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F. MOHAMMADSADEGHLI, V. S. CHYGRYN, S. V. YEPIFANOV

Aircraft Engine Design department of National Aerospace university “Kharkiv Aviation linstitute “, Kharkiv, UKRAINE
e-mail: farrokh_sadeghi@yahoo.com

ABSTRACT Computer-aided and experimental research of a axial stage stability loss is presented. Informative criteria of the pre-
surge compressor state is formulated. It is proved that the harmonic of a rotating stall is unstable, standing out sharply against
noise; thus it can serve as a rotating stall indicator and a surge precursor. It was proved that vibration from the mounted on casing
sensor can be applicable for rotating stall detection. An algorithm is proposed that detects the compressor pre-surge state by
vibrations of the compressor casing. The algorithm is easy to be implemented in engine control and health monitoring systems
Keywords: axial compressor, rotating stall, surge, vibration, median filter, band-pass filter.

COBEPHIEHCTBOBAHUE METO/0B OBHAPYKEHUS HEY CTOMYHUBBIX
PEXXUMOB PABOTbBI OCEBBIX KOMIIPECCOPOB C HCIIOJIb30OBAHUEM
AHAJIM3A BUBPALINIU

D. MOXAMMAJICAJEIH, B. C. YHI'PHH, C. B. EITU®AHOB

Kagheopa xoncmpyrxyuu asuayuonnvix osucameneil, Hayuonanoneiii aspoxkocmuyeckuii ynusepcumem “Xapoko6cKuil A6uayuoOHHulll
uncmumym *, Xapoxoe, YKPAHHA

AHHOTALIHA [lpuseoenvl pe3yiomamol YUCIEHHO20 MOOCIUPOSAHUS U IKCHEPUMEHMANbHBIX UCCLe006AHULL OUHAMUKYU NOmepU
2a300UHAMUYECKOU YCIMOUYUBOCMU CIMYNEHU 0Ce6020 Komnpeccopd. Beinonnenvr ucciedosanus no GulAeieHUI0 UH@POPMAMUGHLIX
Kpumepues 00Hapyl’ceHusi NPeOnoMNalCcHo2o pexcuma. Ilokazano, umo capmonuxa 6pawjaroyecocs cpoiea AGIAemcs YCmouuueo,
SHAYUMENLHO BbIOENAeMCsl HA (OoHe ULYMOS, YMO NO36ONAeN UCNOAb306AMb ee Ol OUASHOCMUKU 6PAlyaloujecocs Cpuléd KaK
npedeecmuuxa nomnaxca. llpusedena ymouneHHas 3a6UcUMOCms Olisl OnpeoesieHus. Yacmomol epawarouezocs cpuiéa. Ilokazano,
Umo OJisi GbIAGICHUSI BPAUYAIOULee20CS CPBIBA 803MONCHO UCNONL306AHUE NAPAMEMPOE GUOPAYUY, 3APeSUCMPUPOBAHHBIX HA KOPHYCe
komnpeccopa. llpednodicen ancopumm 6vlAGIeHUS NPEONOMAANCHOZO COCMOSIHUSL KOMAPeccopd HO YPOGHIO 6ubpayuii Kopnyca
KoMnpeccopa Oiisk pazpabomKi a8MOMAMUYECKUX CUCIEM NPeOYNpedcOeHUs: NOMNANCA HA IMANe e20 3aP ONCOCHUS.

Kniouesvle cnosa: ocesoii komnpeccop, 6pawaiowuiics Cpui6, NOMIAXC, GUOPOCUSHAN, MEOUAHHAS QUALMPAYUS, NOTOCOGOU Punomp

Introduction

An unstable operation of an aircraft engine is
among major factors that cause incidents in maintenance.
The airflow at the engine inlet can be disturbed by
numerous reasons, such as asymmetric incident airflow
while the aircraft turning in yaw or pitch, asymmetric
incident airflow because of the side wind, atmospheric
turbulence, control system malfunction, hot gases entering
the engine intake during the taxiing or during formation
flying (Fig.1) etc.

Figure 1 — Hot gas entering the engine intake at the
formation flying

When the flow temperature at engine inlet raises,
the airflow rate passing through the compressor drops,
deforming the velocity triangles at rotor blade inlet
thereby. The streamlining at the considered conditions
results in rotating stall formation and its propagation in a
whole blade wheel up to surge. The surge in compressor
of a gas turbine engine is an unstable self-oscillating
operation of compressor and its hydraulic network
accompanied with an intensive low-frequency (5...15 Hz)
parameter oscillations (pressure, temperature, air flow
rate) along the entire gas path (Fig. 2).

Surge is an emergent phenomenon that entails
compressor blades damaging, turbine blades overheat, a
low-frequency oscillations, a rotor axial displacement,
seals breakup that causes dynamic stresses in the engine
parts, which exceed the design level.

It is known from numerous experiments that the
surge temporal progress takes about 0.2 s. Almost all
known compressor surge protection algorithms do not
prevent the compressor unstable operation but detect the
already commenced surge. Therefore, the aircraft power
plant has no reliable surge protection. Well-known
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methods of stall prevention, such as turning the
compressor guide vanes, bypassing the air from

intermediate compressor stages, decreasing fuel flow rate
to idle value that in their turn significantly decrease the
engine thrust or power.

7.5 8.0 8.5 9.0 9.5 t.s

Figure 2 — The generic view of the parameters at a
compressor surge: NHP — rotor rotation speed; TDP —
turbine discharge pressure; CDP — compressor discharge
pressure; Wr— fuel flow rate; Wair — air flow rate

The most typical forms of the compressor gas-
dynamic instability are the rotating stall and the surge.
Despite the successes in understanding the problem of the
surge and the rotating stall, the development of anti-stall
and anti-surge algorithms is still vital.

1. Problem overview

Surge is always preceded by the rotating stall. The
latest is initiated by a flow disturbance at the compressor
inlet or discharge [1]. There are two known mechanisms
to explain the surge origination:

— rotating long-wave sinusoidal perturbation of an

axial velocity (modal wave);

—local (peak) perturbation that propagates fast
from initial local area and envelopes some
airfoils.

There are some known strategies worldwide to
simulate the surge of axial compressor. Some of them are
based on airfoil limit attack angle exceeding [2] or wall
boundary layer stall [3], the other ones — on vortex motion
of an airflow that leaks through the clearance between
blade tip and facing it casing [4] etc. Paper [5] represents
the model that describes a consequence of the
aerodynamic phenomena that cause the flow instability in
a compressor with discontinuous performance. The
concept of the “initial vortex area” (IVA) is introduced.
According to this model, the boundary layer is separated
near the front edge of airfoil at supercritical flow angles.
The “air bubble” originates on a suction surface followed
by the laminar boundary layer separation near the trailing
edge. This fast process of a soft dynamic separation
propagates at the relative radius 7 ~0.94...0.98, creating

one or some IVA at the periphery. The thickness of the
IVA takes 10 percent of the blade length. The rotational
speed of the initial areas is close to the rotor rotational

vall /nm ~0,97). This process lasts

for about 0.1 s and ends with the formation of the rotating
stall. The observer sees periodic oscillations (0.3...0.6
from the rotor speed). Paper [6] presents similar
experimental results for initiated and propagated rotating
stall in the axial compressor stage.

Ground and in-flight tests show [7] that the
progress of the rotating stall areas is a universal precursor
of the surge.

speed (N =N,

2. Research tasks

The primary goal of this research is the
development of informative criteria for timely detection
of the axial compressor pre-surge state. The secondary
goal is to develop an algorithm that implements the
developed criteria.

The following tasks must be completed to succeed:

—study and analyze the collected experimental
information about non-stationary processes
with  rapidly-changed  parameters in
characterstic stages of the axial compressor;

—analyze the methods of a pre-surge diagnostics;

—analyze the sources of a non-stationary signals
that influence engine parameters and methods
of signal processing;

—choose the informative frequencies;

—select the method and develop the algorithm able
to detect an automatic periodic components of
a non-stationary oscillations;

—develop informative criteria for a timely
detection of the axial compressor pre-surge
state;

—develop the surge protection algorithm that
implements the above mentioned criteria.

3. Digital simulation and experimental
Investigation of the non-stationary processes
in the axial compressor stage

The following tasks must be completed for the
suitable presentation of the processes that accompany the
surge:

—identify the compressor spool, which gas-

dynamic stability is critical ;

—detect the pre-surge processes,

informative diagnosing criterions;

—determine the engine control actions that are

sufficient to prevent or to stop the surge.

These tasks can be completed experimentally or by
digital simulation.

At first stage of the research, we had simulated the
airflow in a blade passage of the first compressor stage of
turboshaft. The model had been formed as the Reynolds-
averaged  Navier-Stockes differential ~ equations

form the
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implemented in ANSYS CFX which is based on the
finite-volume method and the implicit algorithm of
integration [8]. Flow of the heat-conductive compressible
viscous turbulent gas was a subject of the analysis. The
above-mentioned software was complemented with the
standard tools available in ANSYS.

Simulation showed that the airfoil is regularly
streamlined at stable operational modes. When
compressor operational mode becomes close to a
stability margin, the rotating stall emerges on the convex
airfoil surface. The airflow lines dawn everywhere along
blade length. Velocity field in the blade passage at pre-
stall conditions on the blade convex side are shown in
Fig. 3.

Figure 3 — Stall dawn on the blade convex side

The interblade flow in the axial compressor stage
is characterized by the radial equilibrium of flows along
the height of the interblade channel. Every cross-section
is optimally oriented in the flow at the design
operational mode. When the airflow rate abandons the
design conditions, different blade cross-sections operate
at different off-design conditions.

Stall and surge in compressor have the
considerable feature. To be exact, the separate flow areas
propagate in blade passages in both, circumferential and
longitudinal directions. Then, it is obvious that a blade
sector simulation cannot be applied for this case. The
above presented considerations prove that the study to be
simulated will work with many finite element models.
The required evaluations will take long processing time.
Therefore, mankind tries its best to develop the reduced
models that are able to take the rotating stall features in
The following sequence of events must happen to entail
the rotating stall, as it is given in [9] (see Fig. 4).

——‘_\\‘ %
Wl Nl\\wl \Wl

Figure 4 — Rotating stall origination

Under certain conditions attack angles may rise
and block part of the interblade channel, reducing its
flow capacity (see case 2 in Fig. 4). Flow is forced to be
redistributed between adjacent interblade channels. The
redistribution happens in the way that the attack angle i,
of the blade 1 increases and the attack angle of the blade
3  decreases. Therefore, the stall area moves
circumferentially opposite to the hand of rotation at the
velocity, which is less than rotation. The flow in annular
duct consists of stalled areas and areas of the non-stall
flow then. So, in the other words, the rotating stall is a
mechanism of compressor “adaptation” to a rapid
decreasing of the airflow rate. Instead of uniform
circular airflow distribution, the flow is distributed no
uniformly. Main portion of the airflow is concentrated in
a set of interblade channels and rest airfoil sets operate
at partially blocked state. Therefore the averaged in time
airflow rate remains constant at the rotating stall
operation, but local airflow rate is different in different
interblade channels. The areas with stable and unstable
operation do not belong to particular blades, because as
it was mentioned, stall rotates. One or some of the
stalled areas can originate. The stall area can take entire
circular cross-section (full-blocking stall) or only some
part of it (partial-blocking stall).

These off-design flows initiate the hundreds hertz
pressure oscillations [10]. These oscillations cause the
radial and axial vibrations of engine casing. Thus, the
stall propagation can be detected before the full-scale
surge, on a base of a vibration analysis [1].

The results of a simulation had been
experimentally validated [11] at the full-scale and
laboratory-scale test facilities. Both facilities are of the
same structure (Fig. 5).
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Figure 5 — Scheme of the test facility:
1 —intake; 2 — cowl; 3 — impeller,; 4 — guide vanes,
5 — exhaust pipe; 6 —shaft; 7 — throttle; 8 — pressure
sensors, 9 — vibration transducers

The full-scale facility is an axial compressor stage
(20 blades) with 21 kW driving electric motor and
controlled rotor speed (maximum speed is 3600 rpm).

The laboratory test facility is a single-stage axial
compressor with five rotor blades driven by the electric
motor (maximum speed is 2600 rpm).

The measuring system of the facility includes
pressure sensor at the stage inlet (static pressure), pressure
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sensor in the clearance between blades and facing them
casing (static pressure), pressure sensor at the stage
discharge (static pressure), axial and radial vibration
transducers on the engine casing. The pressure
fluctuations were recorded by sensors MPX2202, which
sensitivity is 0.2 mV/kPa. The length of the pilot-static
tube is L = 7.4 mm, the sonic velocity at experimental
conditions (20°C) is a = 343 m/s. The tube operates like a
half-wave resonator. It damps vibrations with wave length
2L 148 mm and frequency f = a2zl
343/2-3,14-0,0148 = 3690 Hz. These vibrations are well
over the domain of interest.

The vibrations were recorded by the accelerometer
D16, which sensitivity is 1.5 mV/m-s? and precise
accelerometer KD-35 with sensitivity 4.9 mV/m-s2.

Vibration sensors were mounted on the compressor
casing as along the engine axis as in perpendicular to it.
The frequency domain of the sensor studded to the casing
is 8 kHz and the sensor magnet to the casing is 4 kHz.
This satisfies the requirements to the experiment.

Compressor was forced out of stable operational
domain to unstable one by a stepless flow throttling at the
stage inlet or discharge.

Sensors were connected to a computer that was
recording the signals and processed them by the Fast
Fourier Transformation (FFT).

The pressure fluctuations recorded by the sensor in
the clearance at the flow throttling at laboratory facility
inlet are shown in Fig. 6.

5.0

Pressure fluctuations, mV

10 Time, s

Figure 6 — Pressure fluctuations in time domain
(sensor in the clearance)

Low-amplitude fluctuations can be recognized in
the first section in Fig. 6. The frequency corresponds to
blade repetition frequency. When the flow rate decreases
then the compressor discharge pressure increases; the

system stays stable. Meanwhile conditions of blades
streamlining change. This can be understood as a
beginning of the stall (sections 2 and 3). Further flow
throttling (section 4) makes the flow unstable; pressure
at the stage discharge drops and a surge, namely low-
frequency flow pulsations appear. The surge can be
recognized by a compressor discharge pressure dips and

the ratio of amplitudes P,/ Pepn = 1.6...1.7. In

Fig. 6, this ratio is 1.75.

Other experiment at the same test facility was
made. The stall was stimulated by a periodic short-time
supply of the hot air to the inlet. The pressure recorded by
the sensor at the impeller discharge is shown in Fig. 7.
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Figure 7 — Pressure fluctuations in time domain (sensor at
impeller discharge)

When the stage operates regularly then the
pressure pulsates with almost constant amplitude. The
frequency is equal to a blade repetition frequency. When
hot air gets to the duct, the fluctuation amplitude
changes (increases/decreases) for short periods of time;
the frequency is 9 Hz that corresponds to the surge.
Herewith, the surge margin decreasing is accompanied
with the amplitude of the blade oscillation higher
harmonic (from 2-nd to 5-th) increasing for 6...9 dB in
respect to the first harmonic. These data shown in Fig. 8
prove the investigation results [12].

The firsts to detect the beginning of the stall were
sensors fitted in the clearance (above the blades). The
sensors at the impeller discharge discover the formed stall
and the sensors at the inlet discover only the progressing
surge.

When the throttle ratio increases, the frequencies,
equal or proportional to blade repetition frequency also
increase (see Fig. 8).
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Figure 8 — Spectrogram of the pressure fluctuations: a — stable operation; b — stalled flow, ¢ — surge
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Therefore this phenomenon can be used as the stall
or surge indicator. But, this can be applied to a low speed
compressor. For example, the first dry-bending critical
speed of forty-blade impeller, which rotational speed is
18000 rpm is 12 kHz; so the right margin of the sensor
band must be 25 kHz as minimum. Besides, the pressure
pipelines must operate in wide band without damping [13]
or blocking.

The rotating stall appears at off-design operating
conditions and is characterized with the local pressure
drop in one or some areas of the compressor gas path
(Fig. 9). This causes the stalled streamlining of the rotor
blades. The rotating stall initiates low-frequency axial and
radial vibrations of the compressor casing. The stall
rotates at speed about (0.3...0.6)n,,; depending on the
number of rotor blades, the number of guide vanes and
the relative bush diameter.

Figure 9 — Various types of the rotating stall:
a — partial-blocking stall (three stall areas),
b — full-blocking stall

The detection of the vibration like just considered
means that the surge is very probable to appear in
compressor. Thus, the presented above details about the
progressing stall and surge prove that progressing stall
can be stopped prior it transforms to the full-scale surge.

According to the full-scale experiments, (see Fig.
10) the common level of a broad-band vibration changes
insignificantly at the rotating stall. So, this signal cannot
serve for a pre-surge diagnostics. The rotational speed
was noted to grow incidentally at throttling. This growth
happens because of two reasons, which are an unloading
of the driving electric motor and a reduction of the airflow
rate.

=

N

Vibration signal
from a sensor, mV

Time, s 100

Figure 10 — Vibration recorded by the sensor on the
casing of the full-scale compressor stage

The paper [14] represents a method of the
rotating stall frequency determination. The relative
rotating stall frequency S is determined as

a function of the relative bush diameter 4 by the
experimental formula. We have refined this function
using obtained experimental data:

7, = (0,32773+0,97254d —1,2295d" ) 0,04239-

This function is shown in Fig. 11. It was
evaluated by the processing of the experimental data.
The proposed formula suits the range of the relative
rotational speed 77 = 0.3...1.0.
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Figure 11 — Dependence of the stall rotational speed on
the relative bush diameter: ¢ — by paper [14];
® — by paper [6]; m — determined by the authors

Vibrations detected by the sensor mounted on the
compressor casing depends on the load acting a radial
thrust bearing of the rotor. This problem was not
investigated in the presented research, nevertheless signal
from both sensors can be considered informative. A
spectrum of rotating stall vibration in the range of rotor
frequencies in shown in Fig. 12. This spectrum is
determined as a decomposition of the precise
accelerometer KD-35 signal, mounted perpendicularly to
the compressor axis.
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Figure 12 — Vibration spectrum at the rotating stall

The relative bush diameter of the experimental
facility is 4 = 0.63, so the design frequency of the
rotating  stall with  single stalled area is
(0.4524+0.042)n,o= 26.48 rps. This value satisfactorily
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conforms to the experimentally determined value of stall
harmonic, which is 26.1 Hz (the relative error is 1.46 %).

The stall harmonic is stable. It significantly rises
above the noise background (it is 11 dB above the noise
in the experiment). Therefore it is suitable for the rotating
stall diagnostics.

4. Algorithm of the compressor pre-surge state
diagnostics

The recorded signal typically consists of a wanted
signal s(f— 1), a fluctuation noise ¢(f) and an impulse
noise g(f) = Zx s(t — w):

x(f) = s(t =) + q(1) + g(1).

These components are of different intensity and
structure.

The impulse noise is a signal distortion by an
intensive short-time random-polarity impulse overshoots.
The impulse noise may emerge because of external burst
electromagnetic interferences or interference jamming,
bugs and interference in the system itself. A combination
of a random noise and the quasi-determined impulses is
the combined interference. The noise-immune data
processing is the most effective method for the combined
interference suppression. However, the implementation of
the considered data processing method slows data
processing down and complicates a data processing
system. The task is to filter random components off from
the signal, saving the harmonic components. There is no
known mathematically rigorous problem formalization of
the impulse noise signal filtering problem and its solution.
Only heuristic algorithms suite to find the solution of the
considered filtering problem. The most appropriate
among them is a median filtering algorithm [15].

The median filter is the nonlinear digital filter that
member-by-member slides by the signal array and after
each iteration returns one of members, which had entered
the filter band (aperture). The output signal yx of the 2n+1
band sliding median filter at current instant & is formed
from the input time series ..., Xt-1, Xi, Xk+1, ... @S

Vi = med(Xicn, Xknt1, -oy Xboly Xky Xktl, «ny Xktn-1o Xktn),
where med(x;, ..., Xm, ..., Xon+1) = Xm iS the median
member of the time series ranked on ascending or
descending.

The specific feature of a median filter is the
explicit selectivity to the elements of an array that are
considerably  different from adjacent elements.
Simultaneously, the median filter does not change a
monotone component. Due to this feature, the median
filters with optimally adjusted aperture are efficient in the
pattern recognition. For example, they can save sharp
edges of the objects and effectively suppress the non-
correlated or low correlated noise and low-size details.
Therefore, the median filtering is an efficient processing
tool that filters abnormal values off data arrays, decreases
influence of overshoots and the impulse noise.

Signals detected by fast-response transducers

usually contain  non-harmonic  peak-like  (stall)

components. Nowadays the secondary processing of such
signals is made using the Wavelet transformation. But, the
processing in this case needs much processing time. For
example, the paper [1] gives comparison of the processing
time required to identify the rotating stall using the FFT
and the Wavelet-transformation. The FFT required time is
up to 40 rotor revolutions, and the Wavelet-
transformation required time is 400 revolutions. So if the
rotational speed is 12000...18000 rpm then FFT needs
0.13...0.2 s (this time is commensurable to a surge
progress time), and the Wavelet-transformation needs
1.3...1.4 s (the simplest Haar wavelet needs 0.4 s), which
is unacceptable because gives no chances to detect the
surge.

The mentioned above data can be processed using
an adaptive band filter [16], which frequency burst is
adjusted on a pilot signal from a rotor speed induction
sensor. The processing time is about 0.1 s then. ACS
gains an opportunity to form on-time counteraction before
the surge origination and progression.

The software of vibration signal processing was
developed. It has the following performances. The time to
read and process one observation with 2.4 GHz Intel CPU
takes 1,15:10% s. The time interval between signal
recording and processing is 0.014 s at 512 Hz recording
and the median filter usage with “three points” aperture
and seven-point processing by the band Butterworth filter
[17]. This provides reliable rotating stall detection. The
analysis of compressor casing vibrations using the median
filter and the band filter (mean frequency 26.48 Hz and
bandwidth +2 Hz) is shown in Fig. 13 (upper diagram — in
a time domain, down diagram — in a frequency domain).

It is obvious that the vibration signal at a
developed rotating stall is twice more than a signal at
stable operation (see Fig. 13). So, it can be the criterion of
the compressor pre-stall state. When the surge progresses,
the rotating stall disappears and the low-frequency
component (9.8 Hz) appears that authenticates the surge.
The reason for a signal rise after a surge had developed is
a throttling rate decreasing.

Thus, the compressor
algorithm consists of:

— the rotor rotational speed measurement by a
standard sensor with 5 Hz sampling frequency and the
pilot signal formation;

— the compressor casing vibration recording with
frequency that is no less than the rotor rotational
frequency;

— the rotating stall frequency calculation and the
filter pass band determination;

— the band filter formation;

— the signal median filtering;

— the processed signal band filtering, the signal
rate determination;

— the surge signal formation and control action
generation.

pre-surge  detection
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Figure 13 — Vibration signal after median and band filtering

Surge protection system may become much
reliable whether it simultaneously processes the signals
from several sources of information, like spectral
components of the compressor casing vibration. The just
mentioned arrangements may improve the engine
maintainability. The incoming signal from one source
approves or does not approve the signal from the other
source. The signals are of different nature. Such signal
analysis reduces the risk of false response and improves
the reliability of the surge detection system.

Conclusion

Known surge protection systems snap into action at
the developed surge. However, a surge predecessor,
rotating stall, appears well prior to a surge, feeding the
automatic surge protection system with information.
Besides general level of pressure fluctuations, several
spectral components can be separated that indicate
origination and development of the rotating stall.

The coefficients in the formula relating rotating
stall frequency with relative bush diameter of compressor
had been refined from the experimental data. Increase in
vibration level at this frequency can indicate that the
compressor is at the pre-surge state. The algorithm, which
automatically recognizes periodic components of the

compressor casing vibrations and forms the control
actions for the surge protection was proposed.

Surge protection system may become much
reliable whether it simultaneously processes the signals
from several sources of information, like spectral
components of the compressor casing vibration. The just
mentioned arrangements may improve the engine
maintainability. The incoming signal from one source
approves or does not approve the signal from the other
source. The signals are of different nature. Such signal
analysis reduces the risk of false response and improves
the reliability of the surge detection system.

Existing anti-surge systems of gas turbine engine are
included into operation at surge increase though
preceding rotating stall commences much earlier and can
serve as informational criterion for its inclusion into
system of engine automatics. Except general level of
pressure fluctuations and vibrations, it is possible to
single out several spectral components reacting to
origination and increase of rotating stall resulting in
surge.

It is proved that the reliability of the surge protection
system can be improved by more full usage of GTE
capabilities, like checking up the signal from one source
by the signal from the other source. The signals are of
different nature.
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