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Abstract

In this paper, numerical simulation of stall flutter for full annulus NASA Stage 35 is conducted
using a fully coupled fluid/structure interaction. Time accurate compressible 3D Navier-Stokes equa-
tions with Spalart-Allmaras turbulence model are solved with a system of 5 decoupled structural
modal equations in a fully coupled manner. The 3rd order WENO scheme for the inviscid flux and
2nd order central difference for the viscous terms are used to accurately capture the interactions of
the fluid and structure. Delayed detached eddy simulation is also applied to predict the flow induced
vibration at near and stall conditions for comparison. The mechanism and aerodynamic damping
behavior causing the stall flutter are analyzed. The effect of rotor stator interaction on the onset of
flutter is studied. The fully coupled FSI simulation shows that Stage 35 has stall flutter at rotating
stall.

1 Introduction

Stall flutter is an aeromechanic instability that usually occurs at part-speed operation in turboma-
chinery. It occurs when the energy absorbed by the blades from surrounding fluid exceeds the dissipating
energy of the material and mechanical damping. The blade will vibrate exponentially and cause possible
structure failure. Stall flutter could occur subsonic, transonic and supersonic incoming flow conditions.
Transonic blades are widely used in modern fans/compressor, and are often prone to transonic stall flut-
ter at off-design conditions. The flutter problem becomes more and more challenging with the modern
light structures of compressor/fan such as blisk or integrated blade disks, which have little mechanical
damping.

Transonic flutter near stall conditions in turbomachinery are highly unsteady, non-linear and three di-
mensional, which include flow induced vibration, flow separation, shock unsteadiness, shock wave/turbulent
boundary interactions. The driving mechanism of the stall flutter in transonic turbomachinery may
varied between the large separation and shock wave oscillation. Lepicovsky et al.[1] shows that the
transonic stall flutter is triggered by the high frequency stall cell propagation in separated area on the
airfoil suction side. There are no shock waves at high subsonic inlet Mach numbers (about 0.95) when
transonic stall flutter occurred in their study[1]. Shwa et al.[2] demonstrates that the energy from shock
wave oscillations is not strong enough to induce the transonic stall flutter based on a shock wave motion
model. On the other hand, unsteady shock oscillation rather than blade stall was found to be the driving
mechanism for flutter instability in a transonic fan[3]. The shock location and movement and its relation
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to the inter blade phase angle contributes significantly to the variation in the aerodynamic damping[4].
The comparison with measured data for the onset of a transonic fan flutter by Chew et al.[5] shows that
the shock movement of the blade passage appears to be an important parameter causing the fan flutter
due to the interaction of the passage shocks with the suction surface boundary layer. Vahdati et al.[6]
shows that the flow separation behind the shock on the suction surface is the key driver of a wide-chord
transonic fan flutter. Another study shows that shock has both stabilizing and destabilizing effect with
the inter-blade phase angle and location of shock having a significant impact on stability[7, 8]. All these
studies indicate the complexity of the stall flutter that can be induced by different flow phenomena.
Accurate simulation of compressor/fan flutter is crucial for industrial design and diagnosis.

To achieve high fidelity simulation of nonlinear fluid/structural instabilities during the fan/compressor
flutter, the governing equations of structural and fluid motion should be simultaneously solved in order
to capture the flow and structure responses at the same time as happening in reality. However, many
of fluid-structural interaction (FSI) simulations are implemented by a loosely coupled procedure, i.e the
structural response lags behind the flow solver by one or several time steps[9]. For example, Gnesin et
al.[10] solved the unsteady Euler equations with the modal approach for the structure analysis in an
loosely coupled manner. Doi et al.[11] loosely coupled an explicit Runge-Kutta multigrid flow solver
with a FEM structure solver to predict the aeroelastic forced responses of NASA Rotor 67 blade. In
the work of Carstens et al.[12] and Sayma et al.[13], the structural part of the governing equations is
time-integrated using Newmark scheme, while the unsteady air loads are computed at every time step
by a Navier-Stokes code in an loosely coupled manner. Chew et al.[5] used inviscid linearized model,
to capture stall flutter (or referred to as part-speed flutter) of a civil wide chord fan and a low aspect
ratio military fan engine. Due to neglecting viscous terms, end wall boundary layers and tip clearance,
their computation fails to show any signs of flutter instability, which was observed in the testing. It is
also shown that the conventional energy method, in which the blade vibration and aerodynamic forces
may be treated independently, could not accurately capture the modern fan flutter boundary whereas
the coupled mode flutter analysis methods do[14].

In the work of Im et al.[8], a fully coupled FSI developed by Chen et al.[15] is extended for turboma-
chinery by implementing an advanced blade tip deforming mesh technique to capture the transonic rotor
flutter. In the fully coupled FSI[15], the governing equations of structural and fluid motion are simulta-
neously solved by exchanging the unsteady aerodynamic force and structural displacement within each
physical time step via a successive iteration on the pseudo-time step. The fully coupled FSI method-
ology adopted in this study is shown to accurately predict the flutter boundary of a transonic single
rotor[8] and AGARD wing with the shock/boundary layer interaction[16, 17].

The purpose of this paper is to simulate a transonic stall flutter in a full stage with rotor-stator
interaction and traveling wave. The full annulus of NASA Stage 35 is selected to demonstrate this ca-
pability. Simulating the flutter mechanism in a full stage environment is more realistic than the previous
simulation of single rotor blade row. It is an important tool to improve the industrial aeromechanic
design and analysis with more reliable design.

2 Aerodynamic Model

An accurate Riemann solver is necessary to capture the shock wave turbulent boundary layer inter-
action in aeroelastic analysis. The Low Diffusion E-CUSP (LDE) Scheme[18] is used to evaluate the
inviscid fluxes. The LDE scheme can capture crisp shock profile and exact contact surface discontinu-
ities as accurately as the Roe scheme[18]. However, it is simpler and more CPU efficient than the Roe
scheme due to no matrix operation. The 3rd order WENO scheme for the inviscid flues and 2nd order
central differencing scheme for viscous terms[19] are used. An implicit unfactored Gauss-Seidel line
iteration is used to achieve high convergence rate. The high-scalability parallel computing is applied to
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save wall clock time[20]. The Spalart-Allmaras one equation turbulence model is employed.

2.1 Governing Equations

The equation of motion of fluid flow for turbomachinery in a relative frame of reference can be derived
by adding the effects of Coriolis force (2Ω×V) and the centrifugal force(Ω×Ω×r) to the equation for
the absolute frame. Expanding 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
generalized coordinate system(ξ, η, ζ), the dimensionless spatially filtered 3D Navier-Stokes equations
can be expressed as the following conservative form:

x

y

z

Ω

Figure 1: The Cartesian system with y and z axes rotation about the x-axis at a constant speed Ω

∂Q
∂t

+ ∂E
∂ξ

+ ∂F
∂η

+ ∂G
∂ζ

= 1
Re

(

∂Ev

∂ξ
+ ∂Fv

∂η
+ ∂Gv

∂ζ

)

+ S (1)

The inviscid flux vector E, the viscous flux vector Ev and the source term vector S are expressed as
follows and the rest can be expressed following the symmetric rule.

E =



















ρ̄U
ρ̄ũU + lxp̄
ρ̄ṽU + lyp̄
ρ̄w̃U + lz p̄

(ρ̄ẽ + p̄)U − ltp̄
ρ̄ν̃U



















(2)

Ev =



















0
lk τ̄xk

lk τ̄yk

lk τ̄zk

lk (ũiτ̄ki − q̄k)
ρ̄
σ

(ν + ν̃) (l • ∇ν̃)



















(3)
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S =
1

J







































0
0

ρ̄Ro
2y + 2ρ̄Row

ρ̄Ro
2z − 2ρ̄Rov

0

ρ̄Cb1 (1 − ft2) S̃ν̃+

1
Re

[

−ρ̄
(

Cw1fw − Cb1

κ2 ft2

)(

ν̃
d

)2

+ ρ̄
σ
Cb2 (∇ν̃)2 − 1

σ
(ν + ν̃)∇ν̃ • ∇ρ̄

]

+Re
[

ρ̄ft1 (∆q)2
]







































(4)

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 ξ, η, ζ directions. For an example, U is defined
as follows.

U = lt + l •V = lt + lxũ + ly ṽ + lzw̃ (5)

lt =
ξt

J
dηdζ, l =

∇ξ

J
dηdζ (6)

When the grid is stationary, lt = 0. In the current discretization, dη = dζ = 1.

The shear stress τ̄ik and total heat flux q̄k in Cartesian coordinates is given by

τ̄ik = (µ + µDES)

[

(

∂ũi

∂xk
+

∂ũk

∂xi

)

− 2

3
δik

∂ũj

∂xj

]

(7)

q̄k = −
(

µ

Pr
+

µDES

Prt

)

∂T̃

∂xk
(8)

where µ is determined by Sutherland’s law. The above equations are in the tensor form, where the
subscripts i, k represents the coordinates x, y, z and the Einstein summation convention is used. Eq.(7)
and (8) are transformed to the generalized coordinate system.

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

ρ̄ẽ =
p̄

(γ − 1)
+

1

2
ρ̄(ũ2 + ṽ2 + w̃2) − 1

2
ρ̄r2Ω2 (9)

where r (=
√

y2 + z2) 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.The turbulence Reynolds stresses
are closed by employing Spalart-Allmaras model[21, 8].

2.2 Time Marching Scheme

The 2nd order implicit method is used with the dual time stepping method[22, 19]. A pseudo
temporal term ∂Q

∂τ
is added to the governing equation Eq. (1). This term vanishes at the end of each

physical time step, and has no influence 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
∆τ

+ 1.5
∆t

)

I −
(

∂R
∂Q

)n+1,m
]

δQn+1,m+1

= Rn+1,m − 3Qn+1,m−4Qn+Qn−1

2∆t

(10)
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where ∆τ 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. Co-
ordinates mapping between the Cartesian (x, y, z) and Cylindrical system(x, θ, r) is given as







Vx

Vθ

Vr






=







u
v · sinθ − w · cosθ
v · cosθ + w · sinθ






=







u
v·z−w·y

r
v·y+w·z

r






(11)

where u, v, and w are the relative velocity components in the x, y, and z coordinate directions respec-
tively. The absolute velocity components(Cx, Cθ, Cr) are related to the relative velocity components(Vx, Vθ, Vr)
using the rotor wheel speed(rΩ) as







Cx

Cθ

Cr






=







Vx

Vθ − rΩ
Vr






(12)

At the rotor inlet, the radial distributions of total pressure Po, total temperature To, swirl angle α
and pitch angle β are specified from the experiment[23]. 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 a is constant at the inlet boundary. Then, the static temperature is obtained by

Tb = To[1 − γ − 1

2
(
Ci

ao
)2] (13)

where the subscripts i represents the first interior cell and subscripts b indicates the first ghost cell of
the boundary. Ci is the absolute velocity of the first interior cell and ao is the total speed of sound
defined by

a2
o

γ − 1
=

a2
i

γ − 1
+

C2
i

2
(14)

Using the isentropic relations, the absolute velocity(Cb), the static pressure(pb) and density(ρb) are
determined by

|Cb| =
1

M∞

√

2

γ − 1
(To − Tb) (15)

pb = Po

(

Tb

To

)
γ

γ−1 (16)

ρb = pbγ

a2
b

(17)

Then, the velocity components are decoupled and the conservative variables are found as the following:















ρ
ρVx

ρVr

ρVθ

ρe















b

=















ρb

ρbCm · cosβ
ρbCm · sinβ

ρb(Cm · tanα − rΩ)
pb

(γ−1) + ρb

2 (V 2
x + V 2

r + V 2
θ − r2Ω2)















(18)

At the rotor outlet, the static pressure(pb) is specified. The components of velocity(u, v,w) are
extrapolated from the computational domain. The radial distributions of the static pressure from
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the experiment[23] is used for the single passage validation. For the rotating stall simulations, the
pressure 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[24, 25, 26]. Then, the radial distributions of the back pressure are determined by solving
the simplified radial equilibrium equation(19) that can reflect the nonuniform variations of the static
pressure across the full annulus.

1

ρ

∂pb

∂r
=

V 2
θ

r
=

(vz − wy)2

r3
(19)

Then, to update the density(ρb) by using the following isentropic relation.

ρb =

(

pb

pi

) 1

γ

ρi (20)

where pi is the static pressure and ρi is the density at the first interior cell of the outlet boundary. The
total energy is updated based on pb and ρb.

On the solid wall, the non-slip boundary condition is applied 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 interior cells as follows:

~Vb = 2~Vw − ~Vi (21)

where ~Vb denotes the ghost cell velocity, ~Vi stands for the velocity of 1st interior cell close to the wall,
and ~Vw is wall moving velocity given by ~Ω× ~r. Another option to save mesh size in our computation is
to use the law of the wall. When y+ is between 11 and 300, the no slip condition is replaced by using
the wall function.

u+ =
1

k
lny+ + B (22)

where k denotes Von Kármán constant taken as 0.41, and B denotes a dimensionless constant corre-
sponding to the wall roughness taken as 5.0. If the wall surface is η direction, the wall static pressure
for the inviscid momentum equation can be determined by solving Eq. (19) in the following manner:

∂p
∂η

= ρi√
η2

x+η2
y+η2

z

V 2
θ

r (23)

If the wall surface is stationary, then the static pressure gradient across the wall boundary is set to zero.
For addition, the adiabatic condition(∂T/∂η = 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 characteristics of the blades is
dominant such that rotor disk vibration 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 reference to absolute frame and constant rotational speed are considered.

4.1 Modal Approach

The equation of motion of an N-DOF(degree of freedom) system with the mechanical damping and
the aerodynamic loading as the excitation force can be presented in matrix form:

[M] {Ẍ} + [C] {Ẋ} + [K] {X} = {F} (24)

6

D
ow

nl
oa

de
d 

by
 G

ec
he

ng
 Z

ha
 o

n 
M

ar
ch

 3
, 2

01
7 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

7-
07

83
 



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

F = −
∮

P · n̂dA +

∮

τw · t̂dA (25)

where, n̂ is the unit normal vector to the blade surface and t̂ is the unit tangent vector to the blade
surface. P is the fluid static pressure and τw is the fluid wall shear stress acting on the blade surface.
Eq. (9) 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 rotating stall with large structure of flow separation may occur in/near stall conditions.

To decouple the equations of motion for the damped systems(24), we use the mass normalized mode
shape(φ̃) defined as the normal modes divided by square root of the the generalized mass(

√

φT mφ).
Let {X} = [Φ̃]{q} and premultiply Eq. (24) by the transpose [Φ̃]T .

[Φ̃]T [M][Φ̃]{q̈} + [Φ̃]T [C][Φ̃]{q̇} + [Φ̃]T [K][Φ̃]{q}
= [Φ̃]T {F} (26)

where q is the vector of the principal coordinates. By the orthogonality of the system matrices and
assuming damping matrix to be a linear combination of the mass and stiffness matrices, Eq. (26) is
then completely decoupled and j th equation will have the form

q̈j + 2ζjωj q̇j + ω2
j qj =

φ̃T
j

mj
F (27)

where [Φ̃]T = [φ̃1, · · ·, φ̃, · · ·, φ̃N ]T . N is the number of modal coordinates. ωj and ζj are natural
frequency and modal damping ratio for mode j. mj denotes the j th diagonal element of modal mass
matrix which will be unity. In the current 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

q̈j + 2ζj(
ωj

ωα
)q̇j + (

ωj

ωα
)2qj =

φ̃∗T
j

m∗
j
· F∗ · Vf

2 · b2sL∞

V̄
· m̄ (28)

where the dimensionless quantities are denoted by an asterisk. Vf (= U∞

bsωα
√

µ̄
) is the flutter speed index

which is an input flutter control parameter. m̄ is the measured blade mass, V̄ represents the conical
frustum volume and bs is the streamwise root semi chord. L∞ is the reference length and ωα is the
angular frequency of the first torsional mode in units radians/sec. µ̄(= m̄

V̄ ρ∞
) stands for the mass ratio,

i.e. the ratio between the structural mass and the mass of the equivalent volume of fluid at reference
density. It is noticed that m∗

j should equal one when the mass normalized mode shapes are used.

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

[M]
∂S

∂t
+ [K]{S} = q (29)

where

S =

(

qj

q̇j

)

,M = [I],K =

(

0 − 1
(

ωj

ωα
)2 2ζj(

ωj

ωα
)

)

q =

(

0

φ∗T
j · F∗ · Vf · b2sL

V̄
· m̄

)
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4.2 Implicit Structural Solver

To solve the structural equations with CFD solver in the fully coupled manner, the decoupled struc-
tural equations are integrated in a manner consistent with flow governing equations each physical time
step :

(

1
∆τ

I + 1.5
∆t

M + K
)

δSn+1,m+1

= Qn+1,m+1 − M 3Sn+1,m−4Sn+Sn−1

2∆t
− KSn+1,m

(30)

The fluid/structural interaction is implemented in a fully coupled manner[15]. Within each physical
time step, the flow equations and structural equations are solved iteratively until the prescribed conver-
gence 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.

4.3 Rotor-Stator Interface Sliding Boundary Conditions

For unsteady rotor-stator interaction simulation, the rotor mesh will rotate with the rotor blades and
the stator mesh will be stationary. Solving the Navier-Stokes equations requires transferring the fluxes
between these two meshes. In [27], a conservative sliding BC is developed by making the meshes on both
side of the sliding boundary one-to-one connected. Even though the conservative BC is mathematically
more rigorous, it is not convenient to make the mesh one-to-one connected. For engineering applications,
independent mesh for rotor and stator is desirable for efficient setup of a simulation. This paper thus
adopts an interpolation sliding BC with high accuracy to remove the requirement that the rotor and
stator mesh needs to be one-to-one connected.

The working mechanism of present interpolation rotor/stator sliding BC is sketched in Fig. 2, where
S1, S2, S3, S4 and R1, R2, R3 are the arbitrary computational mesh cells of the stator and rotor in
the circumferential direction on the two sides of the sliding interface. The current interpolation sliding
boundary condition is based on the same grid radial distribution of the mesh on both side of the sliding
boundary.

R
ot

orS
ta

to
r

X

Y

Z

S4

R1

S2

S3

R1

R2

S1

S1

R3

θS1

Lower boundary

Upper boundary

Upper boundary

Lower boundary

Overlap region

ϕ

Figure 2: Working mechanism of interpolation rotor/stator sliding BC

To interpolate the conservative variable vector Q, the circumferential mesh angle is first obtained at
each mesh cell center, e.g. the angle of a stator cell s1, θs1 can be defined as tan−1(z/y)s1. Then, two
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adjacent mesh angles in the opposite interface corresponding to current mesh cell are found for linear
interpolation, e.g. Q at R3 is interpolated in terms of (θR3 − θS2) and (θS3 − θS2) as given in Eq. (31).
Note that a rotation rule based on the geometric periodicity is used to interpolate Q in the non-overlap
region, e.g. QS1 is rotated by the periodic sector angle (ϕ) to interpolate QR1 vice versa for QR1.

QR3 =
θR3 − θs2

θs3 − θs2
(Qs3 − Qs2) + Qs2 (31)

Since the frame of reference taken in this study is a fixed frame for the stationary blades and a
moving relative frame for the rotor, the following exchange relations between the fixed and moving
relative frame are used.















ρ
ρu
ρvr

ρ(vθ + rRo)
ρ(e + cθrRo)















F ixed

⇀↽















ρ
ρu
ρvr

ρvθ

ρe















Moving

(32)

5 Mesh and Mode Shape

The transonic axial compressor, NASA stage 35 that consists of 36 rotor blades and 46 stator
blades[28], is simulated to investigate the stall inception mechanism using the interpolation rotor/stator
sliding BC. The total pressure ratio of NASA stage 35 at design speed of 17189 rpm is 1.82. Full annulus
of stage 35 is simulated and a partial mesh is shown in Fig. 3. An O-mesh topology around blades and
H-mesh for stage inlet/outlet duct region are used. The inlet and outlet duct are extended by 8 times
of rotor chord length to form non-reflecting boundary conditions. Total mesh points of the half annulus
are 18696870 with 482 blocks. The rotor tip clearance is modeled using a fully gridded O-mesh. In the
tip gap, 11 grid points are placed radially. The physical time step size is determined to allow about 20
unsteady steps per rotor blade passing.

The blade structure is modeled by its first 5 natural vibration mode shapes generated by using com-
mercial solver ABAQUS. The design rotating speed is 17188.7 rpm. The blade is made of Maraging200
with a density of 8200 kg/m3 approximately. Fig. 4 shows the 1st to 5th mode shapes. The blades are
modeled as fixed at the rigid body rotor and the centrifugal force is considered in mode extrapolation.
The mass ratio between the blade and air is about 7528. This rotor is selected because the geometry
and material data is available in the public domain.

6 Results and Discussion

The simulations start with the unsteady calculation of the flow field of the stationary rigid blade.
After the unsteady flow field is fully developed, the rigid blades are switched to the flexible blades.

6.1 Code Validation

Fig. 5 shows the predicted speedline for NASA Stage 35 using steady state single blade passage with
mixing plane boundary condition on the rotor and stator interface. A refined mesh of total 550,750
grid points and a baseline mesh (main mesh) of 449,790 grid points per blade passage are used for the
mesh refinement study using the mixing plane[27]. The speedline predicted by the two meshes shows
good agreement. Therefore, the baseline mesh is used to construct the full annulus mesh in Fig. 3. The
simulation is conducted at 4004 test condition[28](Point A) since the measured radial profiles for CFD
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Figure 3: Full annulus mesh of NASA stage 35

comparison are available. The mass flows at choke condition predicted by both unsteady rotor/stator
interaction and steady mixing plane are about 20.82 kg/s, which is about 0.62% lower than the measured
choke flow of 20.95 kg/s[28]. The unsteady flow and FSI simulation start point B.

The circumferential mass averaged total pressure ratio, total temperature ratio, adiabatic efficiency
and absolute flow angle at stage outlet are compared with the measurement at 4004 point[28] in Fig. 6.
Overall good agreement with the experiment is achieved by both the mixing plane and the interpolation
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Figure 4: Mode shape of Rotor 35

rotor/stator sliding BC.
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FG
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Figure 5: Predicted speedline of NASA stage 35

Fig. 7 shows the instantaneous entropy contours calculated by the unsteady simulation at mid span
of the compressor at point B. The wake propagates through the rotor/stator interface smoothly. Fig.
8 compares the instantaneous normalized mass flux ρU (top) and static pressure P (bottom) right
upstream and downstream of the interface, which indicates excellent flux conservation through the
rotor/stator interface by the interpolation BC.
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Figure 6: Predicted pitch averaged radial profiles at 4004 including stage total pressure ratio, total
temperature ratio, adiabatic efficiency and outlet absolute flow angle

Figure 7: Instantaneous entropy contour at mid span of NASA stage 35
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Figure 8: Instantaneous normalized mass flux ρU (left) and static pressure P (right) at mid span of
the rotor/stator interface

6.2 Stall Flutter Boundary

The unsteady simulations with rigid blades are first conducted to determine the exact stall point of
the compressor. It is found that the compressor begin to stall from point E[29]. The development of
the rotating stall of Stage 35 is shown in Fig. 9. In the plot, the time history of static pressure around
the full annulus is shown. Rotating stall is usually initiated from rotor tip. To capture the rotating
stall, the numerical probes are hence located about 50% tip chord length upstream and downstream
at the rotor tip span. The static pressures are from those numerical probes. At about 14.5T, a spike
like disturbance traveling with full rotor speed is seen. The stall cell speed can be determined by the
slope of pressure/velocity propagation versus time. The spike disturbance continues to rotate and and
propagate to more blade passage with about 90% rotor speed. After 1.5T, the stall cells propagation
slows down to 50% of the rotor speed in the opposite direction of the rotor rotation. The rotating stall
is fully developed within 1.2 rotor revolutions.

The FSI simulations start from a converged unsteady flow results. Because the stall flutter usually
occurs near stall point, the back pressures are adjusted along the speedline as shown in Fig. 5 for point
B, C, D and E to see if the flutter exists. As a small imposed initial perturbation, all the five modes
of the blade structural motion are given the same normalized initial velocity, which is 1.0e-6. Then the
blades are allowed to deflect in response to the dynamic force load. Within each physical time step,
the solution is usually converged with 20-30 iterations. Fig. 10 shows the variations of mass flow rate
during rotating stall with FSI simulation. It can be seen that the mass flow drops slowly up to 1.0 revs
and decrease quickly after that in the calculation starting from point E. It is noted that the compressor
stall begins earlier in the unsteady simulation than that in steady simulation, in which the compressor
stall start near point F. The reason may be that the unsteady simulation predicts more total pressure
loss than the steady simulation. The mass flow rate is dynamically stable at point D.

The time history of the first 5 modal displacements with a backward traveling wave of ND=1 at
condition point C is shown in Fig. 11. Zero structural damping ratio has been used in the calculation.
The response of the first mode increases gradually, while the other modes decay with time. The first
mode is dominant since the amplitude of the first mode is about 4 times higher than that of the second
mode. The response of the first mode at working conditions of point B, C, D and E are compared in
Fig. 12. It can be seen that the amplitudes of the first mode at all conditions diverged gradually, which
indicates that the predicted response is flutter in the first mode without structural damping. As the
working point shifting from near peak condition (point D) to stall condition (point E), the vibration
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amplitude increase. The highest amplitude of blade vibration occurs at point E and the response become
chaotic due to the rotating stall flow acting on the blade surface, which is not periodic.

Turbomachinery blade flutter often involves traveling wave in which the blades vibrate at the same
frequency but with a constant phase difference termed as inter blade phase angle. The numbers of nodal
diameter is not known until the engine is made and tested. The modal displacements with different
inter blade phase angle in backward traveling mode is shown in Fig. 14. The results in the plot are used
zero structural damping coefficient at point C. It is shown that the amplitude of the 1st mode decreases
as the number of ND is increased. In other words, the phase angle of ND=1 is the least stable condition.
Fig. 15 shows the generalized displacement for all the blades. It can be seen that the traveling waves
with ND of 1 and 2 are clearly captured.

The structural damping is a very important parameter, but is difficult to obtain from experiment.
The structural damping value of the blades in NASA Stage 35 is not available, so all the structural
damping coefficients used in the calculation are set with empirical values. The modal displacement of
the 1st mode with different damping coefficient are shown in Fig. 12. It can seen that the vibration
amplitude decrease as the structural damping increase. Fig. 13 shows the response of the 1st mode
with damping value of 0.003 at different working conditions. It is observed that the vibration damped
quickly with this higher damping coefficient at all points except at point E. The response of point E
damped in the first three rotor revolutions and diverged after that. The Stage 35 start stall near point
E. It appears that the stall flutter in Stage 35 is due to the rotating stall.

The DDES method is more capable of predicting vortical than URANS, so DDES is also conducted
at rotating stall point E. The predicted modal displacements of the 1st mode by using both URANS and
DDES are shown in Fig. 16. It can be seen that both methods predicted damped responses in the first 2
rotor revolutions. The response predicted by URANS begin to diverge after 3.5 rotor revolutions. And
the amplitude of the 1st mode predicted by DDES begin to diverged after 2.5 rotor revolutions. The
amplitude of vibration predicted by DDES is higher than that of URANS. The DDES method predict
more energetic flow structure than the URANS method. The onset of rotating stall in the results of
DDES starts earlier than that of URANS.

Rotor revolution
13 14 15 16 17 18 19 20

Blade 36

Blade 1

R
otating

direction

Figure 9: Variations in static pressure across tip span
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Figure 10: Mass flow variation during blade vibration
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Figure 11: Modal displacements with ND=1 and zero structural damping at point C

6.3 Mechanism of Stall Flutter

Without damping

Simulations are conducted at stable condition point C with 2 nodal diameters and zero structural
damping. Hence, all the damping in the structural response will be from the aerodynamic damping.
The blade vibration is unstable with these input parameters as shown in Fig. 14.
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Figure 12: Blade 1st mode response with different structural damping and ND=1 at Point C

Rotor revolution

G
en

ea
rli

ze
d

di
sp

la
ce

m
en

t

1 2 3 4 5
-4E-05

-2E-05

0

2E-05

Point C
Point D
Point E

Figure 13: Blade 1st mode response with ND=2 at different working points

Fig. 17 shows the modal force and modal displacement during flutter. The modal force and modal
displacement is about in phase, which indicates an unstable condition. Fig. 18 shows the time histories
of angular displacement and pressure during flutter. The unsteady pressure fluctuation is also about in
phase with that of the angular displacement.

Fig. 19 shows the spectrum of angular displacement at the leading edge of rotor tip. The blade
vibration is mainly in the first mode. The amplitudes of vibration of the other modes are less than
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Figure 14: Blade 1st mode response with different nodal diameter at Point C

about three times of the first mode, which is consistent with the modal displacement as shown in Fig.
11. Fig. 20 shows the spectrum of static pressure at the leading edge of rotor tip. The dominant
frequency is near the first natural frequency. Fig. 21 illustrates the pressure contours at point C during
fluid structure interaction. The flow near rotor tip is periodic and steady. And shock waves is the
dominant flow structure in blade passage.

With damping

The blade vibration is damped with the structural damping coefficient of 0.003 at all working points,
except at point E. Fig. 22 shows the time history of mass flow rate at point E by using URANS and
DDES. It can be seen that the predicted mass flow rate drops sharply after about 2 or 3 rotor revolutions
with both URANS and DDES, which indicates the onset of rotating stall. Flow of DDES start about 2
rotor revolution earlier than that of URANS. The degree of mass flow fluctuation in DDES appears to
be bigger than that in URANS, which may be the cause that the predicted amplitude of blade vibration
of DDES is bigger than that of URANS as shown in Fig. 16.

Rotating stall in Stage 35 starts from rotor tip, hence the onset of rotating stall is sensitive to the
flow perturbation near the tip region. The interaction of tip leakage flow with tip vortex can shift the
onset of stall at lower back pressure. Fig. 23 shows the variations of instantaneous static pressure at
half rotor tip upstream of the rotor at point E by using URANS and DDES. Due to the blade vibration,
rotating stall appears to be triggered at about the same time like a modal inception as shown in the
results of both URANS and DDES. The rotating stall simulation of rigid blades shows that stall begins
with a few passage as spike inception. Hence, The pressure fluctuation predicted by DDES appear to
be more chaotic than that of URANS.

Fig. 24 illustrates the modal force and modal displacement of the first mode predicted by URANS
with that of DDES during stall flutter. It is shown in the figure that modal force and modal displacement
is out of phase to each other and the amplitudes of both time dependent variables decay before stall
developed in the rotor passage. The modal force and displacement diverge when rotating stall appear.
And their oscillations are in phase, which cause the rotor blades become unstable.
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Figure 15: Predicted the backward traveling wave of 1st mode with a constant phase angle at point D

Fig. 25 shows the time histories of angular displacement and pressure near the leading edge of rotor
tip during stall flutter. The variation of both parameters is similar to the modal force and displacement
since the 1st mode is the dominant mode of the rotor blades.

Fig. 26 shows the spectrum of static pressure at the leading edge of rotor tip, in which the time
series of samples are recorded from point E. It can be seen that both URANS and DDES capture similar
unsteady flow behavior. For example, the highest amplitudes occurs at low frequency of around 200 Hz,
and considerable fluctuation near the 1st natural frequency is captured. However, DDES predicts two
dominant frequencies near the 1st natural frequency, where the URANS only has one. Fig. 27 shows
the spectrum of angular displacement at the leading edge of rotor tip at point E. Both the URANS and
DDES predict one dominant frequency near the 1st natural frequency.

Fig. 28 illustrates the pressure contours after 1 rotor revolution at the middle of tip clearance span.
The flow predicted by both URANS and DDES in the stage is stable as shown in Fig. 22, so both flow
modeling methods show similar pressure distribution. However, they become different each other after
the stage in stall as shown in Fig. 29, which shows the pressure contours on the blade surface at 4 rotor
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Figure 16: Predicted 1st mode displacements using DDES compared with URANS
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Figure 17: Modal displacement and force of 1st mode at point C with ND=2 and zero damping

revolutions. The flow blockage predicted by DDES is bigger than the URANS in both circumferential
and streamwise directions. Fig. 30 shows the entropy distribution at cross section near rotor leading
edge during rotating stall. The interaction between rotating stall cells and blades in DDES is more
intense than that in URANS, which lead to higher amplitude of vibration of DDES compared with that
of URANS. The large flow oscillation due to the flow blockage predicted by both DDES and URANS
makes the blades absorbing more energy from the flow, which cause the rotor blades to vibrate unstably.
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Figure 18: Time history of pressure and angular displacement at point C with ND=2 and zero
damping
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Figure 19: Spectrum of angular displacement near the leading edge at the rotor tip
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Figure 20: Spectrum of pressure near the leading edge at the rotor tip

Figure 21: Pressure contour near tip span at time of 4 rotor revolution
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Figure 22: Time history of mass flow rate during stall flutter
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Figure 23: Time traces of pressure near half tip chord length upstream of the rotor leading edge at the
tip span. Left: URANS, Right: DDES
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Figure 24: Modal displacement and force of 1st mode at point E with ND=2 and zero damping. Left:
URANS, Right: DDES
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Figure 25: Time history of pressure and angular displacement at point E with ND=2 and zero
damping. Left: URANS, Right: DDES
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Figure 26: Spectrum of pressure near the leading edge at the rotor tip. Left: URANS, Right: DDES
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Figure 27: Spectrum of angular displacement near the leading edge at the rotor tip. Left: URANS,
Right: DDES
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Figure 28: Pressure contours at the tip span before rotating stall. Left: URANS, Right: DDES

Figure 29: Pressure contours at the tip span at 4 revs rotating stall. Left: URANS, Right: DDES
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Figure 30: Entropy contours during rotating stall. Left: URANS, Right: DDES
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7 Conclusions

A high fidelity methodology of 3-D fluid-structural interaction is presented for predicting blade
flutter in a transonic compressor stage with rotor-stator interaction at near stall conditions. The full
3D unsteady Navier-Stokes equations are solved with Spalart Allmaras turbulence model. The flow
solver and the structural solver are fully coupled via pseudo time step within each physical time step.
An efficient and accurate modal approach solver is used for simulating the structural responses with
the first five major mode shapes of the blade. The NASA Stage 35 is selected to demonstrate the
methodology and simulation capability.

The steady state flow field computed on a single blade passage domain compare favorably with
experimental data for NASA Stage 35. The rotor stall starts at point E and the fully developed rotated
stall is captured.

The fully coupled FSI simulation is conducted along the speedline. For all the operating points,
the amplitude of the blade vibration increase gradually and the blade appear to flutter without adding
structural damping to the vibration system. With a structural damping coefficient of 0.001, the blade
are damped before the stalling point E. However, the blade vibration response diverges at stalling point
E with flutter.

The amplitude of blades vibration predicted by DDES is higher than that of URANS. The DDES
method predict more small flow structures than the URANS method. The onset of rotating stall in the
results of DDES starts earlier than that of URANS.
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