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The paper presents experimental investigations of pressure fluctuations near the
tip clearance region of the rotor blades of the axial-flow low-speed compressor stage
in stable and unstable parts of the overall performance characteristic. In this inves-
tigation, unsteady pressure was measured with the use of high frequency pressure
transducers mounted on the casing wall of rotor passage. The pressure signals and
their frequency characteristics were analyzed during the steady-state processes, before
the rotating stall, during the transition from the steady-state process to the rotating
stall, and during a stabilized phenomenon of low-frequency rotating stall. As the
operating point moves to the unstable region of flow characteristic, an inception of
the rotating stall can be observed, which rotates with a speed of about 41.4% of the
rotor speed. The results of this study confirm that in the low-speed axial compressor
stage operating in a rotating stall regime there appears one stall cell that spreads over
to adjacent rotor blade channels. As the flow rate is reduced further, the frequency
of the rotating stall decreased to 34.8% of the rotor speed and the number of blade
channels with the stall cell increases.
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NOMENCLATURE

C,,c; — axial and tangential components of abdolute velocity of flow,

f — frequency of pressure oscillation,

fop. — blade passing frequency,

frs. — rotating stall frequency,

N — number of sample,

p — pressure,

PS - pressure side of the blade wake,

RMS - root mean square,

SS  — suction side of the blade wake,

T, — axial component of turbulence intensity,

t — time,

T — revolution time of compressor rotor,

U, — blade tip speed,

[0} — flow rate coefficient (mean axial velocity divided by rotor tip speed),

b4 — total pressure rise corresponding to rotor tip speed,

la — kinetic energy defect,

Subscripts

() — average mean,
(") — fluctuating quantity.

1. Introduction

Unsteady flow phenomena, such as periodic rotating stall with non-periodic
characteristics of pressure fluctuations, deteriorate the performance and sta-
bility of compressor stage causing vibration, noise and blade excitation. Thus,
the mechanism of these instabilities is worth analysing in order to avoid such
unsteady phenomena. Experimental research efforts aimed at detecting and
analyzing stall instabilities have been reported (e.g. Inoue al.[1], Nobuyuki
et al. [2]). Since the flow in the tip region of a compressor rotor has a signifi-
cant effect on the compressor stage efficiency and stability, a great deal of the
reported research has been conducted in order to understand flow mechanism
in that region. This is described in the cited above [1,2] and Day [3], Inoue et
al. [4], Maerz et al. [S] and Kim [6]. Most of the experimental data focus on
unsteady pressure measurements along the axis or around the circumference
of the compressor outer wall (e.g. Nishioka et al. [7], Levy and Pismenny
[8], Levy et al. [9] and Lepicovsky and Braunscheidel [10]). Motivated by
the papers of the previous authors (e.g. Witkowski et al. [11-13]), the authors
carried out a series of experiments utilizing unsteady flow structure measured
by the Triple Split Fiber Probes (TSFP) and High Frequency Pressure Trans-
ducers (HFPT) mounted on the casing wall, both at the rotor blade leading
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edge, and along the blade passage, to determine the frequency and circum-
ferential extension of the rotating stall cell. In this study, measurements and
analysis of unsteady pressure field on the casing wall, and the variation of
flow structure in the span direction downstream of the rotor, were conducted
to understand the flow characteristics and the structure of the stall cell un-
der the rotating stall. We can consider the short length-scale disturbance as
vortices from the rotor blades, and the long length-scale disturbances as the
ones directly related to the stall process. The present paper is also concerned
with the ratio of rotating stall and shaft frequency and the spread of the stall
cell in the circumferential direction, as they depend on points of operation.
They are distinctive features of the rotating stall phenomenon, and play an
important role in the prediction and analysis of the pressure fields during
rotating stall.

2. Test facility and instrumentation
2.1. Test facility

The investigations were carried out on a single-stage axial-flow low-speed
compressor connected to the suction side of the measuring collector (Fig.
1). Test stage consists of an inlet guide vane followed by a rotor with a
hub-to-tip annulus wall diameter ratio of 0.56, with outer diameter of 1.0
m, with 16 cambered and twisted blades of British C-4 section designed
for free-vortex operation, followed by a 13-vane stator row and the outflow
curvilinear diffuser with throttling blades. The dimensionless parameter of
the rotor overall characteristics and tested operating points are shown in
Fig. 2. The details of the design of the test stage and the test facility, their
performance and geometrical features are described by Witkowski et al. [13].
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Fig. 1. Test facility and instrumentation

As the flow coefficient decreases, the pressure coeflicient increases un-
til the curve of the overall performance characteristic becomes horizontal
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(Fig.2). At this time, the pressure coefficient decreases sharply. This fall
continues until the flow coefficient reaches the value of 0.286. Then, the
pressure coefficient increases reaching values higher than before. This three
zones could be designated as “above rotating stall”, “rotating stall” and “be-
low rotating stall” (Lepicovsky and Braunscheidel [10]). The stall inception
of the rotor is detected at $p=0.345 when the flow rate is reduced. The ob-
jective of the experimental investigations is to study in detail the flow in this
low-speed axial-flow compressor stage in these three zones, in particular the
unsteady but stable rotating stall structures and their variations as a function
of the flow coefficient.
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Fig. 2. Overall performance characteristic of the rotor with unsteady flow region

2.2. Instrumentation

The experimental study was conducted with the use of three measuring
systems based on different principles: a five-hole pressure probe (FHPP), a
fast response, straight version of the triple split fiber probe (TSFP), and high-
frequency pressure transducer (HFPT). The flow field downstream of the rotor
was sampled periodically using TSFP. The frequency response of this probe
was 175 kHz . A more detailed description of the TSFP and its calibration
procedure is given in the papers cited earlier [8,9]. The periodic multisampling
and averaging technique was also employed with a high-response pressure
sensor to get the phase-locked pressure distribution and its fluctuation on the
casing wall. Recent advances in sensor technology allow recording a higher
amount of the pressure signal data. 32 high-sensitivity pressure transducers
with high natural frequency (150 kHz) were used in the experiments for
measuring the unsteady pressure field on the rotor-casing wall. The circum-
ferential location array of 16 pressure transducers, A through P, 1.3 axial
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chord of the rotor ahead of the rotor leading edge, are depicted in Figure
3(a). For detailed pressure-field survey, the next 16 pressure transducers were
placed along their rotor blade passage on the casing wall, as shown in Fig.
3(b).

The instantaneous pressure value was collected at the sampling rate of
0.059 ms (16.95 kHz), which corresponded to 64 circumferential sampling
points between one pitch of the blade passage per one cycle. In this investiga-
tion, the phase-locked ensemble averaging technique was used for processing
the measured signal.

a) A_A b)

direction of rotation

direction of rotation

pressure
transducers

Fig. 3. Circumferential (a) and rotor blade passage (b) pressure transducer locations

3. Experimental results and discussion
3.1. Influence of point of operation on the flow characteristic

Figure 4(a) shows the variation of two mass-average axial and tangential
components of velocities at various flow rates, measured along span-wise,
downstream of the rotor by traversing FHPP at the measuring point, p.15
in Fig. 3(b). Fig. 4(b) indicates the RMS value of the pressure fluctuation
measured using high frequency pressure transducers on the casing wall down-
stream of the rotor at the position (p.15). The RMS value is defined by the
following equation

N

FN 57
RMS = | —— PP p=2= 1
N_I;(p, PP N (1)
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Where, p; is instantaneous pressure value, and N number of sample.

As the flow rate decreases from $=0.33 to 0.285, the tangential velocity
and the RMS value significantly increase. When flow rate decreases further,
the pressure is restored (Fig. 2) and the RMS value decreases. The significant
effect of the flow in the tip region of compressor rotor on the compressor
efficiency and stability can be estimated approximately by defining the kinetic
energy defect and the turbulence intensity behind the rotor:

— kinetic energy defect

_ (Wmax)2 - (Wn)2

WZ

La 2

where: w;, is the local ensemble average relative flow velocity and wp.x is
the outer edge velocity
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Fig. 4. (a) Mean axial and tangential components of velocities, and (b) RMS value of wall static
pressure fluctuation

— axial components of the turbulence intensity
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where: ¢, — is the mean value of the fluctuating velocity and ¢ mean
value of the absolute velocity

The contour plots of the energy defect and turbulence intensity just down-
stream of the rotor blade at three flow coefficients are shown in ( Figs. 5, and
6 ). They shows the regions of strong energy defect and highest turbulence
intensity close to the hub and mainly near the outer wall. The reason for this
is the accumulation of low-energy fluid near the hub and casing wall. It is
also visible that the region of low-energy fluid becomes thicker at the casing
and thinner at the hub in the stall condition. It is a convincing proof that the
flow in the tip region of the compressor rotor has a significant effect on the
compressor instability and stall inception .
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Fig. 5. Contour plots of the kinetic energy defect at different points of operation
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Fig. 6. Contour plots of the axial components of turbulence intensities at different points of
operations
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4. Unsteady pressure field in the tip region of rotor blades

4.1. Investigations of the pressure fluctuations along the rotor
blade passage

Figures 7 (a,b) show a typical pressure fluctuation of the investigated
compressor stage measured by pressure transducers at several axial locations
along the curve corresponding to the camber of the rotor blades, as illustrated
in Fig. 3b, at nominal point of operation ($=0.397), and in the unsteady
flow region ($p=0.314), respectively. The rotating instability is most clearly
observed at the axial measuring station “0” in Fig. 7b, in contrast to that in
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Fig. 7. Pressure fluctuations at axial locations at the nominal ¢ = 0,397 (a), and unsteady ¢ =
0,314 (b) point of operation
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Fig. 7a. These figures show the wall static pressure signals at point “0” in the
stalled, and unstalled flow. The most significant pressure oscillations at the
stable point of operation are at the blade passing frequency. The amplitudes
of pressure oscillations increased significantly in the cross-sections of the
rotor blades with higher aerodynamic load (sensor 3 in Fig. 7a). A single
stall cell is observed in fully developed stall conditions (Fig. 7b). In this
region, the casing wall pressure is characterized by high fluctuation across
the flow passage, what could be clearly seen near the leading edge of the rotor
blades. Figures 7a,b confirm the significant effect of the flow in the tip region
of the leading edge of the rotor on the flow stability. The high frequency of
pressure oscillations during rotating stall is smaller than that of rotor rotation
and significantly smaller than that of the blade passing frequency.

4.2. Investigations of the pressure fluctuations upstream
of the rotor blades

A rotating stall is an unstable operating regime that can be induced in a
compressor rotor by throttling the exit flow. Subsequent opening of the exit
flow draws the compressor back to stable operation. This event, as sensed by
a wall static pressure probe located at the measuring point “0” (Fig. 3b), is
shown in Figs 8a,b. Three distinct phases of the rotating stall regime can be
identified, as indicated in the picture: stall inception, developed stall, and stall
recovery. Figure 8 shows also the phenomenon of the aerodynamic hysteresis
loop. The stall inception occurs at a lower flow rate ($p=0.324) than the stall
recovery (¢p=0.331). The stable phase of the rotating stall regime occurs in
the flow range: $p=0.314-+0.285. The next figure 9 shows the influence of the
point of operation on the wall static pressure signals in the stable operation
and during an established, rotating stall, and Fig. 10 shows amplitude spectra
of these time functions.

As shown in the wall static pressure, and in its spectrum at $p=0.397 in
Figure 9a and 10a, respectively, the influence of the blade passing dominates
flow characteristics in the stable operating range. The stall flow region is
indicated as “S” at $=0.316 and 0.314, as shown in Figs 9 a, b, c. However,
the unstalled flow region, indicated as “U”, shows a similar pressure pat-
tern with the stable operating range at $p=0.397. Inspection of data plotted
in Fig.10, and the steadiness of the rotating stall period at different points
of operation, indicate that there are single zones of rotating stall, with an
averaged frequency decreased from f.=6.9 Hz at $=0.316 to f;=5.9 at
$=0.285. The rotor shaft frequency was fsg=16.66 Hz. The ratio of rotating
stall and shaft frequencies changed in accordance to flow rate from 0.41 to
0.35. If the flow rate was reduced further to =0.285 (Fig. 9), the characteristic
of the whole signal changed to the type of a non-periodic random signal,
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Fig. 8. Stalling pattern of research compressor stage during the throttling and opening of the exit
throttle

contrary to what was observed at $=0.397 and ¢$=0.316, and the random
signal had a broadband frequency spectrum.
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Fig. 9. Pressure signals upstream of the rotor at stable operating point and during stabilized
rotating stall
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Fig. 10. Pressure amplitude spectra
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4.3. The influence of operating point on circumferential extension of
stall cell

The number of rotor blade-to-blade channels disturbed by the rotating
stall at different points of operation is not the main subject of most papers.
To examine the influence of point of operation on the spread of the stall
cell in circumferential direction, we show in Figure 11 the instantaneous
pressure fluctuations upstream of the rotor at different points of operation
during an established process of rotating stall. We can see that at the flow
rate $=0.316 the number of rotor blade passages disturbed by the stall cell is
equal to 50%. As the flow decreases to the value of $=0.285, the disturbed
region increases and occupies about 72% rotor-blade passages. These facts
suggests that, when the flow-rate coefficient decreases from 0.316 to 0.285,
the number of overloading blades with increased incidence and separated
flow continuously increases.
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Fig. 11. Extension of the stall cell in the circumference of the rotor at the different points of
operation

4.4. Investigations of pressure fluctuations in circumferential direction

To determine the number of stall cells, sixteen pressure sensors were
placed around the circumference of the casing at the inlet of the rotor (Fig.3).
The accuracy of this characteristic would increase with the increasing num-
ber of sensors. Fig. 12 shows pressure fluctuations over the circumference
of the tip of the rotor in the transverse cross section “0” captured by five
chosen pressure transducers, A through I, during the stabilized process of
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stall rotation. The distance between the locations of the two sensors, A and
I, is equal to 180°. The dashed lines in Fig.12 connects points at which the
signals have the same phases of the rotor blade (RB) and cells rotation (CR).
The phase differences between the oscillations recorded by any pair of the
sensors are equal to the differences between the sensor locations on the rotor
casing. The rotational period of the pressure field is equal to the period of
pressure oscillation. From Fig.12, we may also find that the duration of the
stall cell is equal to the time interval in which the blade rotates from the
measuring point A to the point I. It confirms earlier observation that the

pressure fluctuation represents the oscillation of one-stall cell which affects

the flow at a flow rate of $=0.314 around about 50% of the rotor blade
channels. It is denoted by the dashed line marked with (CR).

11 |sensor 1 (A) ——
0.6 | |
0.1

w | |
E 0.4 [rebi i f‘ﬂ"‘-,n’ﬁf‘u";-‘.-‘.v-\\mw pirk ”*{"'H‘f"r‘ar“‘!m:-'ﬂ'm'm'rﬂ.m”"r='f'il"‘.i,"llw.‘(' sy Ly
o g \ |

! . 54 1 060

1
1 )
\ 1
12 018 1024 030 036 042 048 0
| \ sensor3(C) —L

—_—

' ] \ H ‘ ! .,.;
At '-”lﬁil'fgfl’-’i’-’s-mmwm‘\-'.rv'.wiu".l'|;’a'|Jﬁ~lr’l."pr.'.w.,a.-ﬂnmmafﬂ’»‘“ Ve
v T N
\ (I i
\‘ \
12 0.18 0!\24 0.30 0.36

\
\
\
\
\
1
v
\
v

042 048 054 : 0.60

sensor 5 (E)

1

6 ; i :

H L} I 1 . :
0 'Mf:'rﬂnm-a?mﬁ‘n‘f’%“*"-.‘IJ.'!“IM;’ tatseien Y Y i F"\"*ii"'kﬂvl’fﬁaﬂﬂ'-'a'«\'f""' i {11
9 : ‘ '

4

L}
\ | !
i - :
\
1

0.00 0)6 9.12 0.18 0.24, 0.30

0.36 1042 0.48 0.54 0.60

11 I. \ \ - sensor7 (G)
= 06 —— ' \
4 . g \ . __id
; _8 ‘1 "Vf*."!‘r\”-')*"l' ..I,‘\-‘,?;..mﬂr.ﬂ"‘ vf\m‘]j ;.-'w""‘" f-r!i’ﬂ'ﬁ)\‘!‘b'r“m"“ﬁ"} 1I‘ Y ;L“IMIWM' 'lﬂl‘f;'fqu‘rl;u l.r' . ] kl“‘wl'- ittt '!\"-”V"":;' ”TI
: \ - i
\ ' H
A2 0.18 0.24 | 0.30 0.36 042 0.48 0.54 0.60
rCR CR

ICR| CR -sensor 9 (l) |‘1

H 1 \
H It
ST 'm‘r“l‘r""fla' |¥r-"n
\

! . 1 o
D k| 'l¥&g""a‘mwg"-'.':.zww"""'”‘.‘ | PO oy
. R | :

0.00 0.06 0.12 0.18 0.24 0.30 0.36
tfs]

0.42 048 0.54 0.60

Fig. 12. Pressure variation over the circumference of the tip of the rotor at the point of operation

at $p=0.314
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4.5. Pressure contours at the rotor blade-to blade channels

In addition to the above phase-locked patterns, the pressure contour map
are also discussed to facilitate better understanding of the unsteady flow
phenomena. Figures 13a,b,c,d show phase-locked contour plots of the wall
pressure at the rotor blade-to-blade channels, measured by pressure transduc-
ers placed along the rotor blade passage, as shown in Fig. 3b. The pressure
contour plots were determined at the design point of operation (Fig.13a) and
compared with those at the near stall inception (Fig.13b), and at the points
of the stabilized process of stall rotation (Figs 13c,d) respectively. As shown
in Fig.14a, the flow fields can be clearly divided into two regions: the region
of leakage flow on the suction side and the incoming through flow region on
the pressure side of the blade. The leakage flow region grows rapidly near
the leading edge and increases gradually in the downstream of the blade
channel.

2366 1683 1022 6 an 958 Pa

Fig. 13. Pressure contours at casing wall at different points of operation

This is due to the strong jet flow in the direction opposite to rotation
caused by the large pressure difference between the pressure side and the
suction side of the blades near the leading edge. It causes that the pressure
between the pressure side and the suction side of he blade becomes even.
Some additional disturbances are introduced by the blade wake and they
appear in the area between the blade and departing clearance vortex. Figure
13 shows that the steady flow is the dominating one in the end-wall region in
the cases when the flow rate equals 0.397 and 0.33. In addition to the potential
flow field, the roll-up and trajectory of the tip clearance vortex can clearly be
seen. Leakage vortex forms the low-pressure trough near the leading edge of
the suction side. At the design flow rate, the low-pressure trough lies parallel
to the suction side of the blade passage from the low-pressure core. As the
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flow rate decreases, the low-pressure core shifts slightly toward the leading
edge, and swings upstream toward the circumferential direction (Fig. 13b).
Near the stall (Fig. 13c), the pressure trough becomes more perpendicular to
the axial direction and directed against the leading edge of the subsequent
blade. During the transition into the fully developed stall, the low pressure
trough at some blade to blade channels disappears. It seems to be the result
of the stall cell disturbances. Similar results were reported by others authors
(e.g. INOUE et al. [1]). We can also see that, under normal flow condition,
the phase-locked pattern has a periodic structure, with the period equal to the
blade spacing, but the periodicity quickly disappears near the stall inception,
as shown in Figs. 13c and 13d. As the flow rate decreases to ¢$=0.314 and
$=0285, one can observe a highly unsteady flow. The pressure contour maps
have a variable intensity that changes from blade to blade. In order to find
the blade to blade channels in which the stall cell occurs, we evaluated the
contour plot maps in Fig 14 depicting the pressure distribution around the
whole circumference of the rotor at a flow rate of $=0.314 and for a selected
single revolution of the rotor . It can be seen that, when the rotating stall
appears, it causes that the pressure differences between the blades disappear
in about 50% of the rotor channels. It could result from separation (S) and
blockage (B) of the flow in these channels. It confirms earlier observations
formulated in previous sections of this paper (see Fig.11).
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Fig. 14. Contour plots map of the pressure distribution in the whole circumferential extension of
the rotor /16 channels/
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5. Conclusions

The stall inception patterns, and the features of the stall cell in a low-speed
axial-flow compressor stage were investigated experimentally by measure-
ments of pressure and velocity fluctuations. The measurements of wall static
pressure fluctuations, either at inlet of the rotor blade in the circumferential
direction, or along the rotor blade passage, were performed in the stable and
unstable points of operation. The first task of this study was to define the
stall cell (stall zone) by pressure field analysis. Next, the nature of pressure
fluctuation on the rotor casing wall was investigated to find a rotating stall
precursor and the number of stall cells and their rotational speed at the
different points of operation. The results can be summed up as follows:

1. The contour plots of the energy defect and turbulence intensity down-
stream of the rotor blade, at stable and unstable points of operation, allow
us to conclude that the flow in the tip region of the compressor rotor has
a significant effect on the compressor instability and stall inception.

2. Rotating instability is most clearly observed within the upstream region
of the rotor blades.

3. The pressure signals appearing during the stabilized stall contain low-
frequency pressure oscillations of the rotating stall, high-frequency pres-
sure oscillations with frequency equal to the blade-passing frequency
(BPF), and high-frequency oscillations in the frequency range between
the rotor speed and the BPF.

4. In this paper, the authors have focused their attention on the relationship
between the flow rate and stall cell oscillations and spread of the stall
cell over the rotor circumference. A single stall cell was observed in fully
developed stall conditions. When the flow rate was reduced, the ratio of
frequencies of the rotating stall and the shaft decreased from 0.41 at flow
rate of 0.316 to 0.35 at flow rate of 0.285. At the same time, the number of
the rotor blade passages that are disturbed by the stall cell increased from
50% to 72%. This suggests that, when the flow-rate coefficient decreases
from 0.316 to 0.285, the number of overloaded blades with increased
incidence and separated flow continuously increases. These results sug-
gests that the rotating stall pattern significantly depends on the point of
operation which influences blade loading and flow separation.

Manuscript received by Editorial Board, April 07, 2008;
final version, November 21, 2008.
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Badania eksperymentalne zjawisk przeptywowych w kanalach fopatkowych wirnika

osiowego niskoobrotowego stopnia spre¢zajacego w niestatecznym obszarze
charakterystyki pracy

Streszczenie

W pracy przedstawiono eksperymentalne badania pulsacji ciSnienia w obszarze szczeliny
nadlopatkowej topatek kofa wirnikowego, w osiowym, niskoobrotowym stopniu sprezajacym,
w statecznym i niestatecznym obszarze charakterystyki aerodynamicznej. Nieustalone impulsy
ci$nienia prébkowane byly za pomoca wysokoczestotliwosciowych przetwornikéw ci$nienia za-
montowanych na oslonie zewnetrznej kota wirnikowego. Przeanalizowano impulsy ci$nieniowe
oraz ich charakterystyki czestotliwo§ciowe zaréwno w obszarze statecznej pracy kota wirniko-
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wego, w obszarze przejscia, jak i w obszarze ustabilizowanego zjawiska niskoczestotliwos-
ciowego oderwania wirujacego. W miare jak punkt pracy przemieszcza si¢ do obszaru nies-
tatecznej czeSci charakterystyki pojawia si¢ oderwanie wirujace z czestotliwo$cia wynoszaca
41.4% czestotliwosci obrotéw wirnika. W wyniku przeprowadzonych badan stwierdzono, ze w
bada- nym niskoobrotowym stopniu sprezajacym, wystepuje w kanalach miedzylopatkowych
kota wirnikowego, jedna komdrka oderwania, ktéra obejmuje swym zasiggiem kilka sgsiednich
kanaléw. Dalsze zmniejszanie strumienia przeptywu powoduje spadek czestotliwosci wiru-
jacego oderwania do 34.8% czgstotliwosci obrotéw wirnika oraz wzrost liczby kanatéw topat-
kowych, w ktérych to oderwanie wystepuje.





