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In the present work the aecrodynamic performances of an innovative rotor blade row have been experimentally
investigated. Measurements have been carried out in a large scale low speed single stage cold flow facility at a
Reynolds number typical of aeroengine cruise, under nominal and off-design conditions. The time-mean blade
aerodynamic loadings have been measured at three radial positions along the blade height through a pressure
transducer installed inside the hollow shaft, by delivering the signal to the stationary frame with a slip ring. The
time mean aerodynamic flow fields upstream and downstream of the rotor have been measured by means of a
five-hole probe to investigate the losses associated with the rotor. The investigations in the single stage research
turbine allow the reproduction of both wake-boundary layer interaction as well as vortex-vortex interaction. The
detail of the present results clearly highlights the strong dissipative effects induced by the blade tip vortex and by
the momentum defect as well as the turbulence production, which is generated during the migration of the stator
wake in the rotor passage. Phase-locked hot-wire investigations have been also performed to analyze the
time-varying flow during the wake passing period. In particular the interaction between stator and rotor structures

has been investigated also under off-design conditions to further explain the mechanisms contributing to the loss

generation for the different conditions.

Keywords: Low Pressure Turbine, Single Stage Research Turbine, Rotor Aerodynamic Loading, Hot-wire Ane-
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Introduction

The need for high speed low pressure turbine modules
to be used with innovative aircraft engine concept leads
to face with additional critical issues during the design
phase, with the consequent need for the application of
innovative blades able to fulfill the mechanical and
aerodynamic performance constraints. In order to assist

Received: August 2015  Pietro ZUNINO: Professor

the designer with reliable tools it is mandatory to assess
the performance of turbine rotor blades of innovative
concept with experimental investigations.

The rotor aerodynamic loading is the main feature af-
fecting the blade row efficiency since it directly drives
the boundary layer, the secondary flows and the tip vor-
tex evolution. The measurement of the pressure distribu-
tions on the rotor blade is quite difficult and only few-
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Nomenclature

C blade chord

C,  Dblade axial chord
c absolute velocity

Cis isentropic absolute velocity at stator outlet
c2is  isentropic absolute velocity at rotor outlet

u peripheral velocity

w relative velocity

Wi isentropic relative velocity at midspan
at rotor outlet

X axial coordinate

Greek letters

AB vane angular pitch

AO,  rotor angular pitch= QT

static pressure coefficient _ Prin — P
0.50w;.
¢ . —
" total pressure coefficient _ Pean() =P (12 9)
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P relative total pressure coefficient _ Puotin (") = Proree (s
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g blade pitch
p static pressure
D total pressure
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2
Prrot W2 u2
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Re Reynolds number = W€
v
r radial coordinate
s streamwise coordinate

Snaee  Max value of the streamwise coordinate
t time
T wake passing period

0 circumferential coordinate

0, circumferential position in the rotor
frame = Q¢

v kinematic viscosity

P density

O  rotor relative total pressure coefficient

Q angular velocity

Subscript & Superscript
ex row outlet
in row inlet
pitchwise mass averaged
= mass averaged

turbulence intensity

3 \/rms(c'x)z +rms(cy)’ +rms(c.)’

<> phase-locked averaged

c2is

works can be found in literature (e.g. [1-4]). Moreover, it
is worth noting that high frequency response piezo-resis
tive pressure transducers, often used for these measure-
ments, sensibly suffer of drift problems which reduce the
measurement accuracy, and hence they can be hardly
adopted in low speed facilities due to the low aerody-
namic head.

An accurate estimation of the loading distribution is
mandatory for a proper interpretation of the whole flow-
field, in the same way as the detailed characterization of
the unsteady flow field upstream and downstream of the
rotor. The latter are mainly aimed at highlighting the
wake-boundary layer interaction, the secondary flow
evolution and all the other unsteady effects of real ma-
chines [5, 6].

The incoming wake boundary layer interaction is the
main cause for the generation of profile losses, since it
dominates the aerodynamic efficiency of low pressure

turbine (LPT) blades characterized by high aspect ratios,
when operating at low chord-based Reynolds numbers.

In this case the turbulence carried by wakes promotes
the transition process of the suction side boundary layer
of the rotor blades [7, 8], sensibly influencing the whole
stage efficiency. However it is also important to analyze
and to account for the vortex-vortex interaction occurring
also in the hub and tip region [9].

Studies in high pressure turbines (HPT) have investi-
gated the transportation of vortices and their interaction
with wakes of the previous row [10-12]. Gaetani et al.
[13, 14] studied the performance, the time-mean and the
time-dependent flow fields in a single stage research tur-
bine for two different stator-rotor axial gaps. They
showed that the rotor hub region is the most affected by
the stator flow, while the rotor flow in the outer part of
the channel remains almost unaffected by the stator in-
coming flow, since the stator vortices and wakes are al-
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most mixed out for both gaps considered. Higher stage
performance have been found for the smaller gap despite
the stator-rotor interaction is more relevant.

In literature there are several studies on the flow field
inside LPTs, but there are not as many as for HPT. For
this reason it is useful to perform experimental analysis
in LPT to provide data which may be used for computa-
tional code validation aimed at predicting the efficiency
of a real machine. Lengani et al. [15] gave a detailed de-
scription of the behavior of the main flow structures
measured by means of a fast response acrodynamic probe
(FRAP), and successively studied the variation and de-
velopment of the unsteady flow field downstream of the
rotor due to the spinning modes [16]. Canepa et al. [17]
described by means of phase-locked hot-wire measure-
ments the unsteady evolution of both stator and rotor
wakes within a two-stage axial research turbine.

This paper presents a study of the three-dimensional
flow field within the blade rows of a single stage research
turbine. The facility consists of a large-scale, low speed,
cold flow axial turbine instrumented to allow the inves-
tigation of the aerodynamic performance of the stator and
rotor rows. The main features of the facility and its in-
strumentation are described in the paper. In order to give
a complete description of the aerodynamic field of the
tested innovative rotor, the rotor aerodynamic loadings
have been measured by means of a measuring chain
properly designed to acquire the signals from the rotating
row. Due to the strongly three-dimensional design of the
rotor, three blades have been instrumented at different
spanwise locations.

Five-hole probe allowed total pressure time-mean
measurements to evaluate the overall performance of the
stage; further detailed hot-wire phase-locked investiga-
tions provided time dependent data on velocity and tur-
bulence intensity to analyze the rotor/stator interaction.

Experimental Facility

Measurements have been performed on a large-scale
low-speed single-stage axial flow research turbine in-
stalled at the Aerodynamics and Turbomachinery Labor-
atory of the University of Genova (Fig.1). The facility
has been designed and built with the purpose of investi-
gating unsteady flow phenomena representative of a low
pressure gas turbine for aeronautical application. Atmos-
pheric air is fed by a centrifugal fan located downstream
of the turbine. The fan is driven by a 60 kW electric mo-
tor, and the turbine shaft is braked by means of a 40 kW
DC reversible electric motor. Both motors are equipped
with variable speed electronic control. Operating condi-
tions can be continuously varied acting on the rotational
speed of the two motors allowing the variation of mass
flow rate (thus Reynolds number) as well as the rotor
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peripheral velocity and thus the rotor incidence angle.
Geometrical parameters of the stage are summarized in
Table 1.

The blade has been designed by GE Avio Aero and
then scaled by University of Florence for low speed test-
ing following the procedure described in [18]. All mea-
surements have been carried out for a nominal exit flow
Reynolds number, based on the blade chord, equal to
80000, and for three different incidence angles (-4°, 0°,
+6°) resulting in flow coefficients ¢ respectively equal to
Q4= 0657, Qo= 0694, (p+6:0.749.

Fig.1 Front view of the facility

Table 1 Turbine and blade parameters

Stator Rotor
Number of blades 49 49
Chord at midspan C 100 mm 100 mm
Blade pitch at midspan g 73 mm 73 mm
Inlet blade angle o,/ 0° -10°
Outlet blade angle as,5, 53° 60°
Blade span / 300 mm 300 mm
Aspect ratio h/c 3 3
Pitch to chord ratio g/c 0.73 0.73
Inner diameter Di 418 mm 418 mm
Outer diameter Do 718 mm 718 mm
Tip clearance T C/h - 0.37%

In order to measure the rotor aerodynamic loadings,
three instrumented blades have been manufactured with
21 pressure taps (12 on the pressure side), located at
midspan, at 25% and at 75% of the blade span. The
measurement of the aerodynamic blade loading on the
rotating row has required an apparatus specifically de-
signed. A hollow shaft has been manufactured to allow
the installation of the Scaninvalve and the pressure
transducer in the rotating frame next to the axis in order
to minimize the centrifugal effects acting on the latter.
During the test, a zero signal reference voltage has been
acquired by means of a pressure tap inside the hollow
shaft, connected to the pressure transducer through the
Scanivalve.

This signal has been used to remove the centrifugal
effects due to the rotation. Moreover, the radial equili-
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brium acting on the flow within the pipings which con-
nect the pressure taps with the transducer are taken into
account in the evaluation of the static pressures along the
blades (the contribution due to the radial equilibrium has
been added to the signal measured by the transducer).
The pneumatic signal from each pressure tap is sent
through the Scanivalve to the differential transducer, and
the voltage signal is delivered to the static frame by
means of a slip ring mounted on the shaft.

Three slots have been manufactured in the turbine
casing to allow the probe access for total pressure and
velocity measurements, one upstream of the stator lead-
ing edge (43% of the axial chord C,), one in the gap be-
tween stator trailing edge and rotor leading edge (35% of
C, downstream of the vane row) and one downstream of
the rotor trailing edge (63% of C, downstream of the
blade row). The three-dimensional total pressure fields at
three planes have been measured by means of a 5-hole
pneumatic probe. High-sensitivity low-range (620 Pa)
SETRA differential transducers have been adopted for
pressure measurements. The instrument accuracy is better
than +0.075% of the transducer full-scale range. Probe
positioning in axial and radial directions is obtained by
means of a two-axis traversing system mounted on the
top of the casing. The probe movements are computer
controlled with minimum steps of 8 um. The whole flow
field has been studied by means of 15 pitchwise traverses
(covering an entire pitch of 7.35°), each of them consti-
tuted of 25 points in the spanwise direction, with a finer
mesh near to the endwalls, to give a better description of
the evolution of the secondary flow structures.

Velocity and turbulence investigations downstream of
the rotor have been also carried out at the rotor exit plane
by means of hot-wire anemometry, performing phase-
locked investigations. The three-dimensional ensemble-
averaged velocity and the components of the Reynolds
stress tensor have been determined by means of two dif-
ferent hot-wire single wire probes. A straight probe
(Dantec 55P11) and a slanted one (Dantec 55P12) have
been used adopting the multiple-rotation technique de-
scribed in [19]. The probe output signals were acquired
for different angular positions of the sensor elements
with respect to the probe axes. For the straight one, 3
angular positions have been adopted in the range of +45°
with respect to the reference flow direction. The slanted
probe has been rotated for a total of 9 angular positions
in the range of £80° with a step of 20°.

The anemometer output voltages were sampled using
a National Instrument Compact DAQ system with two 16
bit, 4-channels simultaneous analog input modules.

Since the experimental velocity records contain both
periodic fluctuations associated with the incoming wake
frequency, and other fluctuations due to turbulence and
unsteadiness not at the incoming wake frequency, the
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phase-locked ensemble-averaging technique has been
used to distinguish between the periodic velocity fluctua-
tions and all the other velocity fluctuations resulting in
the unresolved unsteadiness. A trigger signal has been
derived from a shaft encoder to start acquisition for each
angular position of the two probes. Three contiguous
incoming wake periods have been recorded. Each period
was subdivided in 100 steps. The mathematical proce-
dure described in [19] has been applied to the voltage
signals measured by the two probes at different angular
positions for each time instant. This allows the evaluation
of time-varying phase-locked velocity, turbulence inten-
sity and secondary kinetic energy distributions, as de-
scribed in [20]. 200 records were acquired and used for
the evaluation of the ensemble-averaged quantities. Con-
sidering a confidence level of 95%, the uncertainty in the
measurement of the mean velocity and the Reynolds
stress components has been evaluated to be lower than
2% and 8%, respectively.

Results and Discussion

Rotor Aerodynamic Loadings

The aerodynamic loading distributions measured for
three different blade spans are reported in Fig.2, as a func-
tion of the dimensionless streamwise coordinate.
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Fig. 2 Blade acrodynamic loadings at nominal incidence for
three different spanwise positions (0.25, 0.50 and 0.75
of the blade height)

The loading clearly shows that the rotor row is aft-
loaded, since the velocity peak occurs between 0.55<
§/Sma < 0.6 for all of the three radial positions considered.
The comparison of the loadings measured at the three
spanwise locations shows that the rear part of the blade
suction side, where the flow diffusion occurs, is very
similar for the three different heights. More differences
between the three curves can be observed in the accele-
rating part of the suction side as well as on the pressure
side. A larger blade loading can be observed at the span-
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wise location closer to the tip as compared with those
measured at midspan and near to the hub of the turbine.
The choice of having a smaller aerodynamic loading next
to the blade root has been made in the design phase to
contain the mechanical stresses (since on the root section
acts the strongest centrifugal effect). It is worth noting
that there is no trace of boundary layer separation, typi-
cally highlighted by a plateau in the ¢, distribution on the
rear part of the suction side, for all the spanwise loca-
tions.

The static pressure distributions have been measured
also under off-design conditions (Fig.3). For all the con-
ditions tested, the incidence angle variation appears to
affect only the first portion of the blade suction and pres-
sure sides. Larger aerodynamic loadings occur when the
incidence angle is increased, as expected. The c, in the
remaining part of the blade is unaffected by the incidence
angle variation.

Time Mean Flow Field

In Fig.4a the total pressure coefficient c,, measured
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downstream of the stator is shown for the nominal inci-
dence. Two contiguous duplicated pitches are showed for
the sake of a better visualization. In the plots the circum-
ferential direction ¢ is made non-dimensional by the an-
gular pitch Ag, while the radial coordinate » is made
non-dimensional by the blade height 4. The figure high-
lights, as a main feature, the wake shed from the stator. It
is recognizable by the green stripe which extends for the
whole 7/h range in the color plot, and it is characterized
by a region of high total pressure coefficient and low
velocity (in Fig.4b). The suction side of the wake is lo-
cated on the left part of the plot, and the pressure side on
the right. The wake appears evidently bowed as a conse-
quence of the strong three-dimensional geometry of the
blade. The total pressure coefficient distributions for the
different incidence angles (not shown in the paper) are
very similar, thus the variation of the incidence angle
does not significantly alter the total pressure field at the
rotor entrance.

The regions highlighted by higher values of c,, show
the effect of secondary flow structures which induce rele-
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Fig. 3 Blade aerodynamic loadings for three different incidence angles and for three different spanwise locations
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vant losses close to the hub and the tip. This is due to the
passage and horse-shoe vortices of the stator blade row
which transports the low momentum fluid coming from
the endwall boundary layer in this flow region at the sta-
tor exit section. The region affected by secondary losses
at the tip is wider than that observed at the hub due to the
different thicknesses of the corresponding inlet boundary
layers. Looking at the velocity distributions in Fig.4b, it
is possible to note an appreciable velocity gradient in the
radial direction also in correspondence of the potential
flow region confined by two adjacent wakes. It is due to
the radial equilibrium effects and the three dimensional
shape of the blade. To evaluate the performance of the
rotor row, the relative total pressure c,, distributions
downstream of the rotor have been analyzed. The refer-
ence values to compute the ¢, are obtained by the value
of the mass-averaged relative total pressure at the rotor
inlet.

Due to the limited frequency response of the 5-hole
probe the time-mean colour plots reported in Fig.5 only
highlight the structures generated by the stator row thus
transported behind the rotor at a fixed circumferential
position. Conversely, the structures generated in the rela-
tive frame of reference are smeared out in the circumfe-
rential direction since they are inherently “time-avera-
ged” by the probe. In Fig.5 the c,, distributions in the
measuring plane downstream of the rotor are shown for
all the three incidence conditions tested. The three color
plots show high values of ¢,, in the flow region next to
the hub (v/h < 1.65) and next to the tip (w/h > 2.15).
These regions are associated to the superimposition of
both stator and rotor secondary flow structures, which
interact during their migration along the rotor blades in-
ducing the vortex-vortex interaction process. The struc-
tures associated to the stator can be more clearly identi-
fied in the hub region rather than at the shroud region.
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This is due to the tip leakage vortex of the rotor that in-
creases the mixing process and consequently contributes
to smear out the stator structures.

The propagation of the stator wake is clearly observa-
ble in the map of relative total pressure loss coefficient in
the flow region between 1.65 < r/h < 2.15. Here a loca-
lized bowed region characterized by high loss levels
(cyan-green region in the plot) can be clearly observed. It
is due to the turbulence activity of the stator wake, which
produces losses during its advection across the rotor pas-
sage. The increase of the incidence angle (moving from
the left to the right of the figure), and the consequent
increase of the blade loading, makes the rotor secondary
loss region at the tip larger, with a larger penetration to-
ward the mid-span section of the blade.

It is also interesting to note that the flow region af-
fected by the propagation of the stator wake seems to be
characterized by loss levels even larger when the inci-
dence angle is increased. It is probably due to the differ-
ent stretching effects induced by the different loading
distributions on the turbulence carried by the stator wake
during migration across the rotor row and the consequent
loss production mechanisms [21].

A further analysis has been carried out by considering
pitch-wise mass averaged quantities, in order to obtain a
more quantitative evaluation of the total pressure losses
of the blade row for the three incidence angles. Fig.6
shows the pitch-wise mass averaged total pressure coef-
ficient ¢, It can be observed that, even though it does
not rigorously provide estimation of losses due to the
displacement of streamline across the rotor passage, the
peaks in the hub (774 < 1.5) and tip (#/h > 2.2) regions are
due to the presence of secondary flows. The three distri-
butions are almost similar for all the three incidence an-
gles. The differences between the three conditions are
mainly confined to the tip region: the tip leakage vortex

i=6°

Fig. 5 Relative total pressure coefficient distributions downstream of the rotor for the different rotor incidence angles



28

jointly with the passage and the horseshoe vortices acts
generating the largest amount of losses, which increase
for the highest incidence angle tested (+6°). Indeed, the
higher the blade loading on the tip section (which has
been found to be characterized by the greatest sensibility
to the incidence angle variation) the stronger the tip lea-
kage vortex, and consequently the flow non-uniformity
and losses. The overall losses shown in Fig.7 make evi-
dent the growing trend of losses when the incidence angle
is increased, reaching a value larger than 5% for i = +6°.
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Fig. 6 Pitchwise-averaged relative total pressure coefficient
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Fig. 7 Total pressure loss coefficient made non-dimensional
by the nominal value

Time Dependent Flow Field

To investigate the flow structures generated by the ro-
tor, a phase-locked analysis of hot-wire data has been
considered. The phase-locked three-dimensional investi-
gations here reported allow the analysis of the unsteady
flow field at rotor exit section looking in two different
orthogonal traverses: a radial one and a circumferential
one, sampled respectively with a measuring grid of 22
and 15 points. Space-time contour plots of phase-locked
relative velocity (w), and the phase-locked turbulence
intensity (7u) allow the analysis of the wake-boundary
layer interaction effects on the flow at midspan in the

J. Therm. Sci., Vol.25, No.1, 2016

circumferential traverse. On the other hand the time-
varying radial distribution of the same quantities at a
fixed circumferential position allows the analysis of the
rotor wake structure in the spanwise direction.

In Fig.8 the normalized circumferential probe position
in the absolute frame of reference ¥A# is plotted on the
horizontal axis, while the normalized time scale #/T is
plotted on the vertical one, with T representing one blade
passing period. The rotor wakes appear as inclined stripes
of low velocity and high 7« due to the relative motion be-
tween the probe and the rotor. The rotor wake suction
side can be identified on the lower side of the inclined
stripe, while the pressure side is on the upper side. Fig.8a,
8b, and 8c represent the three incidence angles tested
from the lowest (on the left) to the highest (on the right).
In each of them the blue inclined stripe is associated to
the velocity defect of the rotor wake. The higher inci-
dence angle causes a larger momentum defect due to the
increased aerodynamic blade loading.

Figures 8e, 8f, and 8g show the phase-locked turbu-
lence intensity measured in the circumferential traverse at
midspan for the three incidence conditions. Again, it is
possible to see the rotor wake characterized by the high
values of 7u along the inclined stripes. Moreover, the
large Tu cores at fixed circumferential position denote the
presence of the stator wakes, since they are not moving
in the absolute frame. In particular the stator wake is lo-
cated at 0.1< YA® <0.5 for i = -4°, at 0.05< YA $<0.35
for the nominal incidence and at 0.6< YA <1 for i = +6°.
It appears in a different pitchwise position due to the dif-
ferent incidence angle and thus due to the different way
in which they are chopped, bowed, stretched and then
convected through the blade passage. The largest values
of Tu associated to the stator wake appear closer to the
suction side of the rotor wake as a consequence of the
pressure gradient which pushes the wake towards the
suction surface of the blade during its advection inside
the passage [7].

The wake-wake interaction occurs in correspondence
to the largest value of 7u (red level in the plots). This is
also confirmed by the phase-locked velocity plots. Indeed
the region affected by the interaction is characterized by
two effects: an overshoot of velocity in the bulk (for the
potential flow region) due to the effects of the accelerat-
ing part of the negative jet brought on by the stator wake,
as well as a larger velocity defect within the wake [22,
23]. Moreover, the larger the aerodynamic loading in-
duced by the incidence angle, the larger the turbulence
intensity peaks in the stator wake as can be seen from the
figures. This is due to the mechanism of the stator wake
convection through the rotor passage [21].

Since Fig.8 only shows the flow field at midspan, a
radial traverse has been also carried out to analyze the
radial development of the rotor wake structure. Fig.9
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shows the phase-locked relative velocity and turbulence
intensity radial distributions. Data are obtained at a fixed
circumferential position between two vane wakes. The
value of the rotor pitch A#. is directly linked to the blade
passing period 7 and the peripheral velocity. The phase-
locked relative velocity color plots clearly show the rotor
wake by the green regions between 1.6< r/h <2.

The left side of the wake is the pressure side, while the
right part is the suction side. The wake appears bowed
and leaned due to the strong three dimensional geometry
of the blade. The lowest values of {w) are in the hub and
tip regions due to the secondary flow structures. Close to
the hub, the secondary vortices occupy a more limited
region of the pitch but with larger velocity defects, whe-
reas in the tip region they are smeared for almost the
whole pitch due to the strong effects of the tip vortex and
its interaction with the secondary structures. The same
considerations can be made on the turbulence intensity
color plots.

It is clearly evident that the higher the incidence angle,
the larger the secondary flow structures. Looking at the
hub region of Fig.9d (i =-4°) they extend for values of /h
< 1.6, while for the highest incidence (Fig.9¢c) they ex-
tend up to values of /A > 1.65. It is worth noting that at
r/h = 1.5 a peak of high Tu appears within the hub sec-
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ondary flow region for all the conditions tested, and it is
denoted by a small red dot. It becomes larger with in-
creasing the incidence angle. This is probably associated
to the rotor passage vortex. All the rotor secondary
structures grow for high incidence angles, and the largest
difference can be observed in the tip region where the
strongest vortex-vortex interaction takes place. Indeed,
for i = +6° the secondary vortices occupy a wider portion
of the pitch, with respect to the case of i = -4°. On the
contrary, the wake is not as much affected by relevant
differences as the tip region. Indeed, as already com-
mented about Fig.6 and confirmed by the time dependent
plots, the increase of losses is mainly due to the second-
ary structures in the tip region rather than in the two-
dimensional flow region.

Conclusions

The three-dimensional flow field of an innovative ro-
tor blade row installed in a single stage, large-scale axial
research turbine has been experimentally analyzed. Mea-
surements have been performed for three different inci-
dence angles at a fixed Reynolds number. The facility has
been endowed with a hollow shaft to allow the arrange-
ment of a Scanivalve, and a pressure transducer in order
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Fig. 8 Time dependent phase-locked relative velocity distributions and phase-locked turbulence intensity at midspan
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Fig. 9 Phase-locked relative velocity and turbulence intensity distributions for a fixed circumferential position at the rotor outlet

to measure the aerodynamic loadings of the rotor blades
at three spanwise locations. The static pressure coeffi-
cients showed an aft-loaded distribution and an increase
of the aerodynamic loading in the accelerating part of the
blade when the incidence angle is increased, especially in
the tip region. Conversely the diffusive part of the suc-
tion side was practically unaffected by the incidence an-
gle variation. Total pressure measurements upstream and
downstream of the rotor row allowed the evaluation of
the aerodynamic performance of the blade, highlighting
the flow regions that produce losses.

It is worth noting that in these results rotor wake and
secondary flows are smeared out due to the low probe
frequency response. However, the relative total pressure
coefficient color plots showed significant circumferential
and radial non-uniformities due to the stator wake and
secondary flow structures after their migration across the
rotor row. The stator wake appeared as a region of large
losses, which became evidently higher and larger in-
creasing the incidence angle. Secondary flow structures
associated to the stator have been more clearly identified
in the hub region rather than in the shroud one. This is
due to the strength of the tip leakage vortex of the rotor
that increases the mixing process and consequently con-
tributes to smear out the stator structures. The higher the
incidence angle the higher this effect since the tip vortex
becomes stronger. To analyze the rotor wake and the ro-
tor secondary flow structures, hot wire measurements
have been also performed. The phase-locked relative
velocity and turbulence intensity have been investigated

in two orthogonal traverses to analyze both wake-boundary
layer interaction effects on the flow at midspan and
whole rotor wake structure throughout the spanwise di-
rection.

Results at midspan clearly highlighted the unsteady
interaction between the high turbulent core caused by the
stator wake during its migration throughout the blade row,
and the rotor wake. This interaction provokes a local en-
largement of the velocity defect in the rotor wake as well
as a high Tu level due to the earlier transition in the rotor
suction side boundary layer. Rising the incidence angle
the momentum defect and the turbulence intensity peak
becomes larger. Moreover, from the radial distribution it
was possible to observe the whole rotor wake and sec-
ondary flows. The tip vortex has been clearly highlighted
by large velocity defect cores as well as by a large turbu-
lence activity. For the highest incidence angle the sec-
ondary flows in the hub region and the tip leakage vortex,
which represent the major source of the increment of
losses, become stronger, further supporting the time mean
total pressure results.
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