the data evaluation three consecutive
otor passages were selected. Each rotor passage is resolved in
ime by 82 samples. The frequency response of the probe allows
apturing flow features at frequencies up to 35 kHz. With this new
wo-sensor probe technology it is possible to provide also flow
urbulence information �31�. The FRAP probe technology pro-
ides also temperature data at a frequency of up to 10 Hz.

esults and Discussion
In the following section the analysis of the measured perfor-
ance and flow field data will be presented. Particular attention
ill be paid on flow effects, which will influence the evolution of

otor tip leakage secondary flows.

Fig. 7 Stacking definition of first OGV row

able 3 Characteristic geometry of the tandem outlet guide
ane ensemble

OGV 1 OGV 2

umber of blades 54 48
nlet flow angle �deg� �midspan� 64a 46
xit flow angle �deg� �midspan� 46a 0
olidity �chord/pitch� 1.4 —
ean stagger angle �deg� 53 —
spect ratio �span/chord� 1.16 —
Adjustable stagger angle.

52 / Vol. 129, APRIL 2007
Performance Evaluation. The instrumentation of the test fa-
cility allows the measurement of rig operation parameters, such as
torque of the second stage and massflow. This allows the calcula-
tion of mechanical efficiency. The integral character of this value
does not resolve any spanwise efficiency distribution. It is defined
as the ratio of specific shaft power over the enthalpy difference of
the isentropic expansion

�m = �� · M

ṁ
���cpTin	1 − � pt,out

pt,in
��	−1�/	
� �1�

For the new turbine configuration a mechanical total-to-total
efficiency value of the first stage of �tt=87.8% has been derived.
In order to relate this value to an empirical data basis, the operat-
ing point has been plotted in a Smith chart �32� �see Fig. 8�. The
actual value differs by about 1% from the expectation.

The performance of the tandem outlet guide vane ensemble has
been a crucial design issue, since it is defining the pressure ratio
and hence the overall performance of the 1.5-stage turbine. In the
performance measurements of the final turbine it could be verified
that the design of the OGV ensemble reached the intended recov-
ery of static pressure. The comparison of design and experimental
values is presented in Fig. 9. It was observed that the first OGV
row recovers about 25% more static pressure than expected,
which increases the range of possible pressure ratios of the tur-
bine.

Flow Field of the First Stator. The flow field into the first
stator has a uniform distribution of total pressure from 20% to

Fig. 8 Smith chart with measured operating point and deter-
mined total-to-total efficiency „reproduced after Ref. †32‡…

Fig. 9 Comparison of first OGV static pressure recovery be-

tween design and experiment

Transactions of the ASME
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0% span. A region within 20% span from the endwalls is affected
y boundary layers, which result from the inlet section of the
urbine. The inlet flow field of the stator is symmetric between the
ub and tip region.

In order to evaluate the flow field out of a stationary blade row
t is usually sufficient to look at steady information of the flow
roperties. The general performance of a blade row can be cap-
ured well, when plotting time-averaged spanwise distributions of
ow angles and pressures. With focus on the development of the
otor tip leakage flow it is important to consider the time-resolved
ow field. The variation of the stator exit flow field over time will
ffect considerably the unsteady flow, especially in the rotor blade
ip region.

The interaction between the stator exit flow field and the pass-
ng rotor is demonstrated in Fig. 10. On the area of two stator
itches, the distribution of total pressure is plotted for two time
nstants of one rotor blade passing period. In both figures the
econdary flow features that leave the stator blade row can be
dentified. The core of the stator hub passage vortex reaches from
he hub casing wall until 10% span. The stator passage vortex can
e found between 80% and 90% span. Both vortices are con-
ected by the stator wake, which shows a straight shape and is
lmost perfectly aligned in the radial direction. The fact that all
ain secondary flow features of the first stator are aligned along

ne circumferential position implies a high potential for improv-
ng turbine performance through clocking the stator blade rows. A
ependency on the effect of clocking on the relative position of
econdary flow features has been found by Behr et al. �20�. At the
asing endwall the formation of an additional secondary flow fea-
ure can be identified. It originates at the casing endwall within the
tator passage after the tip passage vortex has left the suction side
nd gives space to a formation of new boundary layer. This effect
an be reduced by introducing a lean angle to the stacking of the
rofile in the tip region. In the current case this option has been
iscarded during the design process to create a baseline case that

ig. 10 Distribution of measured total pressure at exit of sta-
or 1 at the time instants of a rotor blade passing period: „a…
/T=0.00; and „b… t /T=0.50
llows unrestricted probe access to all the stator passage. Gener-

ournal of Turbomachinery
ally, the flow field out of the stator shows a clear two-dimensional
character over a range from 10% to 70% span. At both time in-
stants, shown in Fig. 10, the secondary flow field of one stator
pitch vanishes almost completely due to the vicinity of a rotor
leading edge. In the contour plot: �a� the wake and both vortices
are fully developed and approach the midpitch region of two rotor
blades in an undisturbed manner. In this case the total pressure in
these areas reaches its minimum value. Due to the 2:3 ratio be-
tween stator and rotor blade count, the secondary flow features of
the adjoining stator pitch, oppose a static pressure field of a rotor
leading edge. Thereby the pressure level rises in these regions
such that the total pressure of secondary flow features reaches the
level of the undisturbed main flow. Figure 10�b� shows the same
area after the rotor has moved on by half a rotor pitch. The situ-
ation is analog to the one, which has been just described, except
for the fact that the phenomena on the two stator pitches are
switched.

The pulsation of the flow approaching the rotor blade can be
also seen in the circumferentially mass-averaged distribution of
relative flow yaw angle at the exit of stator 1. The mass averaging
has been done intentionally on the area of one stator pitch, in
order to see the local effect of the blade row interaction. In Fig. 11
these spanwise distributions are plotted for three rotor blade pass-
ing periods. It was found that in all span positions the rotor rela-
tive flow yaw angle varies by ±2.5 deg during the blade passing
period. Hereby a linear phase shift between use tip and hub region
of around 25% of a rotor blade passing period has been observed.
This fact can be seen in the timewise shift of the locations of
minimum and maximum flow angles at hub and tip in Fig. 11. The
inclination of the contour lines in this plot also indicates the con-
tinuous rise toward flow overturning while the rotor leading edge
pressure field approaches the wake region of the stator. As soon as
it has passed, the flow yaw angles, especially the ones of the
secondary flow, reduce quickly as the flow passes along the pres-
sure side of the rotor. The periodic fluctuation of the relative rotor
inlet angle also has a direct influence on the power created on a
rotor blade. However, the timewise variation of global shaft power
is rather low, since the ratio of stator and rotor blade count aver-
ages these individual unsteady effects on the rotor blades. Further-
more, Fig. 11 shows the trace of both passage vortices, by a con-
stantly underturned region around 10% and 83% span, as well as
an overturning at 93% span. The overturning of the hub passage
vortex has not been captured by the probes, due to the vicinity to
the wall. The variation of flow yaw angle during one rotor blade

Fig. 11 Circumferentially mass-averaged distribution of mea-
sured relative flow yaw angle at exit of stator 1 versus time of
three rotor blade passing periods
passing period, as it has been described on the mass-averaged

APRIL 2007, Vol. 129 / 353
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panwise distribution, is much more intense in certain span posi-
ions. In the region of the stator tip passage vortex at 83% span,
he variation of the relative flow yaw angle reaches locally up to
0 deg. This behavior is illustrated in a time–distance plot at this
pan position �see Fig. 12�. In these kinds of plots, features that
re fixed relative to the stationary frame appear as vertical lines.
eatures traveling with the rotor are visible as inclined parallel
tructures, which can be assigned to different rotor blades. The
eaction of the flow during the interaction of rotor and stator can
e seen in the crossing points of those lines.

The timewise variation of the rotor inlet flow angle in span
ositions near the casing endwall causes incidence on the rotor
rofile at this position. For this rotor blade profile, the design inlet
ngle in the tip region is around 40 deg. Due to the blade row
nteraction, this angle drops here for a short period of time to

deg. This variation of the rotor incidence angle will cause an
nsteady, fluctuating pressure field around the rotor tip. Hence, the
ormation of the tip leakage vortex over the blade tip will be
nfluenced according to the pressure variation.

Rotor Exit Flow Field. Within the rotor blade row the radial
ressure gradient changes and the general direction of the stream-
ines is deviated toward the casing. The boundary layers of both
ub and tip endwall are creating the passage vortices. At the same
ime the pressure gradient between pressure and suction side at the
lade tip causes the flow in this region to pass through the tip gap.
t results in a jet flow across the suction side edge of the blade tip,
hich mixes again with the main flow and rolls up into a vortex.
In Fig. 13 the time-resolved flow field out of the rotor is pre-

ented in the form of a relative total pressure coefficient distribu-
ion. All plots are views in the downstream direction on a sector
overing two stator pitches. In order to show the variation of the
ow field between two rotor blades, four equidistant time steps of
ne rotor blade passing period are plotted.

Both rotor passage vortices, the tip leakage vortex and the rotor
ake, can be clearly identified in all pictures. All of these second-

ry flow features are traveling with the rotor blades. However,
heir relative position to the rotor trailing edges, as well as their
trength, is not constant. The interaction with the downstream
tator row and unsteady flow features originated by the first stator
ave an effect on their appearance.

The rotor hub and tip passage vortices are located between 18%
nd 28% blade span, and 65% and 80% blade span, respectively.

ig. 12 Circumferential distribution of measured relative flow
aw angle at exit of stator 1 at 83% span versus time of three
otor blade passing periods
oth vortices seem to be detached from the suction side of the

54 / Vol. 129, APRIL 2007
rotor blade, since the cores of these vortices are shifted by up to
20% rotor pitch in a circumferential direction relative to the wake
position. This observation can be confirmed by the fact that their
shape is almost elliptical, which indicates that there has been no
recent restriction from the blade suction side surface. The tip pas-

Fig. 13 Distribution of measured relative total pressure coef-
ficient downstream of the rotor at four different rotor blade
passing periods: „a… t /T=0.00; „b… t /T=0.25; „c… t /T=0.50; and
„d… t /T=0.75
sage vortex shows considerably lower relative total pressures than
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he hub passage vortex.
The vicinity of the second stator has an impact on the second-

ry flow features coming out of the rotor. In Fig. 13 the position of
he second stator leading edges is located around the stator pitch
ositions −1 and 0. In these locations the static pressure field of
he second stators is maximal.

At time t /T=0.00 both passage vortices at stator pitch position
1.1 are just about to pass a leading edge of the second stator.
herefore in this moment the relative pressure of the passage vor-

ices reaches its maximum value. At the same time the circumfer-
ntial distance between the cores of the passage vortices and the
otor wake is minimal.

At time t /T=0.25 the passage vortices around stator pitch po-
ition −0.9 have passed the stator leading edge region and are
ecoming stronger, as the relative total pressure is reducing. The
otor wake has almost disappeared in this moment due to the
nfluence of the second stator.

At time t /T=0.50 both passage vortices around the stator pitch
osition −0.7 and the corresponding rotor wake can pass unre-
tricted into the midpitch region of the second stator. At the same
ime the passage vortices of the preceding rotor blade around sta-
or pitch position −0.1 stretch around the leading edge of the next
tator profile. It is the same process as it has been described at
/T=0.00 for the other pair of passage vortices. This time shift of
/T=0.5 of a rotor blade passing period between the occurrences
round two adjoining stator profiles is characteristic of the current
/3 blade count ratio of stators and rotor.
At time t /T=0.75 both passage vortices at stator pitch position

0.5 are still unaffected by the stator leading edges. However, the
assage vortex shows a discontinuity since it is leaving its radial
osition. This behavior will be addressed in the next paragraph. At
he left side of the plot in Fig. 13�d� a next pair of rotor passage
ortices is approaching the stator leading edge at stator pitch po-
ition −1.1. With this the loop of one rotor blade passing period is
losed.

When observing the relative positions of passage vortices and
ake of the rotor, it can be seen that both features show a different

eaction to the potential field of the second stator leading edges.
he closer the vortices and the wake come to the stator leading
dge, the closer they come together. As soon as the vortices have
assed the stator leading edge region, the circumferential distance
etween wake and vortices increases rapidly. Hereby the wake
hows a more constant reaction to the potential field of the stator
s it does not change the direction of the wake fluid. In contrast to
hat, the vortices change their flow direction rather quickly from
uction to pressure side of the second stator.

Another flow feature has been observed, which is interacting
ith the hub passage vortex of the rotor. Due to the direction of

he rotation of the hub passage vortex, the core of the hub passage
ortex lifts up to 22% of the blade span until it reaches the mea-
urement plane. It can be found in this position most of the time.
n Fig. 13�d� it can be seen that this vortex moves outward up to
round 32% span, as another low total pressure area appears close
o the hub at −0.5 stator pitch. In the authors’ opinion, this low −2
ressure area is a vortical structure which was originated in the
rst stator, since it always appears periodically at the same loca-

ion. The hub passage vortex does not merge with this feature but
oes around it. The fact that stationary features from the previous
tator row can be clearly seen after the rotor indicates a high
otential for optimizing stage efficiency by clocking both stator
ows.

The behavior of the passage vortices due to the interaction with
he second stator leading edge, as it has been described before,
pplies similarly to the tip leakage vortex. This can be found from
he 90% blade span until the casing. The tip leakage vortex can be
learly distinguished from the tip passage vortex, which is located
ore radially inward at the same circumferential position. Within
he rotor passage the tip leakage vortex covers the space around

ournal of Turbomachinery
the rotor tip suction side corner. Due to its opposite direction of
rotation it displaces the tip passage vortex, as it comes from the
pressure side, to a more radially inward position.

The tip leakage vortex also experiences a modulation and de-
flection due to the second stator pressure field. In order to visual-
ize the changes of the tip leakage vortex, the relative total pressure
at the corresponding span position is plotted versus time in Fig.
14. The vertical dashed lines in the figure represent the position of
the second stator leading edge. The approximate position of one
rotor trailing edge is indicated by the dotted line. Accordingly, the
rotor turning direction in the figure is from left to right. The region
of the tip leakage vortex can be confined by the high-pressure
gradient around it. The extension of the vortex in circumferential
direction is minimal when it passes the stator leading edge. In this
moment the vortex is being stretched to go around the leading
edge of the stator. The stretching of the vortex can be seen in an
increased velocity during this time �see Fig. 15�. Right afterward
the vortex slows down and occupies a larger area. These changes
of the vortex size are visualized in Fig. 14. Since the vortex is
confined on one side by the suction side surface, the low-pressure

Fig. 14 Circumferential distribution of relative total pressure
coefficient versus time at rotor exit at 95% span

Fig. 15 Circumferential distribution of measured relative mach

number versus time at rotor exit at 95% span
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rea follows a straight line on its left boundary. The right bound-
ry shows a nonlinear shape, according to the vortex size. The two
plines in the figure follow the locations of minimum pressure,
hich are related to the core of the tip leakage vortex. They show

hat the residence time of the tip leakage vortex varies between
ifferent rotor relative positions. The mechanism of stretching of
ortices due to blade row interactions and its relation to loss gen-
ration has been addressed in more detail in Chaluvadi et al. �33�.

In Fig. 16 the circumferential distance between the two splines
f Fig. 14 for each time instant is plotted versus time. These plot
hows that the distance between the tip leakage vortices of two
eighboring blades is changing by ±20% of a circumferential ro-
or pitch. This change in distance comes due to the time shifted
eflection of the two vortices around the leading edges of the
ownstream stator.

This alternating deflection of the rotor vortices around the stator
eading edge also expresses the instantaneous distribution of rela-
ive flow yaw angles at the rotor exit. Figure 17 shows the maxi-

um and minimum deviation of circumferentially mass-averaged
elative flow yaw angles from the time mean value. The rotor tip
eakage vortex as well as both passage vortices can be clearly
dentified in the figure considering the considerably higher varia-
ion of the flow angle. Hereby the tip leakage vortex and the rotor
ip passage vortex change the relative exit angle of the flow by up
o ±2.5 deg during one rotor blade passing period. The hub pas-
age vortex achieves ±2.5 deg, whereas the main flow is constant
ithin ±0.7 deg. The change in exit angle contributes in addition

o the variation of loading of each rotor blade.
The above mentioned effects show the influence of the pressure

eld of the downstream stator on the timewise circumferential
ariation within the rotor relative outlet flow field. An accurate
nsteady CFD simulation of the rotor flow field, especially tip
eakage secondary flows, should therefore apply to boundary con-
itions, which describe these circumferential variations, rather

ig. 16 Circumferential distance between the cores of two ad-
oining tip leakage vortices plotted versus time
han radial profiles only.

56 / Vol. 129, APRIL 2007
Flow Field Behind Stator 2. The unsteady flow out of the rotor
is going to be mixed and accelerated within the passage of the
second stator. Any unsteadiness in the exit flow field of the second
stator will be due to the flow of the upstream rotor, since no blade
row is following downstream. Vortices of the rotor will be
stretched around the stator leading edge, whereas remains may
appear periodically at the stator exit. An impression of the highly
three-dimensional flow field is given in Fig. 18. The distribution
of total pressure coefficients is shown for two time instants of a
rotor blade passing period. Considering the two neighboring stator

Fig. 17 Maximum and minimum deviation from time-averaged
mean value of circumferentially mass-averaged spanwise dis-
tribution of relative flow yaw angles at rotor exit

Fig. 18 Distribution of measured total pressure coefficient at
the exit of stator 2 at rotor blade passing periods: „a… t /T

=0.00; and „b… t /T=0.50
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itches shown, the variation of total pressure between the two
ppears to be significant. Depending on how much secondary flow
f the rotor is arriving at the stator exit the total pressure in the
tator passage exit changes considerably. The change of total pres-
ure over time would have an effect on the loading of a down-
tream rotor. In order to visualize the effective impact on a fol-
owing blade row, Figs. 19 and 20 show the time-resolved
volution of circumferentially mass-averaged total pressure coef-
cient and absolute flow yaw angle. Since both plots show the exit
ow field of a stationary blade row, any variation over time is due

o secondary flows of the upstream rotor interacting with the sta-
ionary flow field of the stator. In Fig. 19 from 60% to 100% the
pt values are reduced for about half of the time of a rotor blade
assing period. This reduction originates from the interaction of
he rotor tip passage vortex and tip leakage vortex with the sec-
ndary flow of the stator. An analogu behavior can be seen from
0% to 30% span, which relates to the rotor hub passage vortex.

In terms of flow angles the interaction of secondary flows cre-
tes a variation of circumferentially mass-averaged yaw angles
ver time of around ±2.5 deg �see Fig. 21�. Hereby the maxima

ig. 19 Circumferentially mass-averaged distribution of mea-
ured total pressure coefficients at exit of stator 2, plotted ver-
us time of three rotor blade passing periods

ig. 20 Circumferentially mass-averaged distribution of mea-
ured absolute flow yaw angle at exit of stator 2, plotted versus

ime of three rotor blade passing periods

ournal of Turbomachinery
and minima are timewise shifted relative to each other. The inlet
flow into a consecutive rotor would receive some incidence from
the stator. However, the influence of the unsteady static pressure
field of this rotor has to be taken into account as well in order to
make a definite statement on the unsteady flow angle distribution.

Comparison of Numerical and Experimental Results. The
evaluation of the experimental data has shown differences in the
measured flow field with respect to the CFD prediction. In order
to reduce the computational time, the calculations for the design
of the turbine were done with a relatively coarse grid comprising
60 cells in a radial direction. Pressure levels inbetween the blade
rows could be predicted very well. However, positions of second-
ary flow features, such as vortices, have shown larger deviations
from the numerical prediction. In Fig. 21 the spanwise distribu-
tions of relative rotor exit flow angles from CFD and time-
averaged experimental results are presented. The extension from
the casing of the over–under turning region of the tip leakage and
tip passage vortex is underpredicted by the CFD by about 10%
span. An improvement of the CFD results could possibly be
achieved by applying an improved grid definition, which is ca-
pable of resolving the complex flow features responsible for the
tip leakage flow phenomena.

Conclusions
A new 1 1/2-stage, unshrouded research turbine test case has

been designed and built within the Turbomachinery Laboratory of
ETH Zurich in order study novel methods of reducing rotor tip
leakage losses. The new turbine case has been extensively tested
applying unsteady and steady probe measurement techniques. The
results were analyzed with particular attention on the flow region
at the rotor tip gap and the flow interactions between the different
bladerows.

The geometry of the 1 1/2-stage turbine models a highly
loaded, low aspect ratio gas turbine environment. The measured
performance of the first stage reflects very well the design intent:
loading coefficient of 2.36 and flow coefficient of 0.65 at a total
pressure ratio of 1.35 and a degree of reaction of 0.39. Stator exit
Mach numbers of up to Ma=0.58 ensure a realistic flow environ-
ment, which shows compressibility effects, but still allows the
application of intrusive unsteady measurement techniques. Probe
measurement access is provided at various locations around all
bladerows. In addition a multi-purpose window inside the rotor
casing covering a circumferential distance of five rotor pitches
gives optical access to the inside of the rotor bladerow.

The results of the probe measurements represent a rare set of

Fig. 21 Comparison of relative exit flow angle behind the rotor
between time-averaged experimental results and CFD
data, which describes the unsteady flow in a 1 1/2-stage turbine.
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he geometry and flow field data of the turbine will be available
o the turbomachinery community for validation and improvement
f numerical tools.

The secondary flow features of the first stator are almost per-
ectly radially aligned. This implies that stator wake and passage
ortices affect the rotor blade almost simultaneously. This is also
he reason for a pulsation of total pressure in the rotor inlet flow
eld, modulated by the rotor leading edge.
The pulsation of the rotor inlet flow field manifests itself as

ell in the rotor inlet flow angles. Circumferentially mass-
veraged flow yaw angles vary by ±2.5 deg during the time of one
lade passing period. In the rotor tip region temporary negative
ncidence of 40 deg could be seen due to these blade row interac-
ions. This phenomenon will introduce increased unsteadiness into
he development of the rotor tip leakage flow.

Remnants of the first stator secondary flows have been found to
ffect the location of secondary flow features of the rotor. The
otor hub passage vortex shows a temporary radial inward migra-
ion of 10% blade span during the time of one blade passing
eriod.

At the exit of the second stator the circumferentially mass-
veraged flow yaw angles vary by ±2.5 deg. In this case this
ariation can only be attributed to the interaction between the
otor and the second stator, since no further bladerow is following
ownstream. The unsteadiness introduced upstream of the second
tator propagates through the blade row and causes this high angle
uctuation.
The vortices of the rotor get modulated by the leading edges of

he second stator. A variation of vortex size and relative position
o the rotor trailing edge has been detected. Due to the 2:3 ratio of
lade count between rotor and stators the interaction of the trailing
dges of two neighboring rotor blades with the leading edges of
he second stator is time shifted. This leads to a varying circum-
erential distance between the vortices of two neighboring rotor
lades due to their deflection around the second stator leading
dges. The variation in distance has been determined for the tip
eakage vortices to be on the order of ±20% of a rotor pitch.

omenclature
c 
 absolute flow velocity �m/s�

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

Cps 
 static pressure coefficient, Cps= p− p3 / pt0− p3
�-�

Cpt 
 total pressure coefficient, Cpt= �pt− p3� / �pt0
− p3� �-�

h 
 enthalphy �kJ/kg�
ṁ 
 massflow �kg/s�
M 
 torque �N m�
p 
 pressure �Pa�
R 
 perfect gas constant �J/kg K�
r 
 radius �m�
T 
 temperature �K�
u 
 rotational speed �m/s�

reek Symbols
� 
 turning angle �deg�
� 
 loading coefficient ��=�h /u2� �-�
� 
 flow coefficient �=cx /u �-�
� 
 flow yaw angle �positive in rotor turning direc-

tion� �deg�
� 
 flow pitch angle �positive towards casing� �°�
	 
 isentropic coefficient �	=cp /cv� ���
� 
 rotational velocity �1/s�

bbreviations
5HP 
 five-hole probe
CFD 
 computational fluid dynamics

CoG 
 center of gravity
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FRAP 
 fast response aerodynamic probe
LE 
 leading edge
MP 
 measurement plane
TE 
 trailing edge

TET 
 turbine entry temperature

Subscripts
av 
 average
m 
 mechanical

rel 
 relative frame of reference
t 
 total

th 
 thermal
x 
 axial direction
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