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Abstract
The trend in aviation engines with high specific power and, correspondingly, high aerody-

namic loads leads to the problem of aeroelastic behaviour of blacles not only in compressors and

fans, but also in turbines. Investigations of aeroelastic behaviour of the blades in dependence

of structural mistuning are presented,

A numerical 
"u,r.rrrJor, -ethocl for unsteady aerodynanric characteristics of oscillating blade

cascades under the a"tion of unstabłe loads is basecl on solution of the coupled fluid_structure

problem, in which the aerodynamic ancl structural dynamic equations are integrated simulta_

neously in time, tt u. p-"iairrg the correct formulation of a coupled problem, as the interblade

phase angle, at which , ,tutritiiy (instability) woulcl occur, is a part of solution.

The icleal gas flow around multiple .tug" p*rugu, 1\"ltt, p",io,Ii,ity on the whole annulus)

is described by the unsteady 2D Euler equations irr*conservative form, which are integrated by

using the explicit *orrotorrorrs second order accurate Goclunov_ko}gan finite_volume scheme on

'n" Ti:TŁ5ii, *oa"rr"a by a very sinrple two degrees of freedom discrete model. In this moc]el

cascade performs the torsiona1 andthe bending o*Ji[utio", under the given law, The aeroelastic

behaviour of the blades-in the unsteacly aeroclynamic flow is calculatecl for the mistuned blades

assenrblies of the lburth and First standarcl configurations, The comprrtational domain of the

unsteady flow can not be restricted to the single bńde passage. The results in the time domain

analysisshowthebeneficialinfluenceofthemistuningofthebendingmodeincomparisonto
the torsional mode, The clynamic properties of the mistunecl systems are dependent on the way

"i """pri"s 
of the blacles, whether it is either aerodynamic or mechanical,

Keywords: Inviscid flutter; Cascade; Mistuning
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Nomenclature

1BPA
ll,

L

irrterblade arrgle. deg
blacle bending anplitude, m3/s
blade iensth. nr

pressure, \,IPa
temperature, "C

,p

t-

Introduction

The flutter of turbine blades is one of the most seliotls ploblems in the design
of the gas-trrrbine engines, since it limits tlre range of safe regimes and worsens tlre
notor characteristics. A number of tlreoreticai, computational and experimental
studies has been carried out in order to investigate the physical mechanism of
flutter and to develop a method for its prediction and suppTession. Most calcu-
lations of the flutter and forced response in turbonrachines are based on ideall1,
tuned modes in tlre blading. But in a real construction small technoiogical devia-
tions in blade geometry lead to a scatter of the blade eigenfrequencies. Strtrctural
rrristuning in the flutter calculation has been discussed in the literature for a long
tinre [1-14]. Development of calculation techniques allows new approach to this
problem, based on the solution of the coupled fluid-strtrcture problem, in wlrich
tire aerodynamic and structural dynamic equations are integrated simultaneously
in time, thus providing the correct formrr}ation of a coupled problem, as the in-
terblade phase angle, at which stabiliiy (instability) would occtlT, is a part of
solution. A literature review is beyond the scope of this paper, btrt a survey of
aeroelasticity methods can be forrnd in [15-17] and [18-22].

In the present papel the aeroelastic behaviour of the blades in 2D unsteady
aerodynamic flow is calculated for the nristrrned blades assemb}y of the Fourth
and First Standard Configurations. The conrputational domain of the urrsteady
flow can not be restricted to the single blade passage. The results show the
beneficial influence of mistuning of bending modes. The mechanical properties of
misttrned systems in the forced vibration and flrrtter analysis are presented since
1969 (see [22]). The conclusions of such studies have sometimes been inconsistent.
For example, it is desirable to identify in advance tlre blades that are likely to
experience the largest vibration amplittrdes. Some workers have observed that
such blades are most likely to be those having extrerne detuning, while others
disagree, [22]. From the results presented in this paper it can be seen that the
dYnamic properties of the mistuned systems are dependant on the way of cotrpling
of the blades, whether it is aerodynamic or mechanical.
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2 Aerodynamic models

The aerodynamic 2D flutter model developed by Kovalyov [21] and Rzad-
kowski and Kovalyov [20] is capable of representing 2D inviscid flows over a wide
Mach number lange from low subsonic to supersonic, incltrding transonic flows.

The 2D transonic flow of an ideal gas through a multipassage blade row is
considered. In a genera] case the flow is assumed to be an aperiodic function from
blade to blade (in the pitchwise direction), so the calculated domain inclrrdes all
b]ades of the whole assembly, The aerodynamic rnodel fully accounts for the
b]ade thickness, camber and the angle-of-attack effects. The unsteady flow of the
idea1 gas is described by the 2D Euler equations

l47

*r*3",*3p,:tl ,dt dr- dy
(1)

where

Here p and p are the pressure

F2:

u1 and u2 o"Te velocity components,
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and density;
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e: p(€ +'?:"3 ) Q)2'
is tlre total energy of volume unit; e is the internal enelgy of nrass unit. The
above system of eqtrations is closed by the state equation for perfect gas

p: pe(y-1), (3)

where x denotes the ratio of the fluid specific heats. The differential equation
(1) is integrated on a moving H-type grid with the use of explicit monotonous
second-order accuracy Godunov's-Kolgan type difference scheme.

This model can be used as a basis for prediction of both the unsteady aelo-
dynamic forces acting on turbine blades and the time-averaged flow field in a
turbine stage under different regime conditions and geometrical characteristics,
The steady and unsteady flow calctrlation for a cascade require implementation of
different boundary conditions which determine the solution. These boundary con-
ditions are the kinematic flow condition (vanishing normal velocity at the blade's
surface), inlet and outlet boundary conditions and periodic boundary conditions
at pitchwise boundaries. The boundary conditions formulation is based on the
one-dimensional theory of the characteristics. According to this theory some gas-
dynamic parameters on the borrndary of calculated domain, in the unsteady flow,
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characterize the influence of the external domain (these palameters aTe impos
as the boundary conditions) and some parameters clraracterize perturbation cc _

ing from the internal domain (these ones ale defined fron characteristic relatio:,
The nunrber of boundary conditions depends on the flow conditions. When -

axial ręlocity is subsonic, the following boundary conditions are imposed,
At tlre inlet of calculation domain - the total temperature To, the total p:,

sure Ę arrd the entropy
:,50 

,

tlre flow angle B1

the enthalphv

'UI : -'U2 coth P1 ,

:XO,

and the left Riemann invariant

'U| - Vt* k-7
at the exit, in the case of subsonic flow - the static pressure P2, the right Riel
invariant is assumed to be the constant,

In the case of supersonic inflow velocity componentsVl,V2 must be assr_
If the outflow is supersonic, the continuation condition is applied to all parar:_,

at the downstream boundary.

structural model

In order to compare the numerical results with the experimental 2D res,.._"

very simple discrete model with two degrees of freedon of the cascade is prese_

In this model all blades perform the torsional and the bending oscillations -*

the given law
h,(r,t) : h"o(r) ,sinfZlrult + (j - 1)ó],

hr(r,t) : hoo(r) ,sit|2ru7t + (j - 1)ó],

ę(r,t) : ęO(r) .sin[2rurt + (j - 1)ó],

where I,a,z are the Cartesian coordinate system fixed rigidly with jtń ,

(origin of coordinates is coinciding with the bending centre in the case c _

sional oscillations); hr(*,ź) and hr(r,t) define tlre bending oscillations, r; :
the torsional oscillations; h"g,hgo,90 are the amplitudes of vibrationsi uL. ,.

p

ł

k p u?+u?

-,-+, 
"k-Ip' 2

2 t:p

-lb__

k-IY'"p-
.P
R
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bending oscillation frequency; u, is the torsional oscillation frequency, ó is IBPA.
The equations of motion of the palisade

ń,'1t7 + aznon"ilt1 : f "t(t),
ńo,i.(t) + ufl6hgt(t) : fy.i(t),
ę,l(t)+u2r6vĄt):mĄt)

were solved for bending and torsion (see [22], p. 95). For example in the time
interval (źr,źr + At)

h,i: (C2sincllAź ł Clsinu;Aź) + f ,tlr|, (8)

where

C{t) : h,u(tt) _ f "i(t) l aZ, Cz(t) : (d,h"io(t) l dt - f zi(tl) l r7) l ro,

h"t(tt) - displacement at the beginning of tlre period Lt, u7 - 2nu7.
In this model the blades are free at the root cross-section. The initial con-

ditions are: the steady flowfield and assumed unsteady forces applied to the
blades. Boundary conditions from the structural and aerodynamic domains are
exchanged at each step and the aeroelastic mesh is moved to folIow the structural
motion (the partially integrated method).

4 . Numerical results

The influence of mistuning on the flutter parameters was carried out for the
Fourth and First Standard Configurations (see Bólcs and Fransson [19]),

The Fourth Standard Configuration represents the annular cascade which
consists of 20 vibrating prismatic blades. This configuration is of interest mainly
because it represents a typical section of modern, free standing turbine blades.
This type of airfoil has relatively high blade thickness and camber, and operates
under high subsonic flow conditions. It normally exhibits flutter instabilities in
the first bending mode. The length of the blade.L : 0.04 m, chord 2c:0.0774m,
the stagger angle equal to 56.60, with the pitch-to-chord ratio 0.76 (see Fig. 1).
The cascade geometry and profile coordinates are given in Bólcs and Fransson
[19].

It is assumed that small technological deviations in a blade geometry lead to
a scatter of the blade eigenfrequencies, but has no significant influence on the
unsteady aerodynamic parameters of the flow, So in the numerical calculations
only natural frequencies of the blades were changed, the geometry of the channels
were unchanged. First calculations were performed for B interblade passages of
8 blades of the Fourth Standard Configuration. Mach number for calculation

143
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Figure 1. Fourth Standard Configuration,

regime was assumed to be 0,90. Periodical conditions have been assumed to be
valid for each group of 8 blades.

The aerodynamic problem was solved for the kinematic bending oscillations of
blade cascades with frequency equal to 150 Hz, amplitude 0.0033 m and interblade
phase lag equal to -90o (the flutter condition [19]). Next the coupled fluid-
structure problem was solved. Three arrangements of blades in the cascade are

considered:

o Tuned blades (1.0, 1.0, ]..0, 1.0, 1.0, ]".0, 1.0, 1,0) first arrangement (I);

o 1% mistune blades (1.00, 1.01, ]".00, 1,01, 0.99, 1.00, 0.99, ]..01), second
arrangement (II);

o LOTa mistuned blades (1.00, 1.]-0, ]..00, 1.10, 0.90, 1.00, 0.90, 1.10), third
arrangement (III).

The coefficient 1.01 means that the natural frequency of these blades is changed

by 1.01 (1%) in comparison to the tuned blade with the coefficient 1.0.

Figures 2-7 presents L"t,2'd and 5Ćh blades response for arrangements I, II,
III respectively. Figures 3, 5, 7 show considered blades lesponse for the last two
vibration periods. It is seen that the considered mistuning changes the interblade
phase angle and blades amplitude. Tlre higher the value of mistuning, the bigger

the change of the interblade phase angle and the amplitude are.

Next, aerodynamic problem was solved for the kinematic and coupled fluid-
structure bending oscillations of 20 blades with frequency equal to 150 Hz, am-

plitude 0.0033 m and interblade phase lag eqtral to -90o (the flutter condition

[19]). Only one blade is detuned by -1,0% and is placed at position /f . Figures
8-15 present the blade amplitudes of the different blades in the cascade.
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Figures B and 9 present the increasing amplitude of the (N +2).d and (N+ _

blades respectively. Figure 10 presents the amplitude of detuned blade (nun-'.
//). The detuned blade experiences the minimal amplitude. Mistuning cai-r
damping of the detuned blade, The amplitude decrease of the blade nurr:
N - 1, N - 2 and 1/ - 3 (in the pressure side direction of the Nth blade
smaller than in the blade number N (see Figures 11-13), The blades witlr
numbers N - 4 and l/ - 5 are in the flutter condition (see Figures 14, 15).

The similar results (see Figs. 16-23) were obtained in the case of 20 bla.
with only one detuned blades by +I0%. The *10% means that the nat,-
frequency of detuned blade is 10% higher than that of the tuned blades. _

blades number N, N-1, N -2, N -3 are damped. Thedampingof the b_

for a misttrning *10% is bigger (see Figs. 11, 19, 12,20), than in the cas.

-70% mistuning, but generally the trends are similar. Mistuning analysis o: -

one detuned blades were carried out in [22, pp. 104-105], for the forced vibra-
analysis of the bladed disc. The mostly detuned blades (+t%) experiences -

maximal stress level, in the case of. -1% detuning the mostly detuned Ł-
experiences the minimai stress level. In this case the results are different :_-

t]re results presented here. The reason of these differences are in the rr-a.,

coupling of the detuned blades. In the case presented in this paper tlre cou:,
proceeds through the flow, In the case of the results presented in the :

|22), the coupling is going through the disk. The conclusion is that the dr,r_,
properties of the mistuned system are dependant on the way of coupling bet
the blades.

The influence of mistuning on the torsional flutter parameters was c._],

out for First Standard Configuration (see Blcs and Ransson [19]). The _:

Standard configuration consists of eleven vibrating NACA 65-series blades. .

having a chord 2c : 0.1624 m and length L : 0,254 m, with a 10 circula_-
camber and a thickness-to-chord ratio of 0.06. The pitch-to-chord ratio is . -
and the stagger angle for tlre experiments presented here is 55 (see Fig. 2J

The aerodynamic problem was solved for the kinematic bending oscilla.-
of blade cascades with frequency equal to 15.5 Hz and interblade phase lag "to 9B.1o (the flutter condition [19]). Next the coupled fluid-structure plt,
was solved.

Two arrangements of eleven blades in the palisade are considered:

o Tuned blades (1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0, 1.0) I arrangement;

o l0%o mistune blades (1.1, 0.9, 1.0, 0.9, 1.1, 1.0, 1.0, 1.1, 0.9, 0.9, 1.,
arrangement1

Figures 25-36 presents all blades Tesponse for arrangements I and II r,.:
tively. The influence of mistuning on the palisade is not so beneficial as _-,
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case of bending oscillations. For example, the 6Źh mistuned blade has the same
amplitude as in the tuned state, the 9Źh mistuned blade has a little smaller ampli-
tude than the tuned blade. From presented figures it is seen that the interblade
phase angle has changed for all blades in the mistuned case in comparison to the
tuned case,

conclusions

In this paper the influence of mistuning on the response of the blades in the
flutter condition was shown. The calculations were done for all blades in the
cascade. The time integration method presented here gives the possibility to

ffi
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Figure 24, First Standard Configuration,

analyse the response of all blades in the case of mistuning in the time domai-
GenerallY, in the literature the flutter results for mistuning are presented as ł
change of frequency of cascade vibration.

The mistuning has the beneficial effect on the bending blade flutter. The nen,
interesting results were found:

o Effect of mistuning on the stability is smaller in the case of torsional vibr+
tion.

o Mistuning changes the interblade phase angles and the blades amplitude
o In the case of palisade with one detuned blade, the amplitudes of blac,l

close to detuned blade form the pressure side are d,ecreased.

The mechanical properties of mistuned systems for a forced vibration a;::
flutter have been presented since ].969 (see [22]). The conclusions of such stud;.s
lrave sometimes been inconsistent. For example, it is desirable to identify in ac-
vance the blades that are likely to experience the largest vibration amplitude*
Some workers have observed that such b]ades are most likely to be those hari:lr
extreme detuning, while others disagree with tlrat, [22]. From the results pri
sented in this PaPer it is seen that the dynamic properties of the mistuned systerł
are dePendent on the way of coupling of the blades, whether it is aerodvnamicul
or mechanical.

As real turbomachinery blading will always be mistuned, these results shcnm

the necessity to include the mistuning effects in flutter analysis. The influence :.l

the disk and the flow on the dynamic stability of the mistuned cascade hałę -
be done as a next step.

Received 20 February 2002
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