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EXPERIMENTAL INVESTIGATION OF INLET GUIDE VANE-ROTOR
INTERACTION IN A LOW SPEED AXIAL FLOW COMPRESSOR
STAGE

The two dimensional steady and unsteady flow field at midspan in a low speed
axial flow compressor stage has been investigated experimentally, using two systems,
based on totally different principles: a 2-sensor fast response straight and 90° triple
split fiber probes (TSFP) and two dimensional LDA system with an emphasis on the
interaction of the inlet guide vane (IGV) wake with the rotor flow field. To account
for the uniformity of the rotor absolute inlet flow field, measurements has been made
at eight tangential locations in the absolute frame equally spaced over one IGV pitch.
The time resolved investigation, done by TSFP and LDA allows to presenting velocity
fields, flow angles and turbulence data at different IGV-rotor positions during one
blade passing period. The velocity measurements are decomposed into a time aver-
aged velocity, a periodic velocity component and a unresolved velocity component.
Using two measurement systems, one being intrusive and the other non-intrusive, in
the same complex flow field, gives the opportunity for a critical comparison of results
and opens the view for further improvements. Averaging these results, enabled also
comparison with the pneumatic five-hole probe measurement.

1. Introduction

The flow in axial flow compressor stage is not only highly three dimen-
sional, but also features complex unsteady phenomena. One of the major
sources of unsteadiness is the aerodynamic interaction between inlet guide
vane and rotor. One aspect of rotor stator interaction is caused by the wakes
generated by the airfoils upstream of a blade row. The wakes strongly influ-
ence the inlet flow at the next blade row resulting in periodic total pressure
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fluctuations and periodic variations of incidence angle. Especially during
operations of compressors with variable inlet guide-vanes in situations with
high setting angles of the guide-vanes, the interaction can be suppressed so
heavily that rotating disturbances can exist. Although there has been extensive
theoretical and experimental research done on compressor rotor wakes, not
much work has been done on influence of IGV wakes at different stagger an-
gle on the following rotor blade row. Many researches have investigated rotor-
stator interaction. Poensgen et al. [1], [2], Zaccaria and Lakshminarayana [3],
[4], Freudenreich and Fransson [5], Sharma et al. [6], Reinhold and Bohne
[7] provide comprehensive surveys of unsteady flow in turbomachinery. The
experimental unsteady flow investigation were also accompanied and aided
by numerical calculations, Kazimierski [8], and Arnone et al., [9], [10]. Un-
fortunately most of these investigations have been done on isolated airfoils,
highly loaded axial compressors or axial turbines and not much work has
been done on the influence of stagger angle of IGV on the unsteady flow
field in the axial flow low speed compressor stage. Although all aspects of
this interaction are not fully understood nowadays, it is well-known that by
properly indexing stator vanes and rotor blades, the efficiency of a multistage
turbomachinery component can be altered and improved, see e.g. Nichuis et
al. [11].

On the other hand, the data can be used for a comparison with the results
of advanced numerical flow calculations, which are capable of performing
full-stage calculations by coupling the grids of inlet guide stator vanes and
moving rotor blades [12].

2. Experimental facility and instrumentation
2.1. Experimental facility

The experiments has been performed in the axial flow low speed com-
pressor stage (AFLSCS) of the Institute of Power Engineering and Turboma-
chinery at the Technical University in Gliwice, which was designed to tests
compressor stages over a wide range of parameters and to validate numerical
codes. It consists of an inlet guide vane followed by a rotor with a hub to
tip annulus wall diameter ratio 0.56, with outer diameter of 1.0 m, with 16
cambered and twisted blades of British C-4 section, designed for free vor-
tex operation, followed by a 13-vane stator row and the outflow curvilinear
diffuser with the throttling blades (Fig. 1).
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Fig. 1. Axial flow low speed compressor stage

Table 1.
Rotor blade row geometry and operating characteristics
Rotor blade chord (at midspan) 0.13 m
Rotor pitch/chord ratio (at midspan) 1.17
IGV-rotor spacing normalized by rotor axial chord (at midspan) 1.58
Rotor-stator blade row spacing normalized by rotor axial chord (at midspan) 1.71
Pressure rise coefficient ¢y 0.365
Flow coefficient ¢y 0.374
Rotor inlet Mach number Ma,, 0.12

Table 1 lists the overall design point parameters along with some refer-
ent dimensions. The compressor stage can be operated with variable stagger
angles of the IGV, which can be set individually. To account for the unifor-
mity of the rotor absolute inlet flow field, special mechanisms were designed
to allow the IGV to be moved circumferentially relative to the stationary
probes. The research compressor stage is connected to the suction side of
the measuring collector and consists of the large bellmouth inlet for mass flow
measurement. The facility is terminated downstream by an aerodynamically
designed throttle, which provides control of a stage operating characteristics.
The details of the design of the facility, their performance and geometrical
features are described by Witkowski et al. [13], [14]. The pressure rise and
efficiency characteristic at different IGV setting angles as well as the mea-
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suring points, selected for further detailed flow investigation, are shown in
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Fig. 2. Overall performance characteristics of the rotor

Through proper use of LDA and TSFP the entire steady and unsteady
flow field, including the wall layers, can be measured in the compressor stage.
For the present tests a flat quartz glass window (quality: BK 7) covering
the entire flow field from upstream to downstream of the rotor passage, is
inserted in the casing, to provide optical access for laser anemometry. This
plane parallel 3 mm thick window has an axial extension 344 mm and 45
mm extension in circumferential direction. A 0.51 mm step exists between
the plane parallel window and the curved casing. No detectable influence
on the flow was found at positions >10% flow channel height behind the
window, Giess and Kost [15]. The rotor endwalls were painted with a high-
temperature black paint to reduce surface reflections. A completely automated
data processing system is built around a PC computer.
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2.2. Triple-split fiber probe (TSFP) anemometer system

The unsteady two-dimensional flow field upstream and downstream of
the rotor has been sampled periodically using straight triple split fiber probe
(TSFP). The probe consists of a cylindrical quartz-fiber of a diameter of
400 wm devided into three parallel sensor paths. The frequency response of
that probe is up to 175 kHz. The probe has been tested in a free laminar jet in
the velocity ranges 2+50 m/s [12]. The calibration procedure, which requires
135 combinations of the flow and angle, is performed semi-automatically by a
computer connected to the measuring system. It appears that the magnitude
of the velocity vector can be measured with an accuracy of +3%, while
the flow angle can be measured with a standard deviation less than +0.5°.
Statistical errors result from a finite number of measured events. In our case
of performed measurements, a minimum number of successfully evaluated
time events of 1000 was achieved at every measured points in the wake close
to the rotor trailing edge. All statistical errors are given for 95% confidence
interval. The unsteady 2D-TSFP data acquisition was triggered by an once-
per-blade signal. One rotor pitch was subdivided into 50 equally spaced
increments, describing the special resolution in the rotor relative coordinate
system. The periodic influence from upstream IGV onto the unsteady rotor
flow was taken into account by subdividing the traverse of one IGV passage
into 8 steps. Ateach of the 50 points covering the rotor pitch, the time-average
2D velocity vector in the rotor relative frame was calculated. A more detailed
description of the measuring system, TSFP and their calibration procedure
is given in [12] and [16].

2.2. Laser-Doppler anemometer (LDA) system

The LDA system used is a three-color, six-beam, three-dimensional mea-
suring system. It consists of a 4 W argon-ion laser, tuned to the 476.5 nm
(violet), 488 nm (blue) and 514.5 nm (green lines), a transmitter, six manip-
ulators, a two 60 mm 1D and 2D laser probes, three photomultipliers, color
separator, and interference filters, and external data interface with rotating
machinery encoder for tagging LDA bursts with the angular rotor position,
a three axis traversing system with control unit, a 650 MHz Pentium II
DELL PC for data acquisition, reduction and visualization. The focal length
of LDA probes is 160 mm or 400 mm with additional lenses producing a
beam intersection diameter 78 nm or 194 nm and an intersection lengths of
about 0.66 mm or 4.09 mm, respectively. The green, violet and blue pairs
are used to measure the axial, tangential and radial components of veloc-
ity respectively. The fringe spacing are 2.18 nm (A = 514.5 nm), 2.07 nm
(A = 488 nm) and 2.02 nm (A = 476.5 nm). The probes are mounted on a
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supports attached to a mechanical traverse. The traverse can move axially,
horizontally and vertically, and can be turned in horizontal plane to achieve
the measurement at the desired location in the compressor stage. The three
linear degrees of freedom plus turn make it possible to position the probe
very accurately (£0.125 mm). The LDA unit is remotely placed and con-
nected by long (15 m) optical fibers to the compressor rig. The entire system
comprising the laser, the transmitting and receiving optics 1s mounted on an
optical bench for easy alignment. The LDA system is free to acquire velocity
measurements whenever a seed particle crosses the LDA probe volume. In
the rotor flow field, this results in the random acquisition of many velocity
measurements during every rotor revolution. To obtain strong enough light
impulses for the LDA, particles with mean diameter of 0.6-1.0 micrometer
must be used. The seeding to be used for investigation is silicon oil and this
enters the compressor stage from a nozzle situated upstream of the inlet. The
oil is atomized by a Safex Fog Generator 2010. In the LDA measurements,
the measuring system as it was used for TSFP, has been adapted (Fig. 3).
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Fig. 3. Schematic set up diagram of the LDA measuring system

Thus to relate a measurement event to the rotor position, an optical shaft
encoder has been attached to the compressor shaft. This encoder divides one
revolution of the rotor into 3600 counts and since there are 16 rotor blades,
this comes to 225 counts per rotor passage. One rotor passage is then divided
into 50 measurement windows, each of which has 4.5 counts and is 3.063 mm
length at midspan. Each velocity measurements is tagged with the angular
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position of the rotor, by means of the optical encoder. At each survey point,
approximately 50.000 velocity measurements on average were acquired. Since
all the velocity components were spatially phase-locked averaged, and this
results in a representative rotor passage with 50 measurement windows, there
were 1000 velocity measurements in each measurement window.

LDA measurement are subject to numerous errors, most of which can be
quantified [3]. A complete error analysis for these measurements is given by
Zaccaria [17]. Based on this error analysis, the uncertainty for a 95 percent
confidence level is as follows: outside the rotor wake, 0.4 and 2.8 percent
respectively, for the ensemble-average velocity and the unresolved component
of velocity, inside the rotor wake, 4.0 and 14.8 percent for ensemble averaged
and unresolved velocity, respectively.

2.4. Measured procedure and data processing
2.4.1. Measured procedure

Fig. 4 shows the TSFP/LDA locations in the pitchwise, spanwise and
streamwise direction upstream and downstream of the rotor.
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Fig. 4. TSFP/LDA measurement location
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Measurements has been acquired at 101 axial measurement locations
from just upstream of the rotor (0.735 chord) to one axial chord downstream
of the rotor midspan. In order to get the spanwise characteristics of the
unsteady flow, the measurements has been carried out at 38 radius, 44 percent
of the axial chord of the rotor downstream of the rotating blade. Since only
a straight TSFP and two-dimensional LDA was used for measurements, only
the velocities in the axial and tangential directions are measured. To account
for the uniformity of the rotor absolute inlet flow field, measurements has
been made at eight tangential locations in the absolute frame equally spaced
over one inlet guide vane (IGV) pitch (as shown in Fig. 4). There are several
criteria that can be used to identify the effect of the IGV wake on the flow
field in the rotor blade wake. Compared to the free-stream and wake flow
downstream of the rotor without influence of the IGV wake, the rotor blade
wake has a higher velocity defect, higher unresolved unsteadiness, a variation
in flow angle across the IGV wake, and higher shear stress in the presence
of the IGV wake. These criteria will be used in this section to determine the
presence and interaction between the IGV wake and the rotor blade wake.
An indication of the level of interaction between the IGV and rotor flow
field can be assessed by examining the ratio of the time it takes the rotor to
traverse one IGV pitch versus the time it takes for fluid particles to travel
through the rotor blade passage. This is called the reduced frequency and it
is given by

Q= W, U., (1)
where: Q is the reduced frequency, 1, is the rotor axial chord, W, is the axial
velocity at the inlet to the rotor, and Sigy is the IGV pitch.

This ratio determines the number of IGV wakes in each rotor passage at
any instant time. For the compressor stage in this investigation, the spanwise
distribution of the reduced frequency at different stagger angle of IGV is
shown in Fig. 5. At midspan the reduced frequency is 0.75, which means
that there should be not complete IGV wake in each rotor passage for each
IGV/rotor blade location, which is demonstrated in the following paragraphs.

L / Sicv
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Fig. 5. Spanwise distribution of the reduced frequency

2.4.2. Data processing

1,00

For the TSFP/LDA measurements downstream of the rotor, the instanta-

neous velocity is decomposed as follows

C=C+C+C

(2)
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where C = e Z Zn: Cin is time averaged velocity, C' = C - C is periodic
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velocity component, C = N Z Cin is the periodic unsteady velocity which

i=l

results from relative motion of the rotor with respect to the following stator
vane and C’ = C — C is the unresolved unsteady velocity which is any flow
fluctuation that is not correlated with the rotor speed. From this velocity
decomposition, the axial unresolved unsteadiness can be computed:
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3. Experimental results
3.1. Inlet guide vane-rotor blade row spacing

Fig. 6 shows contour plots of absolute velocities and axial components
of unresolved unsteadiness distribution in the IGV-Rotor blade row spacing
at IGV setting angles y = 0° to understand the propagation of the IGV wake
through IGV-rotor blade row spacing. LDA measurements were taken at
midspan only, where the flow is expected to be most two-dimensional.

Tz

Ts

Fig. 6. Contour plots of IGV wakes in the IGV-rotor passage: y = 0°, @7 = 0.374, Y, = 0.5

A knowledge of the rate of decay for the IGV wake defect and unresolved
unsteadiness is necessary for understanding of the IGV-rotor interaction. In
the following figure (Fig. 7), the result at traverse depth positions (Z, = —1.3;
1.0 and —0.6) were plotted to exhibit the decay characteristics of the IGV
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wake with streamwise distance. While the wake velocity defect and maximum
unresolved unsteadiness are very high in the trailing edge region, they decay
rapidly as the wake travels downstream.

The comparison of the circumferential distribution of the axial compo-
nent of absolute velocities in the IGV wakes normalized by the mean rotor
speed (Fig. 8a) and by the mean velocity C,, determined by the use of
TSFP and LDA with results determined by FHP (Fig. 8b) shows reasonable
agreement in the vicinities of the center blade wake.
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Fig. 7. Decay of IGV wake velocity defect (a) and unresolved unsteadiness (b) with streamwise
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Fig. 8. Comparison of IGV wake velocity profiles, normalized by Uy, (a) and C (b), determined
by the use of FHP, TSFP and LDA at Z, = -0.8, v = 0°, @r = 0.374

In the free stream region, where velocity component could differ by as
much as 6.3% and 3.5% respectively, the agreement is not so satisfactory.
However, the agreement is significantly better as the velocities are normalized
by mean velocity C,.
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3.2. Rotor passage flow field
3.2.1. Relative velocity distribution

The contour plots of the ensemble average relative velocity normalized
by mean rotor speed (Uy,) at eight different IGV/rotor locations is presented
in Fig. 9. Since these eight different locations are equally spaced over one
IGV pitch, they can be viewed sequentially from IGV/rotor location one to
location eight and than back to one again. The regions near the stagnation
point and near the pressure and suction side as well close to the trailing
edge of the rotor blades could not be investigated with the LDA. This region
contains the area of the blade, and the blade shadow that can not be penetrated
by the laser beams. More a lack of tracer particles occurs in region filled
with boundary layer fluid, as wakes and strong secondary vortex regions.

Figures 9 shows the flow deceleration through the blade passage. The
velocity decelerates significantly on the suction side from the leading edge
to Z; = 0.9 after all it levels off and becomes fairly uniform, up to the trailing
edge. This generates unsteady forces on the blade, which can excite blade
vibration and may cause high cycle fatigue problems, hence compromising
the life of the blade. Therefore, it is very important for compressor designers
both to understand the origin of such unsteady forces and to develop the
capability to accurately simulate them-in order to be able to predict its effect
on the blade vibration and eventually to be able to propose design changes
to diminish such effects. Measuring the flow inside the rotor blades with a
LDA, they showed that there are two distinct flow field, which can be called
the minimum and maximum interaction between the IGV wake and the main
blade to blade flow. Examining the position 4 and 3 on the Fig. 9, first one
can see the highest aerodynamic load of the rotor blade as compared to the
others IGV/rotor positions. This is the flow without any IGV wake. Moving
to the positions 2 to 6, the IGV enters and next, propagates continuously
the rotor passage resulting in the significant decrease of the aerodynamic
load of the rotor blades, which attains the least value at position 6. This is
because the IGV wake is located between the rotor blades causing higher
flow disturbances in the blade to blade passage. Moving to positions 5 and
4, the IGV wake moves downstream of the rotor and the aerodynamic load
of the rotor blades again grows and attains its maximum at position 4. This
change of this flow field can be seen more clearly in Fig. 10, where we can
observed the comparison of the circumferential distribution of the relative
velocity normalized by Up, inside of the rotor blade channel at different
IGV-rotor position, at Z, = 0.1.
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Fig. 9. Contour plots of the relative velocity distribution at the eight IGV/rotor positions y

, Y. =05, LDA
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Fig. 10. Variation of the cycle average relative velocity at different IGV-rotor position. y = —20°,
Y, = 0.5, LDA

The blade-to-blade profiles of the cycle-averaged relative velocity pre-
sented in Fig. 10 show that the IGV-rotor positions have a significant effect
on the flow field and confirmed earlier observations.

3.2.2. Relative unresolved unsteadiness

Fig. 11 shows contour plots of the relative unresolved unsteadiness at
eight different IGV/rotor locations.

Examining position 2, one can first see a region of increased unresolved
unsteadiness upstream of the rotor leading edge as compared to the ensemble
averaged relative unsteadiness upstream of the rotor presented in the posi-
tion 4. This is the IGV wake. Moving to the position 8 by the position 1,
the IGV wake enters the rotor passage and is subsequently chopped into
individual segments by the rotor blades. The individual segments of the IGV
wake can now move independently of each other, resulting in a mismatch
between segments. The blade-to-blade profiles of the unresolved unsteadiness
presented in Fig. 11 show that the rotor leading edge has a significant effect
on the flow field. There is also increased unresolved unsteadiness near the
pressure surface of the rotor blade just downstream of the point where the
IGV wake interacts with the rotor pressure surface. In accordance with Fig. 4,
the IGV wake should be completely inside the rotor blade-to-blade passage
after six IGV/rotor locations. The maximum interaction between the IGV
wakes and blade-to-blade flow field occurs when the IGV wake is directly
inside the rotor blade—j[o_—l;ladg. passage at position 6, where unresolved un-
steadiness attains its maximum values. The minimum interaction occurs at
position 4, when the IGV wake is outside of the rotor blade channel. This
is confirmed by examining the blade-to-blade distribution of the relative
velocity and unresolved unsteadiness on the Fig. 12. The lowest unresolved



EXPERIMENTAL INVESTIGATION OF INLET GUIDE VANE-ROTOR ... 37

unsteadiness occurs at position 3 and 4 due to the absence of the IGV wake
inside the blade-to-blade passage. At positions 8, 7, 6 IGV wake has moved
toward the rotor blade-to-blade channel. This causes significant increase of
the unresolved unsteadiness in all region of the rotor passage.

Fig. 11. Axial unresolved unsteadiness at eight IGV/rotor positions at the blade-to-blade rotor
passages y = —20°, @ = 0.401, Y, = 0.5, LDA
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Fig. 12. Rotor axial unresolved unsteadiness circumferential distribution, vy = —20°, Y, = 0.5,
LDA

3.3. Rotor exit flow field

3.3.1. Contour plots of the axial unresolved unsteadiness
on the middle radius

The contour plots of the axial unresolved unsteadiness at eight different
IVG/rotor locations and at two different IGV stagger angles are presented
in Fig. 13 in an absolute frame of reference. Each measurement location
is at midspan. They represent eight different instantaneous photographs of
the downstream rotor flow field at two different rotor aerodynamic load. It
can be seen that the unsteady flow field is not the same at every IGV/rotor
position, but changes from one position to another. However, these changes
are significantly higher for —20° IGV stagger angle compared to 0° IGV
stagger angle. Figure 13 shows also that the rotor blade wake at —20° of
the stagger IGV is significantly broader then at 0° stagger angle of IGV.
This is due to the higher aerodynamic load of the rotor blade at the higher
angle of attack. Figure 13 shows also the highest level of unsteadiness on the
suction side of the rotor wake at all IGV/rotor positions, since the suction side
surface boundary layer at the blade trailing edge is larger than the pressure
surface boundary layer. Measurements of the flow field at 75% axial chord
downstream of a rotor, at IGV stagger angle equal —20° with one sensor
TSFP, show that there are two distinct flow fields downstream of the rotor,
which are called the minimum and maximum interaction between the IGV
and rotor wakes. The maximum interaction occurs at position 1 when the
IGV wake is directly inside the rotor wake while the region outside the
wake shows relatively low total unsteadiness symmetrically on the pressure
and suction side of the wake. The minimum interaction occurs at position 5
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when the upstream IGV wakes are between the rotor wakes, which is shown
by the significant decrease of the level of unsteadiness and slandering of the
rotor wake. It can be observed also in Fig. 13 that the maximum level of
unsteadiness at the consecutive IGV/rotor positions has moved continuously
toward the suction side of the rotor wake. This move increases as the wake
travels downstream. Starting from angular IGV/rotor position 6, the wake has
moved significantly toward the rotor suction side wake free-stream region.

Fig. 13. Axial unresolved unsteadiness at eight IGV/rotor positions and at two stagger angles
a) y =0°b) y = —20°, downstream of the rotor

This causes the suction wake width and free-stream unresolved unsteadi-
ness to increase, since the IGV wake at that IGV/rotor location is located
partly in the suction side of the rotor wake and partly in the free-stream
region.

3.3.2. Rotor wake profiles at various IGV/rotor passage relative
positions

Figures 14 and 15 show the relative velocity profiles and the unresolved
unsteadiness in the rotor wake just downstream (Z; = 1.97) of the rotor trailing
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edge at all eight IGV/rotor positions and at two stagger angles of the IGV (a)
vy =0°, b) y =-20°). There is a variation in both the velocity profile inside the
wake and in the free stream for all eight positions at both stagger angles of the
IGV. However, this variation is noticeably higher at —20° of the IGV stagger
angle. The highest and most symmetric wake velocity defect, at that stagger
angle, occurs at relative IGV/rotor angular position 3 due to the presence
of the IGV wake inside the rotor wake at this position. It is consistent with
the conclusions drawn earlier. At the relative IGV/rotor angular position 35,
the IGV wake has moved toward the rotor wake free-stream region. This
causes the suction side wake width to increase and the free stream velocity
to decrease, since the IGV wake at that location is located partly in the
suction side of the rotor wake and partly in the free stream region. Starting
from position 6 and proceeding to the position 8, the wake center velocity
increases, while the free-stream velocity decreases due to movement of the
IGV wake into the suction side free-stream region at there positions. This is
consistent with the conclusions derived earlier and agrees with the results of
Zaccaria and Lakshminarayana [3], who measured the flow field in a turbine
rotor with a realistic nozzle-rotor spacing; their results include both potential
flow and wake interactions. Also, the wake profiles are asymmetric about
the wake center due to the differential growth of the boundary layer on the
pressure side wake, since the suction surface boundary layer at the blade
trailing edge is larger than the pressure surface boundary layer.
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Fig. 14. Rotor wake velocity profiles at Z, = 1.97 and at two stagger angle of IGV
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Fig. 15. Rotor wake unresolved unsteadiness at Z, = 1.97 at two stagger angle of IGV
a)y=0°%b)y=-20°

The unresolved unsteadiness at 0° and —20° IGV stagger angles presented
in Fig. 15 shows the increased levels of unsteadiness on the suction side of
the rotor wake at position 8 due to presence of the IGV wake in this region.
At position 5, the level of unsteadiness has decreased in the wake but has
relatively increased in the free stream region since the IGV wake is partially
in the free-stream region. The IGV wake has moved entirely into the suction
side of the free-stream region, as shown by the relatively higher level of
unsteadiness in the free-stream region and lower level in pressure side of the
rotor wake.

The unresolved unsteadiness increased significantly both in the rotor
wake and in the free-stream region at the —20° setting angle of the IGV in
comparison with the unresolved unsteadiness at the 0° setting angle of IGV.

3.3.3. The decay characteristics of the rotor wake with streamwise
distance

A knowledge of the rate of decay for the rotor wake defect and unresolved
unsteadiness is necessary for the understanding the rotor-stator interaction.
In order to make the discussion easier, the rotor wake can be classified,
according to the work [3], into three different regions: the trailing edge
region, near wake region and far wake region.

The decay of the wake velocity defect and maximum unresolved unsteadi-
ness in the rotor wake with streamwise distance is shown in Figures 16 and 17
for each of the IGV/rotor positions at two different stagger angles of the IGV.
While the wake velocity defect and maximum unresolved unsteadiness are
very high in the trailing edge region, they decay rapidly as the wake travels
downstream. The decay rate for each of the IGV/rotor positions is similar, but
magnitudes of the velocity defects and unresolved unsteadiness are different
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at each streamwise location. This difference is considerably higher at the
—20° of the IGV stagger angle, Figures 16b and 17b. Thus, while the IGV
wake does not seem to have an impact on the velocity defect decay rate, it
does influence the magnitude of the velocity defect, which is significantly
stronger at the higher aerodynamic load of the rotor blades. The IGV wake
interaction with the rotor wake also affects the rotor wake semi-wake width
at two different IGV stagger angles, as shown in Fig. 18.
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Fig. 16. Decay of rotor wake velocity defect with streamwise distance for each IGV/rotor position
at two stagger angles of IGV a) y =0° b) y = -20°
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Fig. 17. Decay of maximum unresolved unsteadiness with streamwise distance for each IGV/rotor
position at two stagger angles of IGV a) y = 0°, b) y = -20°

The semi-wake width is defined as the width of the wake at half the defect
of total velocity. At the 0° of IGV stagger angle, the rate of increase in wake
width for each of the IGV/rotor positions is similar, but the magnitude of
the semi-wake width at each streamwise location is not the same for each
IGV/rotor location. However, at the —20° stagger angle of the IGV, the rotor
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semi-wake width increase much faster at the near and far wake region mainly
at the IGV/rotor positions 4 and 5 due to the fact that the IGV wake on in the
outer edge between the wake and free stream, which influences the mixing
and wake spreading. Thus, just as for the velocity defect, the IGV wake
influences the magnitude of the semi-wake width. It is interesting to note
that position 5 has the highest rate of increase in wake width. Position 3,
consistent with the unresolved unsteadiness, has the lowest wake width of all
the wake regions.
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Fig. 18. Variation of rotor wake semi-wake width with streamwise distance at each IGV/rotor

position a) y = 0°, b) vy = =20°

3.3.4. Spanwise characteristics of the unsteady flow ad different setting
angles of IGV

In order to get the spanwise characteristics of the unsteady flow, 38 radial
measurements were carried out just downstream of the rotor blade (Z, = 1.44)
at 8 IGV/rotor position and at setting angle of IGV y = -20°.

While the contour plots of measured velocity distribution in the relative
frame are shown in Fig. 19, the contour plots of turbulence intensities are
shown in Fig. 20. The wake can be clearly identified by sharp gradients of
velocities in the wake region (Fig. 19) and increased turbulent kinematic
energy level (Fig. 20). The center of the wake where the unsteady velocities
reach their minima are marked by the dotted line. Three major flow features
can be seen from these plots, the endwall flow near the hub, the wake along
the span, and the influence of the tip leakage near the shroud.
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Fig. 19. Relative velocity contour plots downstream of the rotor at Z, = 1.44, y = -20°,
¢r = 0.401, TSFP

It is expected that these three phenomena dominate the generation of
unsteadiness downstream of the rotor. For all cases, the turbulent nature of
the suction side boundary layer accounts for a thicker wake and higher region
of unsteadiness at the suction side, which is significantly more extended at the
hub and tip than in the mainstream flow. At the high angle of attack, the rotor
blade wake at the hub and at the outer wall becomes wider and the region of
unsteadiness increases noticeably. The region of highest instabilities, which
occurs at the stagger angle of the IGV —20° on suction side of the wake,
indicates the possible appearance of a hub corner separation.
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Fig. 20. Axial component of turbulence contour plots downstream of the rotor at Z, = 1.44,
vy = -20°, ¢r = 0.401, TSFP

4. Conclusions

The axial flow low speed compressor stage flow field was measured with
a two component LDA inside the rotor and with a two component of TSFP
in the IGV-Rotor and Rotor-Back Stator Vanes blade row spacings to gain
a better understanding of the unsteady flow due to IGV interaction with the
rotor at the different stagger angles of the IGV. These measurements show
that the flow field on the rotor leading edge has a major influence on the flow
field inside and downstream of the rotor. Changes of compressor load by an
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increase of the angle of attack cause significant increase of aerodynamic load
and change the unsteady flow field characteristics downstream of the rotor.
The highest fluctuations of the velocity, the flow angle and the turbulence
intensity are detected in the hub and in the tip region, where leakage flow
and three-dimensional effects are dominant. The region of the fluctuation
becomes higher as the angle of attack is increased. The region of highest
turbulence intensities and turbulence correlations is found close to the hub
on the suction side of the blade, with extended corner stall. The movement of
the rotor relative to the stator is simulated by changed relative circumferential
positions between IGV and rotor. The IGV wake can be easily identified in
the rotor passage. The rotor wake is not steady in the rotor time frame, since
the rotor wake properties vary between individual IGV/rotor locations. At
the positions where the IGV wake is inside the rotor wake, the wake center
velocity is lower, the wake velocity defect, the unresolved unsteadiness and
semiwake thickness are higher compared to the positions where the IGV
is not inside the rotor wake. At the positions where the IGV is located in
the free-stream region outside of the rotor wake, the free-stream velocity
1s lower and the unresolved unsteadiness in the free-stream flow is higher.
Higher levels of relative unresolved unsteadiness are also observed near the
rotor pressure surface. This increase in unresolved unsteadiness is due to the
interaction between the IGV wake and the flow near the pressure surface.
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Badania eksperymentalne wzajemnego oddzialywania lopatek wlotowej kierownicy
regulacyjnej z kolem wirnikowym osiowego niskoobrotowego stopnia sprezajacego

Streszczenie

Przeprowadzono badania eksperymentalne dwuwymiarowego ustalonego i nieustalonego pola
przeptywu, z zastosowaniem dwdéch, dziatajacych na catkowicie réznej zasadzie, systemow po-
miarowych: sondy termoanemometrycznej z tréjrozdzielong folia (TSFP) oraz dwuwymiarowego
systemu pomiarowego z laserowym anemometrem dopplerowskim (LDA), w celu okreslenia wza-
jemnego oddzialywania lopatek wlotowej kierownicy regulacyjnej (IGV) na przeptyw w kole
wirnikowym. W celu wyznaczenia niejednorodnego pola predkosci na wlocie do kota wirnikowego
pomiary prowadzone byly w o§miu potozeniach obwodowych, réwno rozmieszczonych wzdtuz jed-
nej podziatki fopatek wlotowej kierownicy regulacyjnej. Badania prowadzone w kolejnych krokach
czasowych, prowadzone z wykorzystaniem TSFP oraz LDA, umozliwity okre$lenie pola predkos-
ci, katéw przeptywu oraz intensywnosci turbulencji w réznych wzajemnych potozeniach IGV —
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koto wirnikowe w czasie przej$cia jednej podziatki lopatek. Zmierzone predkosci zostaty zdekom-
ponowane do predkosci Sredniej, skfadowej periodycznej predkosci oraz skiadowej predkosci pul-
sacyjnej. Zastosowanie dwdch systeméw pomiarowych, intrusywnego i nieintrusywnego, do po-
miaru tego samego skomplikowanego przeplywu, umozliwito przeprowadzenie krytycznego poréw-
nania uzyskanych wynikéw. Usrednienie uzyskanych wynikéw umozliwilo réwniez ich poréwnanie
z wynikami pomiaréw, przeprowadzonych za pomoca pigciootworowej sondy aerodynamiczne;.



