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ABSTRACT

Detached eddy simulation of an aeroelastic self-excited
instability, flutter in NASA Rotor 67 is conducted using a fully
coupled fluid/structre interaction. Time accurate compress-
ible 3D Navier-Stokes equations are solved with a system
of 5 decoupled modal equations in a fully coupled manner.
The 5th order WENO scheme for the inviscid flux and the
4th order central differencing for the viscous flux are used to
accurately capture interactions between the flow and vibrat-
ing blades with the DES(detached eddy simulation) of turbu-
lence. A moving mesh concept that can improve mesh quality
over the rotor tip clearance was implemented. Flutter simu-
lations were first conducted from choke to stall using 4 blade
passages. Stall flutter initiated at rotating stall onset, grows
dramatically with resonance. The frequency analysis shows
that resonance occurs at the first mode of the rotor blade.
Before stall, the predicted responses of rotor blades decayed
with time, resulting in no flutter. Full annulus simulation at
peak point verifies that one can use the multi-passage ap-
proach with periodic boundary for the flutter prediction.

1 Introduction

An self-excited aeroelastic instability, flutter can lead to
mechanical failure of aircraft engine blades. The modern en-
gines have been designed with increased pressure ratio and
reduced weight in order to improve aerodynamic efficiency,
resulting in severe aeroelastic problems. Particularly flutter
in axial compressors with transonic flow can be character-
ized by a number of aerodynamic nonlinear effects such as
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shock boundary layer interaction, rotating stall, and tip vor-
tex instability. Rotating blades operating under high centrifu-
gal forces may also encounter structural nonlinearities due to
friction damping and large deformations.

In the design of such highly loaded engine components,
tools that can provide meaningful solutions of nonlinear ef-
fects between fluid-structure are key to success. The govern-
ing equations of structural and fluid motion have to be simul-
taneously integrated in time. However, due to the CPU cost,
some of the fluid-structural interaction (FSI) is implemented
by a loosely coupled procedure, i.e., the structural response
lags behind the flow solver by one or a few time steps. The
information is exchanged after partial or complete conver-
gence of individual solvers [1]. Gnesin et al. [2] solved the
unsteady Euler equations with the modal approach for the
structure analysis in the partially coupled manner. Doi et
al. [3] coupled an explicit Runge-Kutta multigrid flow solver
with a FEM structure solver to predict the aeroelastic re-
sponses of NASA Rotor 67 blade. By Carstens eta al. [4] and
Sayma et al. [5], the structural part of the governing aeroelas-
tic equations is time-integrated according to the algorithm of
Newmark, while the unsteady airloads are computed at every
time step by a Navier-Stokes code.

The fully coupled fluid/structure interaction approach
used in this study was validated for AGARD Wing flutter
simulation by Chen et al. [6]. Time accurate 3D compress-
ible Navier-Stokes equations are solved with a system of 5
decoupled modal equations in a fully coupled manner. In
order to decouple the equation of motion for the wing struc-
ture, transformation of the structural equations to the modal
coordinates are applied. The flow filed and structure always
respond simultaneously by exchanging the unsteady aerody-
namic force and structural displacement within each physical
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time step via a successive iteration on the pseudo-time step.

The purpose of this paper is to develop the simulation
capability of 3D flutter in a transonic rotor using high order
DES and the fully coupled fluid/structure interaction. The
5th order WENO scheme for the inviscid flux and the 4th
order central differencing for the viscous flux are used to
accurately capture interactions between the flow and the vi-
brating blades. Detached-eddy simulation (DES) approach
suggested by Spalart [7] is employed to better capture flut-
ter in stall. Recently its high fidelity toward the stalled flow
simulation was demonstrated by the present author in [8]. To
facilitate the FSI for the transonic rotor blades with the tip
speed of supersonic, an advanced moving mesh generation
technique that can significantly improve mesh skewness at
the rotor tip clearance was developed.

Nomenclature

a speed of sound,+/vp/p

Cn meridional absolute velocity, \/CZ + C?
Cy,Cy,C, absolute velocities in x, 0, r direction

d distance from the closest wall

E,F,G inviscid flux vectors in &,1, { direction

E,,F,, G, viscous flux vectors in &, 1, { direction

e total energy per unit mass

J Jacobian of the coordinate transformation

Lo blade chord at hub

1 normal vector on & surface with its magnitude
equal to the elemental surface area and pointing
to the direction of increasing &

Iy grid moving velocity

M., reference Mach number, Zf

Do total pressure

Pr Prandtl number

Pr, turbulent Prandtl number

Q conservative variable vector

qr total heat flux in Cartesian coordinates

R, Reynolds number, 2=U=L=

R, Rossby number, QU—L:

T, total temperature

U,V,W  contravariant velocities in &, 7, { direction

Us reference velocity

A\ relative velocity vector

Vi, Vg, V, relative velocities in x, 8, r direction

yt dimensionless wall normal distance

a swirl angle, tan~'(Cy /Cy)

B pitch angle, tan~1(C,/Cy)

At physical time step

0; Kronecker delta function

HUDES turbulent eddy viscosity determined by DES

% kinematic viscosity

v working variable of the S-A model related to
turbulent eddy viscosity

Q rotor angular frequency in radians/sec

Tik shear stress in Cartesian coordinates

- Flutter parameters -

by bade root semi-chord

2

m blade mass

v frustum volume

Vv reduced velocity, hAU—g;’

Vi flutter speed index, -

Ay Ist torsional mode natural frequency
i mass ratio, VL;;DO

2 Aerodynamic Model

An accurate Riemann solver is necessary to capture the
shock wave turbulent boundary layer interaction in aeroelas-
tic analysis. The Low Diffusion E-CUSP (LDE) Scheme [9]
is used to evaluate the inviscid fluxes. The LDE scheme can
capture crisp shock profile and exact contact surface discon-
tinuities as accurately as the Roe scheme [9]. However, it is
simpler and more CPU efficient than the Roe scheme due to
no matrix operation. The 5th order WENO scheme for the
inviscid flues and 4th order central differencing scheme for
viscous terms [10] are used. An implicit unfactored Gauss-
Seidel line iteration is used to achieve high convergence rate.
The high-scalability parallel computing is applied to save
wall clock time [11]. The DES of Spalart [7] developed
based on the Spalart-Allmaras one equation model is em-
ployed.

2.1 Governing Equations

The equation of motion of fluid flow for turbomachin-
ery in a relative frame of reference can be derived by adding
the effects of coriolis force (2QxV) and the centrifugal
force(QxQxr) to the equation for the absolute frame. Ex-
panding this momentum equation with continuity and energy
equations in a rotating Cartesian system(x,y,z) as shown in
Fig. 1 and applying coordinate transformation to the general-
ized coordinate system(&, 1, {), the dimensionless spatially
filtered 3D Navier-Stokes equations can be expressed as the
following conservative form:

TN

FIGURE 1: The Cartesian system with y and z axes rotation
about the x-axis at a constant speed Q
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The inviscid flux vector E, the viscous flux vector Ey
and the source term vector S are expressed as follows and
the rest can be expressed following the symmetric rule.
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where the overbar denotes the spatial filtered quantity, and
the tilde is used to denote the Favre filtered quantity. U, V
and W are the contravariant velocities in &, 1, { directions.
For an example, U is defined as follows.

U=1+1eV =1 +Li+Li+Lw )
\Y
_& dndC = %dndc (6)

When the grid is stationary, /; = 0. In the current discretiza-
tion, dn =df = 1.

The shear stress Tj and total heat flux g in Cartesian
coordinates is given by

_ oi; 0 2. 0il;
Ty = (U + UpEs) {(au a?f) 35ik£] @)
i J

. U upes\ T
%= (PrJr Pr; )3xk ®)

where U is determined by Sutherland’s law. The above equa-
tions are in the tensor form, where the subscripts i,k repre-
sents the coordinates x,y,z and the Einstein summation con-
vention is used. Eq.(7) and (8) are transformed to the gener-
alized coordinate system. The turbulent eddy viscosity Upgs
is given by

Upes = PV fir 9
where
fVI_X;ic ) X:%
_ X
~ R.SK24Z’ S S+R kzdzfv27 fv2 5 T 11
du;  Ju
S = /20,0, Qij=1 (Wuj—rxf

The rest of auxiliary relations and the values of the coeffi-
cients given by reference [12] are used.

In DES, a modification of a SA based RANS model in
which the model switches to a subgrid scale formulation in
regions fine enough for LES calculations. The coefficients
¢s1 and ¢;3 in the SA model are set to zero and the distance
to the nearest wall, d, is replaced by d as

d = min(d,CpgsA) (10)

where A is the largest spacing of the grid cell in all the di-
rections. Within the boundary layer close to the wall, d=d,
hence the turbulence is simulated by RANS mode of Spalart-
Allmaras [12]. Away from the boundary layer, d = CpgsA
is most of the cases. When the production and destruction
terms of the model are balanced, the length scale d will have
a Smagorinsky-like eddy viscosity and the turbulence is sim-
ulated by the LES model. The coefficient Cpgs = 0.65 is
used as set in the homogeneous turbulence [13]. The Pr; may
take the value of 0.9 within the boundary layer for RANS
mode and 0.5 for LES mode away from the wall surface.

The equation of state as a constitutive equation relating
density to pressure and temperature in the relative frame is
defined as

+fp(ﬁ2+v2+w2)—%pr292 (1)
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where r (= \/y2 +72) is the radius from the rotating axis, x
in this study. For simplicity, all the bar and tilde in above
equations will be dropped in the rest of this paper.

2.2 Implicit Time Marching Scheme

The 2nd order implicit method is used with the dual time
stepping method [10, 14]. A pseudo temporal term %—g is
added to the governing equation Eq. (1). This term van-
ishes at the end of each physical time step, and has no influ-
ence on the accuracy of the solution. The pseudo temporal
term is discretized with first order Euler scheme. Let m stand
for the iteration index within a physical time step, the semi-

discretized governing equation can be expressed as

1, 15 or \ "M 1.m+1
|:(A1:+At)1_ (W) 5Qn+ ,m-+

B Rn+1’m _ 3Qn+l‘m74Qn+Qn—l
- 2At

(12)

where A7 is the pseudo time step, and R is the net flux of the
discretized Navier-Stokes equations.

3 Boundary Conditions

It is convenient for turbomachinery to express the
boundary conditions in Cylindrical system. Coordinates
mapping between the Cartesian (x,y,z) and Cylindrical
system(x, 0, r) is given as

Ve u u
Vo | = v-sin@—w-cosd | = 22 (13)
v, v-cosO +w-sinb vytwe

r

where u, v, and w are the relative velocity components in
the x, y, and z coordinate directions respectively. The ab-
solute velocity components(Cy,Cg,C;) are related to the rel-
ative velocity components(Vy,Vy,V,) using the rotor wheel
speed(rQ2) as

G Vi
Ce = Vg —rQ (14)
C, v,

At the rotor inlet, the radial distributions of total pres-
sure P,, total temperature T, swirl angle o and pitch angle 3
are specified from the experiment [15]. The velocity is taken
from the computational domain by the extrapolation in order
to determine the rest of variables. First, we assume that the
speed of sound « is constant at the inlet boundary. Then, the
static temperature is obtained by

1, =1,1- Y=L (G

2 “a,

(15)

where the subscripts i represents the first interior cell and
subscripts b indicates the first ghost cell of the boundary. C;
is the absolute velocity of the first interior cell and a, is the
total speed of sound defined by

2 2 2

(16)

Using the isentropic relations, the absolute velocity(Cp), the
static pressure(p;) and density(p;) are determined by

1 2
|G| w1 (To —Tp) (17)
1, \ 71
m=r (%) (18)
sz’%g (19)

Then, the velocity components are decoupled and the con-
servative variables are found as the following:

p Py
pVy PpCpy - cosP
pv, | = PuCn - sin3 (20)
PVe Pp(C - tana — rQ)

Pb + %(VXZ +Vr2 +V62 _ rZQZ)

pe /.y -0

At the rotor outlet, the static pressure(pp) is specified.
The components of velocity(u, v, w) are extrapolated from the
computational domain. The radial distributions of the static
pressure from the experiment [15] is used for the single pas-
sage validation. For the rotating stall simulations, the pres-
sure at the peak of the rotor speed line is applied for the
back pressure condition since axial compressors operating
near the peak of their pressure rise characteristic have the
potential to induce rotating stall [16—-18]. Then, the radial
distributions of the back pressure are determined by solving
the simplified radial equilibrium equation(21) that can reflect
the nonuniform variations of the static pressure across the
full annulus.

Lopy _ Ve _ (zzwy)? on

p or r r3

Then, to update the density(p;,) by using the following isen-
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tropic relation.
1

¥
Py = (pb) pi
pi

where p; is the static pressure and p; is the density at the
first interior cell of the outlet boundary. The total energy is
updated based on p, and pp.

(22)

On the solid wall, the non-slip boundary condition is ap-
plied to enforce mass flux going through the wall to be zero.
The velocity components of the ghost cells are obtained by
the extrapolation between the moving wall velocity and inte-
rior cells as follows:

(23)

where V, denotes the ghost cell velocity, V; stands for the
velocity of 1st interior cell close to the wall, and \7W is wall
moving velocity given by Q x 7. Another option to save mesh
size in our computation is to use the law of the wall. When
y™T is between 11 and 300, the no slip condition is replaced
by using the wall function.

1
= %lny+ +B (24

where k denotes Von Kdrmdn constant taken as 0.41, and B
denotes a dimensionless constant corresponding to the wall
roughness taken as 5.0. If the wall surface is 1 direction, the
wall static pressure for the inviscid momentum equation can
be determined by solving Eq. (21) in the following manner:

2
_ pi Yo
Rk =

NP
3

If the wall surface is stationary, then the static pressure gra-
dient across the wall boundary is set to zero. For addition,
the adiabatic condition(dT /dn = 0) is used to impose zero
heat flux through the wall.

4 Structural Model

For the rotating blades in the relative frame of reference,
on can assume that the stiffness of the rotor disk is much
larger than that of the compressor blades, the vibration char-
acteristics of the blades is dominant such that rotor disk vi-
bration effects are negligible. The center of the rotor disk
is aligned to the rotating axis, as a result no whirling effects
exist. No translational acceleration of arbitrary frame of ref-
erence to absolute frame and constant rotational speed are
considered.

4.1 Modal Approach

The equation of motion of an N-DOF(degree of free-
dom) system with the mechanical damping and the aerody-
namic loading as the excitation force can be presented in ma-
trix form:

IM] {X} + [C]{X} + [K] {X} = {F} (26)

where, M, C, K are the mass, structural damping and stiff-
ness matrices. F is total aerodynamic force acting on the
blade surface. Total aerodynamic force can be defined as

follows:
—%P-ﬁdAanrwfdA

where, 7 is the unit normal vector to the blade surface and 7
is the unit tangent vector to the blade surface. P is the fluid
static pressure and T is the fluid wall shear stress acting on
the blade surface. Eq. (11) is used to compute static pressure
of rotor blade surface by setting flow velocity components
to zero. It is likely that the effects of viscosity may not be
neglected for the highly loaded transonic rotor because ro-
tating stall with large structure of flow separation may occur
in/near stall conditions.

27)

To decouple the equations of motion for the damped
systems(26), we use the mass normalized mode shape(¢) de-
fined as the normal modes divided by square root of the the

generalized mass(y/ 97 mo). Let {X} [®]{q} and premul-
tiply Eq. (26) by the transpose [®]7.

()" M][@){g} + @_] [[ ]]T‘?] {}q} + [P KI[PH{a}
where q is the vector of the principal coordinates. By the

orthogonality of the system matrices and assuming damp-
ing matrix to be a linear combination of the mass and stiff-
ness matrices, Eq. (28) is then completely decoupled and jth
equation will have the form

.. . o
C]j+2Cj(0jqj—|-(OJ2qj=”‘T’jF (29)

where [®]7 = [¢y,--+,@,---,dy]7. N is the number of modal
coordinates. ®; and {; are natural frequency and modal
damping ratio for mode j. m; denotes the jth diagonal ele-
ment of modal mass matrix which will be unity. In the cur-
rent study, the structural system may be reduced to only five
mode shapes, since a few bending and torsional frequencies
are usually sufficient to determine flutter. The normalized
modal equation can be given as

(30)

o T b2Llo -
Gj+28i(Gh)aj+ (G Py = FT V2 5=
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where the dimensionless quantities are denoted by an aster-
isk. V(= ol TR \/ﬁ) is the flutter speed index which is an input

flutter control parameter. 7 is the measured blade mass, V
represents the conical frustum volume and by is the stream-
wise root semi chord. L. is the reference length and wy
is the angular frequency of the first torsional mode in units
radians/sec. (= V’—”};) stands for the mass ratio, i.e. the
ratio between the structural mass and the mass of the equiv-
alent volume of fluid at reference density. It is noticed that
m;‘ should equal one when the mass normalized mode shapes
are used.

The equations are then transformed to a state form as
follows:

as

M] =

+[K|{S} =q €3]

where

0
q<¢vam>

Implicit Structural Solver
To solve the structural equations with CFD solver in
the fully coupled manner, the decoupled structural equations
are integrated in a manner consistent with flow governing
equations(12) in each physical time step :

4.2

(I +12M 4 K) snt1mtd

~ 32)
_ ntlmtl 3Sn+1‘m_45n+5n 1 . n+1,m (
=Q R &)

The fluid/structural interaction is implemented in a fully
coupled manner [6]. Within each physical time step, the flow
equations and structural equations are solved iteratively un-
til the prescribed convergence criteria is satisfied for both
flow and structural solver. After the convergence criteria is
reached, the fluid-structural interaction goes to next physical
time step.

5 Moving Mesh

A CPU efficient moving mesh technique is one of requi-
sites for FSI to accurately describe the vibration of structure.
The conventional method in general regenerates inside do-
main mesh with the fixed outer boundaries. However, this
may cause significant numerical instability because of the
high mesh skewness when the moving structure is close to
the boundaries like rotor tip clearance. In this paper an ad-
vanced moving mesh concept as seen in Fig. 2 was devel-
oped to improve mesh quality over rotor tip clearance.

. ; .
In summary, new -coordinate, x.,;,, on the casing sur-

face of the rotor tip block boundary is found using Eq. (33).

x/casing = x;)ip + Ux/tip + AUy (33)
where
Scasing—5Sti
AU, = S”.pfg”.],ff (ux/tip - Mx/lipfl)
where x;, represents the initial x-coordinate of rotor tip
boundary. AU, is the amount of displacements to be

moved in the x-direction obtained by the extrapolation. The
subscript, ;-1 denotes the grid one point below of ro-
tor tip surface. S is the distance from the rotor axis to

corresponding coordinates. Next, new radius, Riasing(:

/ 2 ’ 2 . / . .
\/ Veasing + Zeasing ) cOrresponding x¢, ;. is found by the in-

terpolation of the given (x,, Reaging). Finally y’msmg and Z/casmg

determined by Eq. (33) are updated using R’Casmg as follow:
yi'using = R%asingcés(e) (34)
ansing = RcasingSln(e)

where

0

1, Zcasin
0 =tan ' (—"5)
ycasing

Moving mesh generation for the rest of casing surface is
completed borrowing an idea suggested by Chen et al. [6],
and again projected toward the given (x,,Rcasing) to make
sure all new points be placed on the design casing surface.
Once the casing surface is obtained, regeneration of inner
mesh is straightforward. The deformed mesh of a blade-
to-blade surface is first obtained, and radially stacked from
the blade hub to the casing. The mesh near blade is simply
moved with the blade surface.

6 Flutter Control Parameters
There are in general three flutter control( or input)

parameters: mass ratio(fi = %), reduced velocity(V* =

Xﬁ), and flutter speed index(Vy = Vf*). Mass ratio can
consider(fi) the effect of stiffness in flutter. It represents
the ratio between the structural mass and the mass of the
equivalent volume of fluid at reference density. Reduced
velocity(V*) stands for the ratio of time taken for a fluid par-
ticle to flow past the length of a semi-chord to the time taken
for the airfoil. Typically flutter speed index(Vy) is selected
as a main parameter in flutter boundary prediction because
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FIGURE 2: Moving mesh with sliding rotor casing

TABLE 1: NASA rotor 67 design specifications

Quantity Value
Number of rotor blades 22
Rotational speed [rpm] 16043
Design mass flow rate [kg/s] 33.25
Measured choke mass flow [kg/s] 34.96
Design pressure ratio 1.63
Tip speed [m/s] 429

Tip relative mach number 1.38
Tip diameter at inlet/exit [mm] 514/485
Hub-tip ratio at inlet/outlet 0.375/0.478
Tip clearance [mm] 1.1
Rotor aspect ratio 1.56

V; can reflect the effects of both the altitude and stiffness.
The effects of aircraft altitude by wind tunnel tests [19,20] is
understood based on variation in dynamic pressure(varying
the density) at constant Mach number. Liu [21] and Chen [6]
used V;, whereas Bakhle [22] used V* in order to find out
the flutter boundary at a given Mach number. In this study,
either V; or V* can be used explicitly as stated in Eq. (30).

7 Results and Discussion

The design specifications of Rotor 67 are summarized in
table 1 and the details in experiment are reported by Strazisar
et al. [15]. Flutter simulations were conducted at total 8 dif-
ferent operating conditions including choke, peak, and near
stall. Several rotor revolutions are needed to see whether
the responses are divergent or damped with time. Full an-
nulus flutter simulation at peak condition was performed in
order to validate the 4 blade passage simulation with periodic

7

Moving O-mesh

.

FIGURE 3: Full annulus mesh of NASA Rotor 67
constructed by using H-O-H mesh topology

boundary condition. The value of modal damping typically
determined by experiment is very small, on the order of 1 ~
3 percent of critical damping. In the current study, a uniform
damping ratio of 0.005 is used for rotor flutter simulation.
The effects of dynamic pressure changes in NASA Rotor 67
flutter was investigated by varying reduced velocity(V*).

7.1 4 Blade Passage Simulation

Using the 4 Blade Passages, computations for investigat-
ing flutter in NASA Rotor 67 was first performed. 8 points
including choke, peak, and near stall and stall were consid-
ered. The unsteady simulations are started with the initial so-
lution obtained by each steady state calculation. The residual
is reduced three orders of magnitude in each physical time
step. The physical time step, 0.0025revs(rotor revolutions)
with a CFL number of 2 is used. Periodic boundary con-
ditions are used at lower and upper boundary of the blade
passage. The focus of NASA Rotor 67 flutter simulation is
to investigate flutter behavior, in particular flutter boundary
at the design speed of 16043 RPM. Using the design condi-
tions in table 1, the estimated mass ratio(fl) is 4299.5, and
the reduced velocity(V*) is about 0.4357.

Fig. 3 shows the full annulus mesh for NASA Ro-
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Mode 1 :584.04 Hz Mode 2 :1474.9 Hz

Mode 3:2017.5 Hz Mode 4 : 3181.7 Hz

Mode 5 : 3769.9 Hz

FIGURE 4: First five mass normalized mode shapes of
NASA Rotor 67 obtained by ABAQUS

tor 67 constructed by applying the H-O-H mesh topology.
For the 4 blade flutter FSI computations, the part of 4
blade(bladel ~ blade 4) in the full annulus mesh was taken.
The single passage mesh has 121(around blade) x 77(blade-
to-blade) x47(span). A fully gridded tip model with nominal
tip clearance, an O-grid with mesh size of 121 x12x9, was
used. The mesh uses 8 points in the spanwise direction to
resolve tip clearance flow. The 1st grid spacing on the the
blade surface was set to 5 x 10° times the blade hub chord
length which gives y*© < 5, while on the hub and casing sur-
face it was set to 2 x 107 times blade hub chord which can
give y+ around 50. Therefore, the wall function BCs [23] are
used on the hub and casing. Total 56 blocks were used for
the parallel computation.

The first five mode shapes normalized by the generalized
mass as displayed in Fig. 4 was obtained by using ABAQUS.
The rotor blades were assumed as titanium alloy properties
with Young’s modulus=1.172 x 10'! Pa, Poisson’s ratio=0.3,
and density 4539 kg/m> since the material properties used in
original design were not reported. The centrifugal force ef-
fects were considered. The blades are modeled as fixed at the
rigid body rotor. The grid data on the blade surface used in
CFD mesh were taken in ABAQUS FE modeling. The first
five natural frequencies of Rotor 67 is 584.04 Hz, 1474.9
Hz, 2017.5 hz, 3181.7 Hz, and 3789.9 Hz. For the normal
operating condition with 16043 RPM, the blade passing fre-
quency(BPF) is 5882.4 Hz.

Fig. 5 shows the modal displacements of the second
blade at choke, peak and near stall. It is clearly shown that
the blade oscillations decay with time, resulting in no flutter
at choke, peak and near stall. The amplitude level at near
stall is larger than those at choke and peak even though the
mass flow through the compressor decreases toward stall.

Fig. 6 displays the normalized surface static pressure
distributions of a rotor blade(the second blade) at 50% span.
It is obvious that the static pressure and its difference be-
tween the rotor pressure surface and suction suction surface
increases toward stall, as a result increased blade loading and
displacements. The modal displacements at near stall are

8
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FIGURE 5: The damped responses of blade 2 at choke, peak
and near stall

compared in Fig. 7. Blade 1, 2, 3 and 4 vibrate with almost
same level of phase angles and amplitudes without flutter.
Flutter boundary of the compressor rotor was captured
in stall operation. Fig. 8 shows the first 5 modal displace-
ments in the stall flutter. Fig. 9 demonstrates how the rotor
blade flutter initiates in higher modes. Occurrence of flut-
ter can be identified with changes in response type from the
damped to the divergent, which is captured in higher modes
about 2.3 revs. Flutter starts simultaneously for all modes,
however the 1st mode has a significantly larger displacement
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FIGURE 7: Time traces of the 1st mode displacements of
NASA Rotor 67 near stall

than the following modes as it develops. Therefore, the ef-
fects of higher modes on the stall flutter may not be influen-
tial.

After the flutter onset 4 blades experience the transient
state with the damped oscillations for about 3 revs. It may be
explained by rotating stall inception. In general stall incep-
tion develops without flow breakdown for about 2 or 3 rotor
revolutions after the onset, and eventually goes into the fully
developed rotating stall. The axial symmetry of rotating flow
changes to a non-symmetric disturbance at the very begin-
ning of rotating stall. It can lead each blade to vibrate with
different amplitudes and phase angles as presented in Fig.
10. After the stall flutter onset, the phase angle increases
with diverging oscillations.

Fig. 11 shows the speedline, and flutter boundary is
found at point D. Except for the stall operation, the rotor
blades die out in terms of time including choke, peak and
near stall. When the compressor throttles with the reduction
of the mass flow, the pressure ratio of the rotor blades in-
creases from the point A to point C. On the contrary, the ro-
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FIGURE 8: Time traces of the generalized displacements of
blade 2 in stall flutter
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FIGURE 9: Time traces of the 2nd, 3rd, 4th and 5th mode
displacements of blade 2 in stall flutter

0.0030

Blade 1
------- Blade 2
——— Blade 3

0.0020} -—————- Blade 4

0.0010

0.0000

1st mode displacement

-0.0010

0,002 1 1 1 1
00000 2 4 6 8

Rotor revolutions

FIGURE 10: Variations of the blade 1st mode displacements
in stall flutter
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FIGURE 12: Mach number contour of the rotor tip span

around flutter onset

tor pressure ratio decreases slightly and then increases from
the point D (stall flutter onset). This type of rotating stall can
be categorized into the progressive type stall.

Fig. 12 represents Mach number contour of the rotor tip
span at 2.5 revs, just after flutter onset. The disturbed flow
region due to the flow separation indicates very low Mach
number close to zero. The rotor tip passage is usually dis-
turbed partly around the onset of the stall flutter. Rotating
stall usually takes place around rotor tip and propagates in
the opposite direction of the rotor rotation behind the de-
tached sonic boundary from the rotor blades where the flow

is subsonic.

Fig. 13 shows the velocity vector with sonic boundary
at the rotor tip span. When the rotor flutter is triggered, the
sonic boundary is attached to the rotor leading edge. The
flow near the leading edge points out toward the rotor cir-
cumferential pitch line with the local flow separation.

Flow instability near the rotor tip may be understood
by the fluctuations in the static pressure of the rotor up-
stream [18,24,25] as plotted in Fig. 14. It is obvious that
the instability of the upstream flow occurs at 2.3 revs, which
corresponds to flutter onset point as captured in Fig. 8, -9.
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FIGURE 14: Time traces of rotor upstream static pressure at
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FIGURE 15: Velocity vector of rotor tip section at 6.8 revs
with Mach number contour indicating sonic boundary

At 5.7 revs, the fluctuation in the static pressure grows dra-
matically.

Fig. 15 is velocity vector field at the tip span. As the
rotating stall fully develops, the sonic boundary is fully de-
tached from the rotor. The incoming flow toward rotor lead-
ing edge is largely disturbed and the rotating instability prop-
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FIGURE 16: Variations in surface static pressure during the
stall flutter

Blade 3

Vibrating blade
@ T=8.7revs

FIGURE 17: Blade vibration at T=8.7 revs

agates toward both upstream of the rotor and the rotor cir-
cumferential direction. Needless to day, the highly disor-
dered flows largely contribute to the blade flutter.

Fig. 16 shows static pressure of the suction surface
variations during the stall flutter. The strong shocks on the
oblique surface at T = 0 revs are distributed in the same man-
ner for all 4 blades, however these disappear at T=8.7 revs.
This phenomena can be understood by the detachment of
the sonic plane from the blade passages as the stall devel-
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predicted by FFT

ops. Static pressure on the pressure/suction surface is non-
uniformly distributed for each blade. Hence the blade load-
ing acting on each blade can enforce the blades to flutter in
the different phase angles and in the opposite directions.

Fig. 17 represents the blade vibration at T=8.7 revs.
The blade oscillations are non-periodic and likely non-
synchronized since the blade 3 and 4 vibrate in the opposite
direction with the different amplitudes.

The frequency of the vibrating blades during the stall
flutter was obtained using FFT(fast Fourier transform) anal-
ysis. The time traces of modal displacements are used for
the FFT input variables. Fig.18 shows frequency ratio (w%)
which is defined by the vibration frequency of the blade di-
vided by the blade natural frequency. Resonance occurs at
the 1st mode natural frequency of 584.04 Hz. Once the
stalled flutter initiated it cannot be stopped in general and
gradually diverges. In the current study, the response of the
rotor blades amplifies dramatically after a sudden change in
the response at about 7 revs as displayed in Fig.8, -9, -10.

7.2 Full Annuls Simulation

Using the full annulus, flutter simulation of NASA Ro-
tor 67 was conducted at peak point in order to prove flut-
ter predictions by using the 4 blade passages with periodic
boundary conditions. The full annulus mesh having 22 blade
passages was constructed using the same topology and size
of the each passage used for the 4 blade FSI simulation as
presented in Fig. 3. Total 308 blocks are used for the parallel
computations.

Fig. 19 presents the 1st mode displacements of the full
annulus NASA Rotor 67. All of 22 blades vibrate showing
the damped responses with very similar phase angle and am-
plitude level.

Fig. 20 shows Mach number contour of the 30% span
from the shroud at 5 revs. The A-shape passage shocks are
clearly captured around the leading edge, which is a major
feature of the transonic compressor rotor reported by the ex-
periment [15] and other researchers [26,27]. The flow field
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FIGURE 19: The damped responses of full annulus Rotor 67

FIGURE 20: Mach number contour of 30% span from the
shroud at peak predicted by the full annulus FSI
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FIGURE 21: Surface pressure distributions of 50% span at
peak predicted by the full annulus FSI

of each blade passage predicted by using the fully coupled
FSI approach shows very similar pattern along the rotor cir-
cumference. The surface pressure distributions at 50% span
and the tip span are presented in Fig. 21 and Fig. 22. Obvi-
ously 22 blades show identical distributions, and hence each
vibrating blade can show periodic behavior.
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FIGURE 23: Comparison of the modal displacements
between the full annulus and the 4-blade passage

Comparison of first two modal displacements for the
second blade was illustrated in Fig. 23. The predicted dis-
placements from the full annulus FSI and the 4 blade passage
FSI decay in the same manner for the amplitude and phase
angle. By taking into account the main objective of the FSI
is to find out the flutter boundary at a given or target design
condition, the full annulus FSI calculation is not necessary
since the 4 blade passage calculation with periodic boundary
gives the same results before the stalled flutter.

7.3 Unstalled Flutter in NASA Rotor 67

From the design point of view, it is critical to find flutter
boundary using proper parameters. One way to simulate un-
stalled flutter is to use the parameter, reduced velocity(V*).
The increase of V* can stand for the increase in freestream
dynamic pressure at a certain design point or a given back
pressure.

Flutter computations with alternating V* were per-
formed at near stall condition. Fig. 24 shows Ist mode
displacements with V* = 0.4357,0.6357 and 0.8357. The
damped responses are obtained with V* = 0.4357 and
0.6357. However, for V* = 0.8357, the oscillation of the
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FIGURE 24: Effects of reduced velocity(V*) on NASA
Rotor 67 flutter at near stall

modal displacement diverges with time. It is obvious that
flutter boundary locates somewhere between V* = 0.6357
and V* = 0.8357. Unlike the stall flutter where the flow fields
largely disturbed due to the massive flow separation, the os-
cillation of the vibrating blades gradually amplifies like wing
flutter.

8 Conclusions

A fully coupled fluid/structure interaction method for
axial compressor flutter was developed. An advanced mov-
ing mesh technique that can significantly improve the mesh
quality over the blade tip was implemented. Using the 4
blade passages of NASA Rotor 67, flutter simulations were
conducted from the choke to stall by applying the DES of
turbulence with the higher order spatial schemes. Flutter oc-
curs in Rotor 67 as rotating stall develops. Before stall the
responses of the rotor blades decay with time, as a conse-
quence no flutter.

The full annulus simulation at peak efficiency condition
was performed to verify the multi-passage approach with pe-
riodic boundary. It was shown that the multi-passage ap-
proach with periodic boundary conditions can be applied to
predict flutter boundary of transonic rotor compressors when
the flow is unstalled. The frequency analysis indicates that
the compressor rotor flutters with the 1st mode resonance in
stall operation.

The unstalled flutter of the multi-passage was simulated
by increasing the reduced velocity. This approach can facili-
ate the prediction of the engine flutter under various operat-
ing conditions.
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