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Experimental investigation of palisade flutter for the
harmonic oscillations

" Institute for Prob]ems of Strength of the Nationa| Academy of Sciences of [Jktaine, Timir-
jazivska St. 2, 01014 Kyiv, Ukraine
b The Szewa]ski Institute of F]uid-F]ow Machinery, Polish Academy of Sciences, Fiszera 74,
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Abstract
The experimenta} stand for the flutter analysis was described. In this stand one can mea§ure

simultaneously unsteady aerodynamic force and moment with arbitrary combinations of bending
and torsion motions of airfoil cascades in the subsonic flow, The cascade is composed of nine
blades, four of them are vibrating. Unsteady flow effects have been investigated for subsonic
flow in a compressor cascade. Specifically, experimental forced bending and torsion vibration
were Performed. The aerodynamic work coefficient of bending and torsiona"l cascade vibrations
for different interblade phase angles, Strouhal Numbers, and the incidence angles were shown.

Keywords: Pa]isade flutter; ]nviscid flow

Nomenclature

AIC - aerodynamic influence coefficients
b - chord of airfoil model
Bi - induction
ź.t - current supplied to the moving i-th coil
ż - incidence flow angle
F - force
Ą - force developed by the pair of vibrators in the case of vibrations without a flow
h - length of airfoil model;
I - moment of inertia relative to the axis of rotating
IBPA - interblade phase angle

* Corresponding author. tr-mail address: z3@imp.gda.p1
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stiffness coefficients of the elastic elements
drag force
length of the ith conductor of the coil
lift force
aerodynamic infl uence coemcients
moment
moment developed by the pair of vibrators in the case of vibrations
without a flow
mass of the suspension with the vane
aerodynamic infl uence coemcients
inlet Mach number
coefficient of mechanical resistance in the corresponding directions
reduced frequency
coordinate of centel of mass
amp}itude of the vibrations
pitch-to-chord ratio
velocity of incident flow
aerodynamic work coefficient
natural frequency
phase shift between the k-th force and the current of the vibrator
phase shift between the vibrator current and the displacement of the
elastic suspension
density of incident flow, b and h are chord and length of airfoil model
angle between chord and tangent to midline of airfoil tip
vibration amplitude
inflow angle
stagger angle
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Introduction

Cases of flutter-type instability are sometime encountered in the course of
deleloping ne\\, gas turbine engines. Costly testing is necessary to eliminate this
problem. One of the main pToblems in predicting flutter at the engine design stage
is deternrining the transient aerodynamic loads that develop during the vibrations
of b}ades. This problem is particularly important in the case of separated flow,
ri,hen theoretical methods of determining the transient aerodynamic loads are
not }-et sufficiently reliable. Thus, in this study, we use an expelimental method
of deternrination of the transient aerodynamic loads on the vibrating blades of
turbine engine.

The aeroelastic results of bending vibrations of 2D linear cascade in sub-
sonic flo§-n-ere published in 17,2], and torsional [3], The experimental results
of aero,damping and dynamic stability of compressol cascades under bending-
torsional r-iblations \\,ele presented in [4]. Useful benchmark data for unsteady
cascade flori-s. can be found in [5] for the EPFL series of Standard configurations,
The conrplexit1, of determination of critical conditions of self-induced vibrations
(flutter) initiation is concerned with difficulty of measurement of unsteady loads



(moments and forces) that act on blades vibrating in the gas flow.
Aerodynamic loads are measuTed indirectly either through the aerodynamic

damping of blade vibrations U1, 12] or the distribution of transient pressules
on the blade surfaces [13, 14]. They aTe measured directly with an extensomet-
ric dynamometer [15, 16] or on the basis of the forces developed by vibrators
[16, 17]. However, the experimental methods [11-17] allow measurement of the
aerodynamic force L and/or the moment M only in the presence of bending or
torsion displacements - a situation that does not always reflect the actual modes
of vibration of the blades.

In the Institute for Problems of Strength of NAS of Ukraine the appropriate
2D experimental bench was developed that allows us to measure simultaneously
unsteady aerodynamic force and moment with arbitrary combinations of bending
and torsion motions of airfoil cascades in the subsonic flow. Description of such
test bench is given in paper |1B].

Test stand

To realize flow about the compressor vane cascade with prescribed velocities
and angles of attack, the cascade was placed in a wind tunnel (Fig. 1) in which
Mach numbers up to 0.7 could be attained. The four central vanes in the cascade
were seculed to individual vibration units and could undergo prescribed vibra-
tions with two degrees of freedom. Since there was some mechanical coupling even
with vibration-proofing elements between the units, it was necessaly to keep the
vibrations in all of the units steady (whether there was a flow or not) in order
to prevent this coupling from affecting the measurement results. Proceeding on
the basis of this requirement, we employed an eight-channel feedback system to
automatically control the vibrations of the vanes (vibration units). The system
aiso controls the voltages and, thus, the forces on the vibrator coils so as to reduce
the difference between the signal of the master oscillator and the vane vibration
signal obtained in each channel (the equipment used was described in more detail
in [t7]). The individual airfoils vibration unit (Fig. 2) has two elastic elements
of different widths. The auxiliary (narrow) elastic element does not impede the
twisting of the main (wide) element about its own tongitudinal axis, and during
flexural vibrations the two elements form an elastic parallelogram. This setup
ensures constant vibration parameters along the vane. The unit just described
also makes it possible to change the natural frequencies of the suspension by using
replaceable main elements differing only in thickness,

To improve vibration-proofing the suspension is mounted on another oscil-
latory system with the same degree of freedom but much greater mass (Fig. 3).
The second system includes the permanent magnets of vibrators and ballast. The
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Figure J,. Test stand

Figure 2. The individual airfoils vibration units: 1 - blade, 2 - moving coil of vibrator, 3 -
e]astic element, 4 - strain gauges.

second oscillatory system has natural frequencies an order lower than the working
SYStem.

The vane is made of carbon-fiber-reinforced p}astic, which increases its natural
frequency. The other airfoils of the cascade are fixed on rotating disks of active
section of the wind tunnel (Fig. a). The rotation of the disks a]lows changing
incidence angle of the cascade airfoils. For effective contro] of airflow periodicity
adjustable walls and rotating scTeens of the outlet channel are used. The walls are
tuned for cascade airfoiis. Since the periodicity of airflow basically depends on
right tuning ofthe angle ofairflow outlet from the cascade, thus for reliable control
of this angle it is necessary that rotating wall (see Fig. 4) has the length as fifteen
times as great as the airfoil chord. Drag outlets of inter-blade channels are joined
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Figure 3. Vibration units

with electrical differential manometers. The criterion of attainment of airflow
Periodicity in the cascade is the equality of static pressules in corresponding
points of inter-airfoil channels.

3 Measurement of transient aerodynamic forces and
momentS

Since the direction of the aerodynamic forces and moments being measured,
coincides with the directions of the displacement g and a (see Fig. 5), electro-
dynamic vibrators can be used to excite the vibrations and measure the ]oads.
The force developed by such a vibrator can be determined in accordance with
Ampere's law from the current i"1 supplied to the moving ith coil;

Fi: Bil"1ź".i (ź _ 1,,2) , (1)

n'here l"; is the length of the z-th conductor of the coil, ]ocated in a magnetic
field with induction B;.

Figure 6 shows the scheme devised for the elastic suspension of a vane having
two degrees of freedom. Aerodynamic loads develop during flow about a vane
secured bY the Yoke shown in Fig. 6, and the equations describing the vibrations
of the suspension under the influence of the force and moment developed bv the
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Figure4.Lineartestfacility:l-wall;2*Pitottube;3*valve;4-blade;5,8-outletrotary
screens; 6 - rotary disk; 7, openings for static pressure release

pair of vibrators
F": Ft ł Fz, Mr: h(Ft - Fz)

can be wlitten in the form

I *a ł qau * Kou ł mryii: L ł F", /1\

\ ra+QaałKoałrnrMi:M*M", \Ui

where m is the mass of the suspension with the vane; I is the moment of inertia
relative to the axis of rotation; r- is the coordinate of center of mass; Ky, Ko
are the stiffness coefficients of the elastic elements: Qa, Qą are the coefficients of
mechanical resistance in the corresponding directions.

In the case of the absence of flow, L : 0, M : 0. If the vibrations of the
suspension are kept constant in this case

(..
)-u+sui)+Kou*mr74ii:Ą, (Ą\

| Ići + Qaa ł Koa ł mrMi) - M0. \ ^/

Ą and I\Ig are the force and moment developed by the pair of vibrators in the
case of vibrations without a flow), then the left sides of (3) are cancelled by
substraction of the corresponding equations (4). In this case the aerodynamic
loads

(2)

L:Fo-Fr, M:Mo-Mr. (5)
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b

Figure 5. Vane cascadei ak - angle of attack; B - angle of stagger; ż - pitch of cascade; b -
chord of vane.
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trigure 6, Elastic suspension ofavane: 1 -yoke;2-moving coi1 ofvibrator; 3 - test vane; Ą,Ą
-forcesfromthevibrators, Kr,Ko-flexural andtorsionalrigidities; A,ml,Ą,m2-
calibrating masses. The arrows denote the positive directions of the aerodynamic
loads and the displacement of the vane.

The linear aerodynamic forces and the moment corresponding to linear loads in
the section of the blading ring being modeled are obtained after division of .L and
M by the length of the vane.

Thus, to determine the aerodynamic forces and moments, it is necessary to
measure the currents in the moving coils of the vibrators in the presence and
absence of flow while keeping the prescribed vibrations of the vanes unchanged.

To reduce the error of the determination of the aerodynamic loads from the
difference in two measulements and to improve the sensitir,,ity of the measuring
instrument, it is necessaly to reduce Ą and Mo. This can be done under the
following conditions:

axlS1. The center of mass of the elastic suspension must coincide with the
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of rotation (here, the angular and translational vibrations wi]l be mechan-
ically uncoupled, which will in turn facilitate independent control of the
vibrations:

tm:O, (6)

2. The natural frequencies of translational and angular vibrations of the sus-
pension must be equal to the working exciting frequency:

Qao: Qao: a .

3. Mechanical damping must be negligible, for this to be true, the masses of
the vibrating parts of the suspension should be sma]l and the number of
joints in the suspension should be minimal. Realization of the last condition
will make the properties of the oscillatory system more stable.

In addition to these conditions, the constant value of the parameters of the vibra-
tions along the vane requires that the first natural frequency of the vane must be
several times greater than the frequency of the forced vibrations. For example,
the dynamic factor of the vane wiII be not greater than 1.065 at

at ż 4a.

4 Dynamic calibration

Experience has shown that when the frequency of the alternating current
increases, the proportionality factor between the current and the force of the
vibrator is no longer equal to Bl. and instead becomes a complex quantity due
to a phase shift between the force and the current, Dynamic calibration at the
prescribed frequency is necessary to determine the value of this coefficient, As
the known harmonic loads, it is possible to use the inertial force and moment
that develop during harmonic vibration from known additional masses Arn1 and
Azn2 fastened to the yoke (Fig. 6).

The calibration is simplified if we satisfy condition (6) bv making the elastic
suspension symmetric relative to the Y axis and excite translationa] vibrations.
Then in the absence of flow the forces developed by the pair of vibrations will
be the same and the moment will be equal to zero. The equation of the forces
acting during harmonic vibrations of the suspension takes the form

(7)

(B)

(--r' + qaa * *r) aoej' t :2Fo,

where go is the amplitude of the vibrations, j is the imaginary unit.

(9)
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If calibrating masses Lml : Lmz - L,m are attached to the yoke of the
elastic suspension, then for the same vibrations.

(-Zn*r' - ^r2 + qaa * Oo) aoej' t :2F .

Substraction of this equation from (9) gives

-L,mgow2ej't:FO- F, (11)

where Ą and F are the forces of one vibrator. During harmonic vibrations of
the suspension, the forces of the vibrators and currents in the moving coil will
also be harmonic, For example, for the kth (k :7,2) vibrator

Ft : k&jękź"k : kpejęk l.1rej(atłłu) , (I2)

where <p7. is the phase shift between the kth force and the current of the vibra-
tot, lf.lp is the phase shift between the vibrator current and the displacement of
the elastic suspension, /"6 is the amplitude of the current, k6 is the calibration
coefficient.

Representing Ą and F in form (12), we can use Eq. (11) to obtain the
complex calibration coefficient of the first vibrator

kpęlVx _ Lmg"u2
(13)

I"gkeiłob._ I"peilb*

For the second vibrator, the indices 1 should be replaced by 2,

5 Aerodynamic characteristics

Cylindrical sections of the blade are modelled by the plane airfoil cascade
(Fig. 5). For more accurate determination of the aerodynamic load per unit
length, the airfoil cascade placed in a wind tunnel must have flow parameters,
geometric characteristics and vibration parameters constant along the airfoil. In
this case, it is assumed that airfoil aerodynamic loads per unit length of airfoils
and of the blade sections being modelled are equal.

Different modes of the blade assembly vibration correspond to different com_
binations of the translations (r,a) and angular (o) displacements of airfoils, and
aerodynamic loads, which occur on them, can be presented in the form of forces
L,ą, Ke and moment Ma. Method for determination of these aerodynamic loads
was developed under assumption of realisation of the following conditions:

o the displacement of the blades in the r direction is negligible; therefore the
drag force Kn can be neglected [12],

11

( 10)
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o the influence of the vibration of only adjacent airfoils from each side on
considered airfoil is taken into account.

The selection of these conditions for aerodynamic loads determination suggests
the following:

o The airfoil is modelled as a system with two degrees of freedom.

o The influence of a maximum of five airfoils on overall aerodynamic load of
considered airfoil cascade is taken into account. These airfoils are called
determinative airfoils later on in this paper.

o When the vibration amplitudes on airfoils are small, the first harmonic of
aerodynamic force Ll and moment Mn are linearly dependent on these
vibrations and are determined from the expressions:

, pv2bh ,,l,e: |i: |l] {q}

MA: {Y!Wl{s}' 
(14)

,,,Ą 
2

where p and V are density and velocity of incident flow, b and h are chord
and length of airfoil model;

{q} : ( 15)

is the column-vector of specified combination of airfoils complex displace-
ments, which account for phase shift both between their displacements and
between translation and angular components of this displacements;

a,: arlb;

is the non-dimensiona] displacement, n is number of determinative airfoil;

(-)

tl]

W1
I...,lnr,Ino , ,,.);

|",rmra rffino, ...f ,

(16)

are row-vectors of the aerodynamic influence coefficients (AIC), which rep-
resent complex coefficients of proportionality between displacement y ot
o of n-th airfoil and the induced aerodynamic force or moment on initial
airfoil.



t3

In accordance with aforementioned conditions analytical expressions are pre-
sented for the case of five determinative airfoils, i.e, n - -2,-1,0, 1,2, Every
airfoil has two degrees of freedom, so all input squale matrices and column-vectors
(rows) are of 10źh order.

- The aerodynamic loads on initial or zeTo (n : 0) airfoil are determined as a
sum of forces and moments induced by individual components of the displace-
ments of considered and adjacent to it airfoi]s:

pv2bh 2

| 1t,r!,łlnoa,);
n:-2

LA:

The row-vectors of AIC [l] and [rn], are determined on the basis of results of
experimental measurement of first harmonics of aerodynamic loads Ln and Mn
under 10 linear independent combination of airfoil displacements g and a. Thus,
in accordance with the number of determinate AIC, we can get two matrix linear
equations dependent on unknown AIC:

łĄt)t 2

MA: PV -o-n 
Y, (-rau, ł mnoan).,L\

6_ ')

l T ex1 pv2bh 
,r,LLT] : ' , lL],tq"'];

lMtr1 : tPI-].lq"'1,

ll] : ;T[L';),lq"']-';
|-] : ŃrmlMtr].[q"")-'

(17)

(1B)

(19)

vrhere [g""] is the displacements square matrix, obtained from column-vectors (15)
for the selected displacements combinations; lL"i), lMff] are the row-vectors of
experimentally defined first harmonics of aerodynamic loads Ln andMa for the
selected displacements combinations. F}om Eqs, (1B) one could derive expres-
sions for column-vectors of AIC:

Taking into account one component of displacement of considered airfoil in
the experiment, the displacement matrix [q"'] becomes diagonal

a_z 0 .0., 0
0 a-2 0...0

)

l ex:1lq l-
0 ... 0..,0 az

(20)
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as a result, every matrix equation (19) breaks into
one unknovrn variable and AIC could be defined by

2LnU

independent equations v/ith
the expressions:

(2I)

(24)

be obtainecl from

lna

lno

7nn!

Tnnd

n

pv2bh,gn'
2Lno

pVzbh.an'
2Mna

pVzbzh. gr'
2Mno: 

pvzb2h, ,xr,'

: -2;-l;0;1;2.

It is worth mentioning, that in the experiment, in spite of only one component of
the displacement of one airfoil to be set at a time, the matrix [q"] is not strictly
diagonal. Therefore, AIC were defined with the equations (1B). If column-vectors
of AIC [l] and |m) are known, the aerodynamic loads for selected flow regime could
be computed for various combinations of translations and angular displacements
of airfoils,
The translation harmonic displacements of airfoils can be expressed as

a, : laol "i@tłnw) , (22)

where |9g I is the constant amplitude of displacement, and cp is the interblade phase
angle IBPA (phase shift) ([19] p. 192). The interblade phase angle introduced in
(22) is used in flutter analysis in order to model the movement of the blades of
the palisade.

The aerodynamic force of the considered airfoil is defined from the expression:

t o : (Pvlunlg.l i l,o"i,r\ . ui,,.
\ ' ,--:2 /

Similarly for the angular harmonic displacements of airfoils

an: laol"i@t*nv)

The aerodynamic moment Mn of the considered airfoil could
the expression:

(23)

MA: @Yl*ol ń -no",,r\ . 
",,,.\znaz)

(25)
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The aeroelastic behavior of the system "flow-cascade" without taking into ac-
count the mechanical damping is defined by the aerodynamic work which is equal
to the work performed by aerodynamic forces during one cycie of oscillations:

1ElU

n*

ą
wp - l uo?a,

J d,t
0

4o o,dt

(26)

for torsional oscillations, and

W1 :

for bending oscillations. Eqs. (26) (27) can be written in the form:

6 Numerical results

The exPerimental results were obtained for bending and torsional cascade
vibrations, for different interblade phase angles, Strouhal numbers, and the inci-
dence angles respectively.

The geometric parameters of the investigated airfoils cascade are presented in
Tabs. 1, 2 and 3, The dimensions of the airfoil wele measured in the coordinate
:-.-stem shown in Fig. 7. The angle ał between chord and tangent to midline of
i-:ioil tip is equal to 2, 86o (see Fig. 5).

(27)L1

2r
u)

J
0

and

WM : T.lMe|.1*ol. sin(Qxa) : rr,Im (H.l"ol : "{:P.Im(c_).|*ol' ,

(2B)

Wr : lrb.|La|, |ro| .sin(ó r) : rb '- (Y*). lrol : "t? . h@t) .|uo|?

where ól,r, órare the phase angles of the moment and force, C- : Ł mroeing ,n:-2
2

Cl : 

' 
lroeinv.

The aerodynamic work coefficient can be calculated:

Im(C,,) : wr l@t#. . |ool')

Im(c) - w2 l( "{:ł! .Wol,)

(29)
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Table 1. Geometric paremeters of considered airfoil cascade

Table 2. Coordinates of radius of airfoil edges [mm]

Radius of front edge 0.817

Abscissa of radius of front edge 0.817

Ordinate of radius of front edge 0.879

Radius of tail edge 0.837

Abscissa of radius of tail edge 49.163

Ordinate of radius of tail edge 0.898

Figure 7. Airfoil cross-section.

In order to calculate the aerodynamic influence coemcients (AIC) the vibra-
tions of the airfoils were induced by turns. The natural frequencies of vibrating
system of the eĘ)erimental test rig aTe at least 4 times less than the natural fre-

4

0

blade length h 0.069 m

chord length b 0.050 m

circular arc camber 10o

thickness-to-chord ratio 0.07

stagger angle ,y 60"

pitch-to-chord ratio tlb 0.78

inflow angle 0l (62.86 + ?)'

incidence angle i -5, 0, 5, 10, 16

inlet Mach number Mt 0.16; 0.41

outflow angle 0z 53"

outflow Mach number Mz 0.12 ; 0.35

vibration frequency u 85.85 Hz

reduced frequency Sh : (b. 2ru) f u2 0.616; 0.2

vibration amplitude ho ao 0.0007 m 0.0084 rarl

interblade phase angle ę 0o, t45o , t90o , 18F
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Table 3. Coordinates of suction surface (z"",9"") and pressure (*rł,aoł) side of airfoil [mm]

łss 9s" &pJ apl

-3.3 L.047 _3.962 _0.1,47

1.509 1.698 0.103 0.063

6,298 2.338 4.L55 0.264

11 Il7 2.995 8.24I 0.485

15.883 3.627 12.333 0.711

20,458 4.133 16,385 0.913

24.754 4.476 20.352 1.063

28.740 4.635 24.I95 1.139

32.448 4.626 27.9o3 1.134

35.910 4.470 31.504 1.065

39.140 4.1,74 35.025 0,948

42.149 3.747 38.474 0.787

44.94l 3.189 41.848 0.582

47.523 2.505 45.153 0,336

49.940 L.723 48.47L 0,061

52.253 o.877 51.646 _0.227

quencies of the cantilevel blade. The vibration amplitude of the blade is almost

constant along its length and the ratio of amplitudes of the airfoil tip and its
root cross section did not exceed 1.033. The experiment was held for excitation
frequency ń : 85,85 Hz equal to the natural frequency of the System. The amPli-
tudes of the transitional and angular displacements were assumed a§ lr"l :0.014
and |o.| : 0.0084 respectively.

The incidence angle i of the experiment was defined a§ an angle between the

:angent to the midline of the blade tip and longitudinal axis, which was parallel

:o sidewalls of the working section of the wind tunnel. It was based on the

assumption that the speed of the incoming flow is parallel to this axis (see Figs. 4

and 5).
To determine parameters of the flow as the density, viscosity, acoustic speed,

\Iach and Reynolds numbers, the dynamic pressure and static pressure in front

_,f the cascade and the total temperature were measured.
The aerodynamic work coefficients (Eq. (29)) were calculated for different

_:terblade phase angles form 0o, to 360o, the incidence angles from 16o to -5o
,:rd different Strouhal number (Figs. 8-21). The calculations were carried out
:_,r five determining airfoils (-2 < n < 2).

Figure 8 shows aerodynamic work coefficients as function of the interblade
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Figure 8, Aerodynamic work coefficient in dependence of IBPA for bending vibration (i : 16",
Strouha] number Sh : 0,301 - 0.674).
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Figure 9, Aerodynamic work coefficient in dependence of IBPA for bending vibration (ź : t4",
Strouhal number Sh : 0.305 - 0,713)

phase angie (IBPA) for bending oscillations under incidence flow angle which is
equal to 16o. The negative values of the aerodynamic work coemcients demon-
strate the dissipation of oscillating blade energy to the flow (aerodamping), the
positive values - to the transfer of the enelgy from the main flow to the blade
(flutter),

The strong influence of both IBPA and Strouhal number on the aerodynamic
stability of tune modes is seen in Fig. 8. For Sh : 0,674 the flutter is observed
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Figure 10. Aerodynamic work coefficient in dependence of IBPA for bending vibration (i, : 12",
Strouhal number Sh : 0.303 - 0.696)
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Figure 11, Aerodynamic work coefficient in dependence of IBPA for bending vibration (ii : 10",
Strouhal number Sh : 0.301 - 0.674\
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Figure 12, Aerodynamic work coefficient in dependence of IBPA for bending vibration (i : 5",
Strouhal number Sh : 0.2 - 0.607)
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Figure 1,3, Aerodynamic work coefficient in dependence of ]BPA for bending vibration (ź : 0o,
Strouhal number Sh : 0.2 - 0.616)
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Figure 14. Aerodynamic work coefficient in dependence of IBPA for bending vibration (i : -5",
Strouhal number Sh : 0.298 - 0.7)
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Figure 15, for torsion vibration (ź: 16",
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Figule 16. Aerodynamic work coefficient in dependence of IBPA for torsion vibration (ż : 14",
Strouhal number Sh : 0.305 - 0.713)

Figure 17. Aerodynamic work coefficient in dependence of IBPA for torsion vibration (ź : L2",
Strouhal number Sh : 0.303 - 0.696)
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Figure 18. Aerodyna,rnic work coefficient in dependence of IBPA for torsion vibration (i : 10",
Strouha] number Sh : 0.301 - 0.674)
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Figure 19. Aerodynamic work coefficient in dependence of IBPA for torsion vibration (ź : 5",
Strouhal number Sh : 0.2 - 0.607)
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Figure 20. Aerodynamic work coefficient in dependence of IBPA for torsion vibration (ri : 0",
Strouhal number Sh : 0.2 - 0.616)
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Figure 21. Aerodynamic work coefficient in dependence of IBPA for torsion vibration (ź : -5o,
Strouhal number Sh : 0.298 * 0.7)
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The aerodynamic v/ork coemcient as function of IBPA for torsion oscillations
under incidence flow angle equal to 5o is presented at Fig. 19. For Sh : 0.607
the flutter is observed for IBPA € (0,160o) and (350, 360"), Sh : 0.487 for IBPA
€ (16,150o), Sh : 0.421 for IBPA e (15,166"), Sh : 0.304 for IBPA € (15, 150o),

Sh : 0.2 for IBPA € (5,166").
Figures 20 and 21 show the aerodynamic work coefficients as function of

IBPA for incidence flow angles equal to 0o and -5o. The stability regions for

Sh:0.5to0.2 are similar. The blades ale more unstable for incidence angle

equal to 0" and Sh : 0.616 where the flutter is observed for IBPA € (0, 196')
and (345, 360").

The aerodynamic work coeffi.cient in dependence of IBPA for small incidence
flow angle angles (0" and -5o) has a typical sinusoidal form.

7 conclusions

On the basis of experimental results the following conclusions were formulated:

1. Dependencies of aerodynamic work coefficient on phase shift of blades vi-
brations are of smooth character with distinct minimum and maximum
values;

2. It is possible, that such combinations of reduced frequency (critical) and
incidence angle appear that it could result in zero value of minimum blade
aerodynamic work coefficient.

3. Independent lowering of reduced frequency value below the critical one,

the same as increase of incidence angle, sustaining equality of the others
conditions, results in initiation and growth of range of phase shift angles.

Within this range negative aerodamping (aeroexcitation) of blades vibration
may be observed. At that, it results in increase of aeroexcitation level for
each angle of the range.

4. The negative aerodamping for considered compressol blade assemblies is
possible within the range of phase shift angle of neighbor blade of 0, . . 1800

Received in revised form 15 September 2004
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