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A review is presented of stall flutter prediction methodology including empirical, analytical, and semi-
empirical approaches. Because of the lack of accurate and efficient unsteady aerodynamic models for
stall flutter predictions, interim semiempirical methods are developed to assist turbomachinery designers
during the development of current advanced fan and compressor designs for both military and commer-
cial applications. A semiempirical approach that builds on an empirical stall flutter database combined
with a classical flat plate linearized unsteady aerodynamic model that accounts for chordwise deforma-
tions has been developed. This model is shown to provide good correlations when compared to isolated
airfoil and cascade data for standard configurations. When applied to low aspect ratio fans, this approach
provided excellent correlations with experimental results.
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Nomenclature
complex constants, Eq. (9)
airfoil semichord
experimental lift or moment coefficient
magnitude
modified lift coefficient
modified lift or moment coefficient
modified moment coefficient
ratio of experimental-to-theoretical lift or
moment coefficient magnitude
theoretical cascade lift or moment coefficient
theoretical lift or moment coefficient
magnitude
translation component at the elastic axis
location
average bladed-disk system kinetic energy
reduced frequency, a)b/U
number of blades
finite element vibratory displacement normal
to the airfoil chord
transfer function
inlet relative velocity
reduced velocity, U/b(o
unsteady aerodynamic work
rotation component around the elastic axis
flow angle corresponding to minimum loss
coefficient
airfoil relative inlet flow angle
normalized incidence
flow angle at a loss value equal to the
minimum loss plus a small increment
modified pressure difference coefficient
theoretical pressure difference coefficient
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A<I> = lift or moment coefficient phase angle for
the empirical correction coefficient

3aero = aerodynamic damping
= mechanical damping
= total system damping
= location of the elastic axis position along the

chordline referenced to the leading edge
= distance along the airfoil chord
= experimental lift or moment coefficient

phase angle
= modified lift or moment coefficient phase

angle
= theoretical cascade lift or moment phase

angle
= theoretical lift or moment coefficient phase

angle
(o = flutter frequency, rad/s

Introduction

STALL flutter continues to be a challenging problem for
designers of fans and compressors for civilian and military

gas turbine engines. As schematically depicted in Fig. 1, stall
flutter may occur near the stall line during high-speed opera-
tion (supersonic stall flutter), or part-speed operation (sub-
sonic/transonic stall flutter). Because of the close proximity to
the stall line, the incidence angles in stall flutter are usually
well above the nominal values encountered at the design point,
especially for subsonic/transonic stall flutter. Hence, for stall
flutter, viscous effects are of significant importance.

Considerable progress has been made in the development of
unsteady aerodynamic models for flutter and forced vibrations.
However, accurate first-principles prediction of stall flutter still
remains elusive. This has resulted because most of the un-
steady aerodynamic models developed have been for inviscid
flow, with varying degrees of approximation for airfoil ge-
ometry. Classical linearization has been used for two-dimen-
sional potential flow over flat plate airfoils to model the un-
steady aerodynamics for incompressible flow,1 subsonic
compressible flow,2'3 and supersonic flow.4 These analyses
have also been extended to three-dimensional flow.5'6 Unsteady
aerodynamic models that consider airfoils with thickness and
camber have been developed for potential flow7'9 and Euler
flow.10'13
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Fig. 1 Schematic of compressor performance map showing flut-
ter boundaries.

To accurately account for viscous effects, unsteady Navier-
Stokes models have been developed.14"16 For these Reynolds-
averaged equations, turbulence models are needed for the
Reynolds stress terms. Typically, the Baldwin and Lomax17

algebraic turbulence model is used for solid surfaces with tur-
bulent wakes modeled using a turbulent wake model. Since
the Reynolds numbers in turbomachinery are large enough to
guarantee the flow is turbulent, suitable turbulence models are
crucial for accurate prediction of steady flow performance and
stall flutter assessment in fans and compressors.

Wu et al.16 have investigated the effects of the Baldwin -
Lomax, Johnson-King, and k-e turbulence models on steady
and unsteady aerodynamic loads on a wing. The results of this
study showed that for steady and unsteady attached flows, the
three turbulence models gave reasonable agreement with
steady and unsteady aerodynamic loads. However, for un-
steady separated flow, the correlation with experiment was not
adequate.

Additionally, subsonic/transonic stall flutter occurs at part
speed. At these operating conditions the incidence angles can
be quite large, and in many cases the computational models
will not converge to a solution for the steady flow. These mod-
els are currently in the development phase. To compensate for
these shortcomings, empirical and semiempirical methods are
commonly used for the prediction of stall flutter by the tur-
bomachinery designer.

In this article, stall flutter prediction techniques for fan and
compressor blades will be discussed. These prediction tech-
niques include empirical, analytical, and semiempirical meth-
ods. A semiempirical approach that uses a database of unsteady
aerodynamic lift and moment correction coefficients for inci-
dence angle and stalling effects will be outlined. This method
has recently been adapted for use with a structural analysis
that accounts for elastic airfoil chordline deflections. Each of
the stall flutter prediction techniques will be described with
particular emphasis placed on the semiempirical method. This
stall flutter prediction technique will be correlated with exper-
imentally determined aerodynamic damping data for pitching
oscillations of an isolated airfoil and a rectilinear cascade of
compressor airfoils. The semiempirical method will then be
used for stall flutter predictions of low aspect ratio fan blades.

Stall Flutter Prediction Techniques
Stall flutter prediction systems consist primarily of two dis-

tinct approaches. The first approach is based on empirical cor-
relations of flutter boundaries based on previous engine, and
fan and compressor component testing. In the second approach
unsteady aerodynamic models are coupled with a structural
dynamics model to determine airfoil stability. Each of these
approaches will now be discussed for stall flutter.

Empirical Techniques for Stall Flutter Prediction
Because of the difficulty in predicting the unsteady aero-

dynamics for separated flow, purely empirical techniques have
been used extensively for the design of fan and compressor
blades for many years. In this approach two of the dominant
physical parameters associated with the flutter phenomena are
plotted as the x and y coordinates at one spanwise location
along the blade (75 and 87.5% span have been used). On this
plot stable and unstable regions are identified and separated by
a boundary. For stall flutter the two parameters most com-
monly used are incidence angle and reduced velocity. Reduced
velocity, which is the inverse of A;, is a measure of the unsteadi-
ness of the flow and is an important parameter in stability
analyses. The reduced velocity (V = Ulbo)) is defined as the
inlet velocity normalized by the flutter frequency (in radians
per second) and half the airfoil chord. For subsonic/transonic
stall flutter, the flutter mode is typically the first torsion mode,
and this frequency is used for the reduced velocity.

Since different airfoil designs will have different loading
levels for the same incidence angle, incidence angle may not,
in general, be the most suitable parameter for stall flutter cor-
relations. To overcome this difficulty, a normalized incidence
parameter is used, which is based on the loss bucket deter-
mined from experimental cascade performance data, rather
than incidence angle. The normalized incidence is defined in
Eq. (1):

j8v=(Anta- (1)

This parameter relates the mean incidence (relative to the min-
imum loss flow angle) to an incidence at a flow angle j81L,
where the rate of loss increase indicates susceptibility to
steady-state stall. Hence, for filf = 1, the blade is taken to be
stalled.

Examples of the application of this approach for stall flutter
prediction can be found in Jeffers and Meece18 and EL-Aini
et al.19

The empirical technique, while valuable, does not explicitly
include all of the physical parameters that influence stall flutter.
For this reason, the purely empirical approach is the most suc-
cessful for fan and compressor airfoils of similar configuration.
Hence, for new designs the boundaries generated from previ-
ous experience might not be applicable, resulting in a fan or
compressor blade that is unstable. This results in an extensive
(and expensive) redesign and retest program to eliminate stall
flutter from the fan or compressor operating map.

Analytical Techniques for Stall Flutter Prediction
The second approach, which has been developed to over-

come the deficiencies of the empirical approach, combines un-
steady aerodynamics with structural dynamics to determine
airfoil stability. In this first principles approach, a bladed-disk
system is unstable when the total system damping, which is
the sum of the aerodynamic and mechanical damping, becomes
less than zero:

I = ^ae ^mechanic (2)

Since mechanical damping is always positive, instability re-
sults from the unsteady aerodynamic contribution 6aero. As
shown by Carta20 for linear systems, the aerodynamic damping
is proportional to the unsteady aerodynamic work and the av-
erage system kinetic energy during a cycle of oscillation, given
as follows:

= ~(NBW/4KE) (3)

The success of this approach is largely dependent on the
accurate prediction of the unsteady aerodynamic forces being
exerted on the airfoil. The unsteady aerodynamic coefficients
used to calculate these forces depend on the cascade geometry,
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the steady aerodynamics, and the vibratory motion of the air-
foil. For the extremely high positive incidence angles that oc-
cur during stall flutter, these coefficients should also consider
dynamic stall effects. Currently, no unsteady aerodynamic
model accurately accounts for all of these effects, and approx-
imate methods are used for stall flutter predictions. The next
two sections discuss two approaches, with the major emphasis
placed on a semiempirical method for stall flutter prediction.

Analytical Flow Separation Models
In analytical flow separation models for stall flutter the clas-

sical linearized unsteady potential flow model has been ex-
tended to include separation regions. For this type of model
the viscous effects are accounted for by specifying the flow
separation position on the suction surface of each blade at a
fixed and identical point. Within the separation region the un-
steady pressure is assumed to be negligible compared to the
attached flow region. With these assumptions unsteady sepa-
rated flow is simplified to the point where a kernel function
similar to unstalled flow could be developed. Such analyses
have been developed.21"25 These simplified models do not ad-
equately model the physics of unsteady separated flow and
require prior knowledge of the separation pattern on the airfoil
surface.

Semiempirical Model
The semiempirical method is a hybrid method. It uses the

unsteady aerodynamic coefficients from a classical flat plate
analysis and corrects these coefficients for loading and sepa-
ration effects by using a database of empirical coefficients that
have been determined experimentally. The semiempirical
method for stall flutter was developed for stall flutter predic-
tion of fan and compressor blades.18 The database of empirical
correction factors initially used the isolated airfoil data for un-
stalled and stalled flow from Halfman et al.26 because of the
lack of experimental data for cascades of airfoils. The airfoils
used were similar to NACA 0012 airfoils, except for slight
differences in the leading-edge region. Since this time these
empirical coefficients have been modified and extended by us-
ing rig and engine test data.

The dominant parameters used for the construction of the
empirical coefficients are the normalized incidence angle and
the reduced frequency. This resulted from the initial use of the
isolated airfoil data. Hence, effects from differences in the in-
terblade phase angle are accounted for in the cascade unsteady
aerodynamics model. The empirical correction coefficients
were determined by normalizing the experimentally deter-
mined unsteady aerodynamic coefficients by their respective
theoretical values (determined from Theodorsen27). From this
normalization process both a magnitude and phase of the em-
pirical correction coefficients were determined as illustrated:

ratio = ^ experiment'^-' theory

= xperiment

(4)

(5)

These correction coefficients are determined for the unsteady
aerodynamic lift and moment caused by translation (bending),
and the unsteady aerodynamic lift and moment caused by
pitching (torsion). Figure 2 illustrates the phase correction A<l>
trend for one of the unsteady aerodynamic coefficients. Notice
that radical changes from the unstalled theory occur with in-
creasing incidence indicating the effect of stalling on the un-
steady aerodynamic coefficients. Similar effects occur on the
other empirical coefficients.

The use of these correction coefficients means that an iso-
lated/cascade airfoil analogy needs to be made in which the
unsteady aerodynamic changes induced by incidence and flow
separation are assumed to be equivalent for both an isolated
airfoil and a cascade of airfoils. Based on this analogy a semi-
empirical method was created that modifies the unsteady aero-

Pit
Fig. 2 Trend of phase angle correction coefficient A<£> for one of
the unsteady aerodynamic coefficients.

dynamic coefficients from an unstalled compressible flow the-
ory with the empirically determined correction coefficients
(amplitude ratios and phase-angle differences) from the iso-
lated airfoil data. The unstalled cascade unsteady aerodynamic
model developed by Smith2 is used for the semiempirical
method. Hence, for airfoil cascades, the unsteady aerodynamic
coefficients from the unstalled analysis are modified:

^modified =

^modified =

X Cratio

+ A<l>

(6)

(7)

The correction coefficients are used over the full incidence
angle range (in terms of plf) to simulate partially and fully
stalled airfoils. This permits the prediction of subsonic stall
flutter using the previously discussed energy rhethod. The
semiempirical method has been used to successfully predict
the flutter of high aspect ratio fan blades.19

Recently, the semiempirical method was extended for stall
flutter predictions of low aspect ratio blades. The semiempir-
ical method had been previously used for beam modes where
the vibratory deflection is specified as a rigid body translation
and rotation, which is directly applicable to the form of the
original experimental data. For low aspect ratio blades, finite
element codes are used to accurately predict the frequency and
modal displacements of the bladed-disk system that may have
some elastic deformation of the chordline. Hence, the vibratory
deflections are specified as a displacement at each grid point
on the blade surface. Since the correction coefficient database
had been modified from its original form, it was desired to
preserve the current form of the database. To accomplish this
the vibratory displacements for the finite element analysis were
decomposed into various mode functions with respect to the
elastic axis of the airfoil section. This decomposition is illus-
trated:

= h + a(f — 17) + higher-order polynomials (8)

The elastic axis position 77 was taken to be the shear center
of the airfoil section. The database of empirical coefficients is
then used to modify the translational and rotational compo-
nents of the work-per-cycle for the aerodynamic damping pre-
diction. The higher-order polynomials are not corrected . for
loading and stalling effects, but are included in the damping
calculation. For the lower-order modes like first bending and
first torsion, which are the typical stall flutter modes, this ap-
proach, as will be illustrated, was found to be acceptable.

Additionally, a transfer function was introduced to obtain
the unsteady pressure distribution from the corrected unsteady
lift and moment coefficients for the translation h and the ro-
tation a components. The determination of a pressure distri-
bution from section coefficients had previously been reported
by Weiseman.28 A linear transfer function is used, which is
defined in Eq. (9):

= a (9)
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The modified pressure distribution is formed by multiplying
the transfer function by the analytical pressure distribution

ACpmodified(£) = (10)

Integration of the modified pressure distribution ACpmodified(£)
should yield the modified lift and moment coefficients. Hence,

I - i?)ACpSmith(£)

(11)

(12)

where the integration limits extend over the airfoil chord. Sim-
plifying these relationships results in two equations with the
two unknown constants a and b, which can be easily deter-
mined using Crammer's rule, for example. This procedure can
be utilized for both translational and rotational motions.

Note at this point that this approach suffers the same defi-
ciencies as the empirical method, in that the database needs to
be continually updated to account for new advanced airfoil
designs.

Results
The modified semiempirical method will be evaluated in two

parts. The first part will compare the predicted aerodynamic
damping with experimental data for pitching mode oscillations
of an isolated airfoil and a compressor airfoil cascade over a
range of incidence angles that includes stalled flow. In the
second part, stall flutter predictions are made for a wide-chord
low aspect ratio fan blade. The predicted aerodynamic damp-
ing is compared with rig test results.

Isolated Airfoil Unsteady Aerodynamics
For this part of the study the isolated airfoil experimental

data of Carta and Lorber29 were utilized. In this experimental
investigation a Sikorsky SCI095 airfoil was oscillated in pitch
about the quarter-chord location at three different oscillation
amplitudes at reduced frequencies up to 0.16. The oscillation
amplitudes were 0.5, 2.0, and 4.0 deg. From a chordwise dis-
tribution of unsteady surface pressure measurements, the aero-
dynamic damping was determined and presented as a function
of incidence angle and oscillation amplitude. This airfoil was
found to have a steady-state stall incidence of approximately
9.5 deg. These aerodynamic damping measurements were cor-
related with the semiempirical method aerodynamic damping
predictions for oscillation amplitudes of 0.5 and 4.0 deg. The
large oscillation amplitude was of interest since the original
data from Halfman et al.26 used to construct the semiempirical
database had a large oscillation amplitude.

Figure 3 presents the correlation of the experimentally de-
termined aerodynamic damping for a 0.5-deg oscillation am-
plitude with the predicted values from the semiempirical
method for incidence angles from 8 to 10.5 deg. For this cor-
relation filf was taken to be the incidence angle normalized by
the stalling incidence angle. The isolated airfoil unstalled un-
steady aerodynamic coefficients were obtained by using Theo-
dorsen's model in place of Smith's cascade model.

Two solutions are presented for the semiempirical predic-
tions. Each solution corresponds to a different number of air-
foil collocation points. The first solution is for 10 points and
the second for 20 points, and the predicted aerodynamic damp-
ing is identical for each discretization. In this study 20 airfoil
collocation points were used for all calculations. For the low-
to-moderate reduced frequencies considered in this investiga-
tion this was found to be more than adequate.

A number of striking features are apparent in this figure.
First, rapid changes in the aerodynamic damping are exhibited
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Fig. 3 Correlation of the semiempirical method aerodynamic
damping predictions with experimental data for pitching oscilla-
tions at an amplitude of 0.5 deg for an isolated airfoil.
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4 Correlation of the semiempirical method aerodynamic
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tions at an amplitude of 4.0 deg for an isolated airfoil.
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Fig. 5 Correlation of the semiempirical method aerodynamic
damping predictions with experunental data for pitching oscilla-
tion of an airfoil cascade.

by the experimental data in the vicinity of the stall point as
expected. Secondly, both the predicted and experimental val-
ues of aerodynamic damping increase towards stability with
increasing incidence. Additionally, the predicted aerodynamic
damping values show an instability in the 8- and 9-deg range,
whereas the experimental data indicate stability. In fact, the
predicted aerodynamic damping becomes negative at an inci-
dence angle of 7 deg, indicating a conservative design system.
However, the predicted aerodynamic damping values are larger
for incidence angles larger than 9.5 deg, with the predicted
values becoming positive for incidence angles greater than
10.5 deg. While the experimental data are also showing this
same trend, the experiment still indicates instability.

At an oscillation amplitude of 4.0 deg, the experimental
damping was also found to always be negative in the range of
mean incidence angles studied, as illustrated in Fig. 4. This
indicates, not surprisingly, the importance of pitching ampli-
tude on unsteady aerodynamics in the stall region. The pre-
dicted aerodynamic damping is seen to have good trendwise
agreement with the experimental data.
Cascade Unsteady Aerodynamics

Figure 5 illustrates the aerodynamic damping vs incidence
angle for a rectilinear compressor cascade of airfoils. The cas-
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Fig. 6 Correlation of the semiempirical method unsteady aero-
dynamic pressure difference coefficient with experimental data for
pitching oscillations of an airfoil cascade.
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Fig. 7 Wide-chord fan blade leading-edge relative Mach number
for semiempirical method stall flutter analysis.

cade results are from the Fifth Standard Configuration pre-
sented by Boles and Fransson.30 These symmetric airfoils had
a stagger angle of 59.3 deg with a thickness-to-chord ratio of
0.027. Experimental values of aerodynamic damping are pre-
sented for incidence angles up to 12 deg, with an inlet Mach
number of 0.5, a reduced frequency of 0.37, and steady-state
stall of approximately 7.9 deg. The loss correlation system was
used to determine the values of j8i/. Chordwise pressure dis-
tributions of the unsteady surface pressure were only presented
for incidence angles up to 6 deg. In this cascade experiment
only one airfoil was oscillated in pitch. Hence, the infinite
cascade unsteady aerodynamic coefficients were transformed
to influence coefficient form using the technique presented by
Buffum and Fleeter31 to obtain the predicted aerodynamic
damping for one airfoil oscillating in an infinite cascade.

The predicted values of the aerodynamic damping decrease
with increasing incidence angle and indicate an instability for
incidence angles greater than 7 deg, whereas the experimental
data indicate instability for incidence angles greater than 8 deg.
In general, the semiempirical method predicts less stable
damping values than the experiment. However, the predicted
values of the damping have excellent trend wise agieement
with the experimental data and indicate conservatism.

Using the transfer function, the unsteady pressure difference
coefficient was also predicted by the semiempirical method
and is depicted in Fig. 6 for an incidence angle of 6 deg. The
data/theory correlation is presented in the form of a magnitude
and phase. There is good trendwise agreement with the ex-
perimental data, but the semiempirical method predicts a
slightly higher magnitude and lower phase angle in the mid-
chord region.

Wide-Chord Fan Blade Flutter Predictions
The semiempirical code has been used to correctly predict

part-speed stall flutter events on wide-chord shroudless fans.
The code was used in the design and development phase, in
conjunction with a structural optimization code, to produce
flutter-free minimum weight airfoil designs.

The first configuration is for an advanced low aspect ratio
fan operating at a transonic relative inlet Mach number and
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p oo

20 40 60
% SPAN

80 100

Fig. 8 Wide-chord fan blade incidence angle for semiempirical
method stall flutter analysis.

Fig. 9 Baseline blade first torsion mode shape used in semiem-
pirical method stall flutter analysis (790 Hz).
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Fig. 10 Semiempirical method aerodynamic damping predictions
for the wide-chord fan baseline configuration with the nozzle
open.
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Fig. 11 First torsion mode semiempirical stall flutter predictions
for low aspect ratio wide-chord fan blades.

high incidence corresponding to a simulated part-speed off-
design condition. The distribution of leading-edge Mach num-
ber and incidence is shown in Figs. 7 and 8, respectively. The
mode of interest, shown in Fig. 9, is the first torsion mode
with a frequency of 790 Hz at the operating speed of interest.
Typical aerodynamic damping predictions for a range of nodal
diameters for this fan are shown in Fig. 10.

This fan exhibited nonintegral limit cycle (flutter) response
in the 3-nodal pattern in a test vehicle. The semiempirical code
accurately predicted the flutter events at other test conditions
corresponding to different inlet conditions, including low op-
erating line, upstream angular vane position, and distorted inlet
effects. Comparison of the predicted aerodynamic damping for
the 3-nodal pattern is presented in a bar chart form in Fig. 11.
With the results of the nominal operating line and nominal
vane position as a baseline, the code predicted the trends of
all other test conditions correctly.

An alternate airfoil configuration, with nearly identical aero-
dynamic inlet conditions, was designed and tested under sim-

Fig. 12 Alternate blade first torsion mode used in semiempirical
stall flutter analysis (820 Hz).

ilar conditions. This alternate configuration has a first torsion
frequency of 820 Hz with a mode shape as shown in Fig. 12.
The semiempirical code predictions, shown in Fig. 11, indi-
cated the alternate configuration to be more stable in the 3-
nodal pattern relative to the baseline configuration. When
tested, this alternate configuration demonstrated significantly
higher flutter margin as indicated in Fig. 11 relative to base-
line.

Currently, there is a lack of appropriate unsteady cascade
data in the unsteady partially and fully stalled area at transonic
Mach numbers. This type of benchmark data is necessary for
validation of the assumptions used in the advanced viscous
analyses now under development. This type of data is also
necessary for enhancement of hybrid approaches like the semi-
empirical method.

Conclusions
The following conclusions are based on the current state of

the art of stall flutter prediction methodology and reflects the
perception of turbomachinery designers:

1) Empirical approaches based on two- or three-parameter
correlations are of limited benefit for designs that deviate from
the database used to establish the boundaries separating flutter
from safe operation.

2) Semiempirical models that combine the important struc-
tural dynamics, steady flow, and unsteady flow parameters with
corrections based on experimental databases can provide more
reliable trends than empirical or simplified analytical models.

3) Current state-of-the-art motion dependent (unsteady)
computational fluid dynamic codes have not been demon-
strated to provide accurate predictions for stall flutter at high
incidence (10-20 deg) and transonic relative inlet Mach num-
bers.

4) Stall flutter databases that include the effects of large
incidence, transonic flow, and a wide range of reduced fre-
quencies are needed for advanced fan and compressor airfoil
designs.

5) Efficient steady and unsteady flow solvers that incorpo-
rate realistic turbulence models need to be developed and val-
idated for stall flutter applications.
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