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3D inviscid flutter of IV Standard Configuration.
Part II. Coupled fluid-structure oscillótions
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Abstract
A three-dimensional nonlinear time-marching method and numerical analysis for aeroelastic

behaviour of oscillating blade of the IV Stanclard Configuration has been presentecl. The ap-
Proach is based on the solution of the coupled fluid-structure problem in which the aeroclynamic
and structural equations are integrated simultaneously in time, In this formu]ation of a coupled
Problem, the interblade phase angle at which stability (or instability) would occur, is u pu.t of
the solution, The ideal gas flow through multiple interblade pa§sage (with periodicity on the
whole annulus) is described by the unsteady Euler equations in the form of conservative laws,
rvhich are integrated by use of the explicit monotonous second order accurate Godunov-Kolgan
finite volume scheme and a moving hybrid H-H (or H-O) gricl. The structure analysis uses the
modal approach and 3D finite element model of the blacle. The blacle motion is assumecl to be
a linear combination of mode shapes with the modal coefficients depending on time. The influ-
ence of the natural frequencies on the aeroelastic coupled oscillations for the Fourth Standard
Configuration is shown. It has been shown that interaction between modes plays an important
role in the aeroelastic blade response. This interaction has essentially nonlinear character and
leads to blade limit cycle oscillations. The sign of the aeroclamping coefficient calculatec] for the
harmonic oscillations, may be considered only as a necessary, but not a sufficient condition for
self-excited oscillations.

Keywords: Flutter; Blades; Inviscid flow
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Introduction

Aeroelasticity phenomena are characterised by the interaction of fluid and
structural domains. In recent times, the new approaches based on simultaneous
integration in time of the equations of motion for the structure and the fluid
have been developed (Bakhle et al. [1], Bendiksen [2, 3], Carstens and Belz
[5], He [6, 7], Kielb [10], Gnesin [9], Rzdkowski et aI. [13], Vahdati et al. [15].
These approaches are very attractive due to the general formulation of a coupled
problem, as the interblade phase angle at which stability (instability) would occur
is a part of solution.

In the present study the simultaneous time integration method has been de-
scribed to calculate the aeroelastic behaviour for a three-dimensional oscillating
blade row of the Fourth Standard Configuration in the transonic gas flow.

All calculations were run from the very beginning for harmonic oscillations
with the assumed natural frequencies corresponding to the assumed mode shapes
and the interblade phase angle as the initial conditions. After some time lapse,
named as the start regime, there began the coupled oscillations, where the blade
displacements and velocities, and the flow parameters are used as initial condi-
tions for the coupled time integration procedrrre. The interblade phase angle and
frequency of vibration are part of tlre solution of the problem.

The influence of natural frequencies on the aeroelastic coupled oscillations is
presented. The sign of the aerodamping coefficient calculated for the harmonic
oscillations may be considered only as a necessary but not sufficient condition
for self-excited oscillations. It has been shown that interaction between modes
plays an important role in the aeroelastic blade response. This interaction has
essentially a nonlinear character and leads to blade limit cycle oscillations and to
changing of the interblade phase angle.

Aerodynamic model

The 3D transonic flow of an ideal gas through a space multipassage blade
row is considered. In a general case the flow is assumed to be aperiodic function
from blade to blade (in pitchwise direction), so the calculated domain includes
all blades of the whole assembly.

The ideal gas flow around blade row is described by the unsteady 3D Errler
equations in conservative form, which are integrated using the explicit monotonous
second-order accrrrate Godunov-Kolgan, finite volume scheme and moving grids,

The aerodynamic model was presented in details by Gnesin and Rzdkowski [8].
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3 structural model

The structural model is based on a linear model, the mode shapes and natural
frequencies being obtained via standard FE analysis techniques. The mode shapes
are interpolated from the structure mesh onto the aerodynamic mesh.

The structural part of the aerodynamic equations of motion is uncoupled by
using the mode shape matrix and the modal superposition method (see Rząd-
kowski [12], Gnesin and Rządkowski [8]).

Boundary conditions from the structural and aerodynamic domains are ex-
changed at each time step and the aerodynamic mesh is moved to follow the
structure motion (the partially coupled method). The structural damping is not
included here. The scheme used to integrate the structural equations is the same
as the scheme used in the flow code. F'or this scheme the accuracy of the calcula-
tions of natural frequencies and mode shapes is sufficient. The integration scheme
introduces damping; this value is very small and was found from calculations done
with the aerodynamic forces set to zero.

4 Numerical results

Numerical calculations have been carried out for the turbine cascade known as
the Fourth Standard Configuration, which has been experimentally investigated
in the nonrotating annular cascade tunnel in transonic flow (Bólcs and Fransson
[a]). The numerical and experimental verification of the numerical code presented
here can be found in [1a].

In the harmonic calculation (see [16]) it was found that the areodamping
coefficient is negative (the flutter condition) in the area close to the interblade
phase angle equal to -90 deg for the 1st mode and to t90 deg for the second mode.
The vibration of the cascade according to the third and fourth modes shapes with
different natural frequencies and the interblade phase angles is stable.

The considered blade has natural frequencies equal to ]"50, 750, 900, 1050 Hz
respectively.

All calculations were run from the very beginning for harmonic oscillations,
until the steady state periodic flow through vibrating blade row is converged.
During this time the forced frequencies of harmonic oscillations of each mode
s:ere equal to their natural frequencies respectively and the blades are vibrating
n-ith the assumed interblade phase angles. After some time lapse, named as the
start regime, there began the corrpled vibrations in which the blade displacements
and velocities, and the flow parameters are used as initial conditions for the
coupled time-integration procedure. The interblade phase angle and frequency
of vibration are part of the solution of the problem.
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The PurPose of tlre investigations presented here is to study the influence of
the first four nattrral modes on each other and on the blade response for tlre
assumed initial interblade phase angles eqtral to *90 deg and -90 deg, as the
initial condition in tlre harmonic oscillatiorrs.

Let us consider the aeroelastic blade response, vibrating from the beginning
at the harmonic oscil]ations with IBPA of -90 deg, and next according to coupleJ
fl uid-structu,re interaction.

Tlre aeroelastic response of the two adjacent blades vibrating according to
the 1st mode, the excitation frequency of 150 Hz and IBPA 

"q.,ul 
to -90 deg

is Presented in Fig. 1. These parameters correspond to aerodamping coefficienti
equal to zero, see [14]. The harrnonic oscillation continues through one period
then the couPled vibratiorrs begin. Here q11 and q21 denote the modal coefficients
for t]re first and second blade oscillating in the 1st mode. As it can be seen fron
Fig. 1 the blade oscillations are damped with tlre logarithmic decremeńt equa_
to approxinrately a constant value. It indicates that the blade motion is ciose
to the linear damPed oscillations. The blades are fixed at tlre root, so the roo:
conditions are different from tlre experiment presented by Bólcs and Fransson [4'.Tlris is a reason for the damped oscil]ations instead of typical flutter ,"rpo.r...'

Tlre work coefficient for each of blades (fotrr passages in this case) is shown il
Fig. 2 and for tlre blade To\M as a whole is presented in Fig. 3. The monotonou:
Convelgence of tlre work coefficient to zero demonstrates the dissipation of the
vibrating b]ades energy to the flow field. The aeroelastic responses of the trrr_
adjacent blade vibrating according to the 2nd , 3.d and 4th modes, with th.
excitation frequencies 750, 900, 1050 Hz, respectively and IBPA equal to -90 de.
are Presented in Figs. 4-7, The lrarmonic oscillation continue through one perio_
then the coupled vibratiorr begin.

The work coefficient for each of blades (four passages in this case) is shown i:_
Fig. 5, Tlre monotonoLls convergence of the work coefficient to zero demonstrate:
tlre dissipation of the vibrating blades energy to the flow field. For all regime.
tlre oscillations are damped. The lrigher the natrrral frequency the more stab_.
tlre blades are.

Figure B slrows the typical phase trajectory (in coordinate system d,i,splac.
rrte'nt-ueloci,tu) for the darnped oscillations of the cascade according to the tlri:
trrode shaPe. Tlre bold curve corresponds to lrarmonic oscillations, the tlrin o:_
is t}re sPiral convergent to the stable state piaced in the origin of coordinates.

The different character of blade motion was observed for consideration of l_.
irrteraction of the natrtra] nrode vibratiorrs. Figure 9 slrows tlre blade respo]_t
at oscillatiolls Corresponding to the first ancl second nrodes togetlrer. It is clea:
observed tlrat response of tire blacle for the 2nd mode slrape decays, but the an;
trrde of the 1st nrode tends to tlre approximately constant valrre, that correspo:_
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Figure 1. The aeroelastic oscillation§ of two adjacent blades for the first mode, and IBPA
-90 deg as the initial condition in the harmonic motion, t = r l3t6 s.
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Figure 2, The work coefficient for all vibrating blade (1't mode),
initial condition in the harmonic motion, t = r1316 s,
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Figure 3, The total work coefficient for the blade row (1"t mode) and IBPA -90 deg as the
initial condition in the harmonic motion, t = r1316 s.
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Figure 4. The aeroelastic oscillations of two adjacent blades corresponding to the second modą
and IBPA equal -90 deg as the initial condition in the harmonic motion, t = r 1316 s,

Figure 5. The work coefficient for each vibrating blade (2"d mode), and IBPA equal -90 dą e
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to tlre linrit cvcle oscillations. The sinrilar situation is observed fbr coupled flrric_structttre oscillations corresponding to first up to forrrtlr natural modes,
Figure 10 presents the phase trajectory for tlre 1.t mode corresponding t.tlre linit cYcle oscillations, and Fig. 11 the phase trajectory for the 2nd ńc.correspotrding to stable aerodamping.
Tlre rvork coefficient for each of blades is shown in Fig. 72. Il this case t1..nonotonous convergence of the work coefficient is not observed. It correspol.c]

alterrlative]Y to the transfer of energy from the flow to the oscillating blades arl_
tlre dissiPation of enerSy. Tlris phenomenon call occur only for nonlinear vibratil:.
sYstenrs with Posi,tiue and negat,iue friction, In otrr .u." th" aerodynami" l;;,plavs a ro]e of nonl,inear frlctźon, as it depends on blade velocity. Equality c.both positive arrd negative enelgy leads to the linrit cycle of oscillations.

Figrrre 13 slrows tlre blade response of oscillations corlesporrding to the firs:
secotrd arrd third nrodes togetlrer for IBPA equal to -90 deg as the initial co:--dition irr the lrarnronic vibration. Irr these fig.,re, symbol ?z7 denotes tlre mocl._
coefficient, index z correspond,s to the blade ńrnb".l irrd"*'j - to the mocle nul--
DeI.

It should be pointed out tlrat the interblade phase angle of -90 deg re'.ai:-,
constant at coupled oscillations as wel] as at the harmonic oscillation. The r._
sponse of tlre blade two is al] the times shifted forward in comparison to t]-.response of the blade one.

T]re work coefficient for each of blades is shown irr Fig, 14. In this case, --comParison to the Previous case, Fig. 12, the coefficientls sirrrilar for each,_
blades and leads to the limit cycle oi oscillations. Itr the case of tlre blade ro.tlre shaPe of the function is different, so the influence of the interaction of tj_.
modes is visible.

Figures 15-18 slrow the two adjacent b]ades response in tlre case when co:-.sidered is interaction of 1st,2nd,3rd and 4th nattiral nrodes at the initial IBp.:
eqrral to -90 deg, 'Ilre resPonse of tlre blades number one and two corresponcli:..
to one to fotrrth node shapes separately are presented in Figs. 15, 16. Figur;,
17 and 18 present the response of tlre two adjacent blades at the cotrpled osc-..lations, In tiris case t]re linrit cycle oscillations is also observed. Tile reponsethe blades sirow no significient differen"ces so the influence of the lrigher tnoi._
on tlre response of the blade and tlre work coefficient is not so inportant,

Nunerical resu]ts of the coupled fluid-structure aeroelastic calculations e. .

cording to tlre first four blade nrodes oscillations at tlre initial interblade plra..-
angle of *90 deg are presented in Figs. 19-35. Tlre aeroelastic response of t].two adjacent blade vibrating according to the 1.t rnode, the excitation frequett,.of 150 Hz arrd IBPA eqtral to *90 deg is presented in Fig. ig. These pa,an.,
ters corresPonds to Positive aeroclanrping coefficients (tlie Jarnping condition s..
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Figure 10, The phase trajectories for the blade oscillations for the l"t and 2"d modes.
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Figure 12. The work coefficient for each blade (1,'t and 2"d modes).
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[14], [16]). Harmonic oscillations continue through one period then the coupled
vibrations begin. Here, q11 and q21 denote the modal coefficients for the first
and second blade oscillating in the 1st mode. The response of the blade one
is all the time shifted forward in comparison to the response of the blade two
(IBPA: +90 deg). As it can be seen from Fig. 19 the blade oscillations are
damped with the logarithmic decrement not equal to approximately a constant
value.

There is the difference from tlre blade response presented for the first mode

and IBPA equal to -90 deg (see Fig, 1) where the logarithmic decrement is equal

to approximately a constant value. The monotonous convergence of the work
coefficient to zero demonstrates the dissipation of the vibrating blades energy to
the flow field. The way of dissipation is a little bit different as in the case of 1't

mode vibration with IBPA equal to -90 deg (see Figs. 2, 3).

The aeroelastic responses of the two adjacent blade vibrating according to the
2'd , 3'd, 4th modes, with excitation frequencies 750, 900, 1050 Hz , respectively
and IBPA equal to *90 deg are presented in Figs. 20-22. The harmonic oscillation
continue through five to six periods then the coupled vibration begin.

The aeroelastic response of the two adjacent blades vibrating according to
the 2"d and 3'd modes and IBPA equal to *90 deg (see Figs. 20, 2I) and the
work coefficient for each of blades are similar as in the case of vibration with
IBPA equal to -90 deg (see Fig. 5 ). Th.ese parameters correspond to positive
aerodamping coefficients (the damping condition see [14], [16]). The response of
the blade one is all the time slrifted forward in comparison to the response of the
blade two (IBPA: *90 deg),

The aeroelastic response of the two adjacent blade vibrating according to the
4th mode, the excitation frequency of 1050 Hz and IBPA equal to *90 deg is
presented in Fig. 22. The blade oscillations are damped with the logarithmic
decrement not equal to approximately a constant value. This is the difference
with the blade response corresponding to the 4th mode and IBPA equal to -90 deg
(see Fig, 7), where the logarithmic decrement is equal to a approximately constant
value.

Figures 23-32 show the blade Tesponse when the interaction between different
natural modes at the initial IBPA of +90 deg is taken into account. It is inter-
esting to note that in all cases, despite that the aerodamping coefficient at the
harmonic oscillations is positive (that corresponding to stable motion), a tran-
sient behaviour is observed, and the blades motion change form IBPA equal to
*90 deg to the phase angle equal to -90 deg (see Figs. 24, 30, 33, 17, 18). The
work coefficient for each of blades (Fig. 26) is not similar as in the case of vibra-
tion with IBPA equal to -90 deg (see Fig. 12). If IBPA equals to -90 deg then
it represents an unstable condition for the first mode, the amplitude of the first
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Figure 19. The adjacent blade oscillations corresponding to the 1"t mode (IBPA of +90 cleg).
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rnode glows apploaching tlre lirrłit cycie of oscillations.
Figtrres 28-30 present first blade response corresponding to first, second and

third blade node shapes. T}re work coefficient for each of blades is not similar as

irr the case of vibration with IBPA equal to -90 deg. The limit cycle oscillations
is observed.

Figrrres 32,29,30 present first blade lesponse according to first, second, third
and fourth blade mode shapes. The work coefficient for eaclr of blades (sirnilar
to Fig. 31) is rrot similar as in tlre case of vibration with IBPA equal to -90 deg.

The main difference is in values of these coefficients.

5 conclusions

Irr tlre present study, the simtiltaneoLrs tirrre domain rnethod arrd tlre modal
superposition metlrod is used to deterrrrilre th,e aeloelastic stability of the cascade.

Tlre numerical analysis of the itrfluence of tlre naturai modes on an aeroelastic
blade response for 4th Standard Configuration has been carried out. It has slrown
that each of mode shapes oscillations in the range of freqriencies ./ > 150 Hz is
damped. The interaction between the modes shapes lras essentially a nonlinear
character and ieads to the limit cycle oscil}ations.

The sign of the aerodamping coefficient calculated for the harmonic oscil-
lations, may be considered only as a necessaly but not sufficient corrdition for
self-excited oscillations, Tlre final estimatiorr of tlre blade row aeroelastic be-

haviour may be obtained on the basis of the corrpled fluid-strrrcture solution in
tlre time marching algorithm. In this case t]re blade resporrse is defined not only
by the harmonic time history, at whiclr the aerodamping coefficient has been cal-
culated, but also by strclr parameters which influence tlre aerodynamic force as

the mass flow, the blade rnass and the natural frequency of tlre biade.
The blade response when the interaction between different natural modes

at t]re initial IBPA of +90 deg is taken irrto accotrrrt despite tlre aerodamping
coefficieŃ in the lrarmonic osciilations is positive (tlrat corresponding to stable
rrrotion) , a transierrt behaviour is observed, and tlre blades motion clrange to a
plrase arrgle equal to -90 deg. As IBPA equal to -90 deg represents an unstable
condition for the first mode, the amplittrde of the first mode grows approaching
to the limit cycle oscil}ations. The presented time domain nrethod allows a mole
realistic simulation of motion of the fluid and the cascade blades that should lead
to a better physical understanding of the problem.

Received 18 April 2001
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