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Numerical Simulation of Aerodynamic Damping for Flutter
Analysis of Turbomachinery Blade Rows

R. Srivastava,¤ M. A. Bakhle,† and T. G. Keith Jr.‡

University of Toledo, Toledo, Ohio 43606

This paper describes the calculation of aerodynamic damping for prediction of � utter characteristics of turbo-
machinery blade rows. The unsteady aerodynamicblade loads are obtainedby solving the Navier–Stokes equations
on a dynamically deforming, body-� tted grid. Phase-lagged boundary conditions are used to model the nonzero
interblade phase angle oscillations,and the energy exchange method is used to calculate the aerodynamicdamping.
The analysis is applied to calculate � utter of a transonic forward-swept fan con� guration, which showed � utter at
part speed conditions in wind-tunnel tests. The analysis successfully identi� ed the most critical mode and the � ow
characteristics responsible for the observed � utter. The location of shock wave and variation of its strength were
found to strongly in� uence the aerodynamic damping, with outboard stations providing the main contribution.
The results also demonstrate that changes in blade shape impact the calculated aerodynamic damping, indicating
the importance of using an accurate blade operating shape under centrifugal and steady aerodynamic loading.
Sensitivity of the calculated aerodynamic damping to variation in inlet and exit conditions, the computationaltime
steps, and blade natural frequency are also reported.

Introduction

N OISE reduction has become a signi� cant aim in the design of
modern turbomachinery fans. Aggressive blade designs with

forward sweep and lean are being used to improve the noise char-
acteristics. These geometric features coupled with the presence of
shock waves can lead to � utter instability.Flutter problems, usually
detected during the design phase, result in program delays and cost
overruns, adversely impacting the development and maintenance
costs. Numerical � utter prediction methods will help in achieving
the design objectives and developing a � utter-free design.

Severalmethods have been developedfor the predictionof aeroe-
lastic characteristics of turbomachines with various degrees of � -
delity. Aeroelastic analyses based on the energy exchange between
vibrating blades and the surrounding � uid have been reported for
turbomachines using semi-analytical methods,1;2 linearized Euler
method,3 Euler methods,4¡6 linearized viscous method,7 and vis-
cous methods.8¡10 A limited number of coupled aeroelastic anal-
yses of turbomachine con� gurations have also been reported.11¡13

Williams et al.11 used a linear panel method to solve the eigen-
value problem. Gerolymos12 and Srivastavaand Reddy13 solved the
coupled aeroelastic equations based on an inviscid aerodynamic
analysis.

Modern fans being designed to reduce noise are swept forward,
have thin blade cross sections, and lean in the plane of rotation.
These features coupled with transonic � ow result in aeroelastic
problems, requiring a three-dimensional viscous analysis to calcu-
late accurately the � utter characteristics.For turbomachineryblade
rows � utter is observed primarily in a single natural mode and is
driven by either the presence of oscillating shock waves or stalled
� ow on thebladesurfaces.Single-mode� uttercan be capturedusing
the energy-exchange method, which calculates the � ow of energy
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between thevibratingbladeand the surrounding� uid.An energyex-
change method based on three-dimensionalviscous unsteady aero-
dynamic code, reported in Ref. 6, is used in the present study. The
objectives of the present study are 1) to calculate the aerodynamic
damping for a forward-swept transonic fan, 2) to investigate its sta-
bility characteristics,and 3) to describe the � ow features that result
in instability.

Modern fan blades, by virtue of having a small thickness ratio
coupled with forward sweep, can be highly � exible in the tip re-
gion. High rotational speed and large aerodynamicloading result in
signi� cant changes in blade shape. It is important to account accu-
rately for these changes in the analysis.To investigatethe sensitivity
of damping calculations to changes in steady blade de� ection, cal-
culations are performed by changing the blade twist distribution.
Also, results are obtained to investigate the effect of inlet and exit
conditions and time step used in the analysis and sensitivity to vari-
ation of natural frequency. These studies are carried out to gain an
understandingof issues that need to be addressed in � utter analyses
of similar fan con� gurations.

Aerodynamic Analysis
The unsteady three-dimensional Navier–Stokes equations are

solved for the internal � ows of axial-� ow turbomachinery compo-
nentsby useof a computercodeentitledTURBO.14;15 The solvercan
model multiple blade rows undergoing harmonic oscillations with
arbitrary interblade phase angles (IBPAs). Good comparisons with
experimental data for steady and unsteady aerodynamic analyses
have been reported using the TURBO code.16;17 A brief description
of the solution method is provided here.

The Navier–Stokes equation in conservation form can be written
as
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and

Q x D u¿x x C v¿x y C w¿x z ¡ Oqx

Q y D u¿yx C v¿yy C w¿yz ¡ Oqy

Qz D u¿zx C v¿zy C w¿zz ¡ Oqz

where ½ is the � uid density; u, v, and w are the Cartesian velocity
components; e is the total internal energy per unit volume; and x ,
y, z are the Cartesian coordinates. Variables E , F , and G are the
inviscid � ux vectors; Ev , Fv , Gv are the viscous � ux vectors, Oqx ,
Oqy , Oqz are heat � uxes; and ¿x x , ¿x y , ¿zy , etc. are the stress vectors. A
modi� ed two-equation k–" turbulence model is used for closure.18

The Navier–Stokes equation in Eq. (1) are transformed and re-
cast in a generalizedbody-� tted coordinatesystem to simplify treat-
ments of arbitrarygeometries.The transformedequationsare solved
using an implicit � nite volume upwind scheme. Flux vector split-
ting is used to evaluate the � ux Jacobians on the left-hand side.
The right-hand side � uxes are discretized using a high-order total-
variation-diminishing(TVD) schemebasedon Roe’s � ux difference
splitting. Newton subiterationsare used at each time step to � nd an
approximate solution to the nonlinear � nite volume discretization.
Symmetric Gauss–Seidel relaxationsare applied to solve the result-
ing linear system.

Aerodynamic Damping Calculation
Aerodynamic damping is obtained by calculating energy ex-

change between the vibrating blade and the surrounding � uid. The
aerodynamic work on the blade is calculated by � rst obtaining the
“steady” aerodynamic solution for a given operatingcondition.The
blades are then forced into a prescribed harmonic motion (speci-
� ed mode, frequency, and IBPA) in order to calculate the unsteady
aerodynamic response and work per cycle of oscillation. The blade
motion is simulated using a dynamic grid deformation technique.
For harmonic motion in a selected normal mode, the displacement
of any point on the blade X.x; y; z; t/ can be written in terms of the
generalized coordinate q.t/ and the modal de� ection ±.x; y; z/ as

X.x; y; z; t/ D q.t/±.x; y; z/ (2)

the work per cycle can then be calculated as

W D
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where p is thebladesurfacepressureandA is the surfaceareavector.
For a harmonic motion prescribed as

q.t/ D q0 sin.!t C Á/ (4)

with amplitude of motion q0, vibration frequency !, and IBPA Á,
the work per cycle of oscillation,using Eqs. (2–4), can be rewritten

as

W D
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The aerodynamicdamping associated with the blade motion is cal-
culatedby taking the ratio of work and the associatedkineticenergy
of the blade over one cycle of oscillation19

W=K E D ¡8¼°
¯p

1 ¡ ° 2 (6)

The damping ratio ° and the average kinetic energy K E over one
cycle of oscillation of the blade are de� ned as

° D
C

Ccr
(7)

Ccr D 2m! (8)

K E D 1
T

I
1

2
mV 2 dt (9)

where C is the damping, Ccr is the critical damping, m is the mass
of the blade, V is the surface velocity caused by blade vibration,
and T is the time period.

For small values of ° ,
p

1 ¡ ° 2 ¼ 1 (10)

Combining Eqs. (10) and (6), the damping ratio can be calculated
as

° D ¡.W=8¼ K E / (11)

Negative aerodynamic damping implies � utter instability. Phase-
lagged boundary conditions are used to calculate the nonzero IBPA
oscillations, which eliminate the need to model multiple blade
passages.

Results and Discussion
A 22-in. scale model of an experimental transonic fan with 22

blades (Fig. 1) was tested in a rig. The design operating condition
for the model tested was mass � ow of 44.85 kg/s with a relative
tip Mach number of 1.4. The fan � uttered at part speed in the � rst
natural mode20 between the operating line and predicted stall line.
The � rst mode shape of the blade (natural frequency 351 Hz) at

Fig. 1 Transonic fan.



262 SRIVASTAVA, BAKHLE, AND KEITH

Fig. 2 First natural mode.

Fig. 3 Mass � ow variation with back pressure.

Fig. 4 Steady blade surface pressure near stall for 90 percent speed.

design operating speed is shown in Fig. 2. The contours represent
total displacement. The mode shows a high degree of twist bend
coupling in the outboard region.

The aeroelastic analysis is carried out using a grid with 121 grid
points in the axial direction, 39 grid points in the tangential direc-
tion, and 51 grid points in the spanwise direction. The results are
presented for 90 and 100% rotational speed. The blade shape and
modal properties for the design operating condition are used in the
calculations presented here.

The variation of mass � ow with backpressure for the fan at the
two speed lines is shown in Fig. 3. The choke � ow is captured by
the analysis for both speeds. The highest backpressure at which a
steady � ow could be calculated was 113,050 Pa for 90% speed and
122,400 Pa for the 100% speed. Increasing the backpressure any
further resulted in stalled � ow with large separation on the suction
surface in the midsection of the blade. This separation was found
to be shock wave induced and prevented a steady mean � ow from
which the unsteady analysis could be carried out. During testing,
for the 100% speed the predictedstall line was reached,whereas for
the 90% speed stall was observed before the predicted stall line.20

Comparison of fan performanceat several speeds has been reported
in Ref.21

Figure 4 shows the steady aerodynamic loading on the blade sur-
faces for 90% speed at a condition near the operating line. Shock-
wave structures are evident from these � gures. An oblique shock
wave appears near the leading edge on the suction surface over the
entire span. A normal shock wave extends across the blade pas-
sage in the aft section of the blade on the suction surface. For the
inboard sections this shock wave is outside the blade passage (in
front of blade leading edge) on the pressure surface side. However,
the shock wave is completely ingestedwithin the passagein the out-
board sections of the blade. This shock-wave pattern is typical of
a � ow condition referred to as moderate-to-highloading on blades
with a supersonic leading edge operating in subsonic axial � ow. As
the backpressure is increased, thus moving the operation point to-
wards the stall line, the shock waves become stronger resulting in
� ow separation on the suction surface in the middle section of the
blade. The separation is large enough to stall the blade, resulting in
a breakdown of the numerical analysis. The observed breakdown
of the analysis caused by � ow separation could not be veri� ed, as
velocity pro� les in the blade passage were not measured during the
experiment.

Aerodynamic Damping Calculations

Experimentsshowed blade � utter at part speeds in the � rst natural
mode for 32.73 IBPA (2 nodal diameter forward traveling wave).20
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Fig. 5 Variation of aerodynamic damping with back pressure and
IBPA for 90 percent speed.

Fig. 6 Variation of aerodynamic damping with back pressure. Forced
vibration in the � rst natural mode at 351 Hz and 32.73 deg IBPA.

Fig. 7 Work distribution on blade surface for three back pressures at 90 percent speed.

To establish the most critical mode, the analysis was carried out
for several pressure ratios and IBPAs. Figure 5 shows the aerody-
namic damping calculated for several different back pressures and
IBPAs for the 90% speed. For lower backpressures the least-stable
IBPA was found to be 0 deg. However, as the backpressure was
raised moving the fan operating condition towards the stall line the
32.73-deg IBPA (2 nodal diameter forward traveling wave) became
least stable. This indicates that the analysis accurately calculated
the 32.73-deg IBPA for the � rst natural mode to be the most criti-
cal for this geometry. Further analysis, therefore, was performed at
32.73-deg IBPA in order to identify the characteristics of the � ow
features impacting the stability.

The variation of aerodynamic damping with backpressure is
shown in Fig. 6 at 32.73-deg IBPA for the two speed lines being
analyzed. As the backpressure is increased from peak ef� ciency,
the aerodynamic damping decreases rapidly, dropping to approxi-
mately 0.2% of critical damping at a backpressure of 113,050 Pa
for 90% speed and 122,400 Pa for 100% speed.

Figure 6 also shows that the characteristicsof variationof aerody-
namic damping change signi� cantly as the backpressure is varied.
Increasing the backpressure beyond the peak ef� ciency results in
a dramatic change in aerodynamic damping variation, and a rapid
decrease is observed with increase in back pressure. To understand
these variations, � ow details were investigatedfor the 90% speed at
backpressurevalues of 104,770, 109,600, and 113,050 Pa.

Figure 7 shows the distribution of work on the blade surface.
Majority of the blade has little contribution towards establishing
the � utter characteristics.Further, it can be seen that positive work
is done over certain parts of the blade indicating a destabilizing
contribution. These plots, when superimposed with relative Mach
number plots, indicate that the positive work regions are centered
around the shock-wave location. Also, it can be seen that the out-
board sectionsof the bladecontributemost signi� cantly.This would
suggest that resolving the details of the � ow� eld on the inboard
sections might not be important for damping calculations. Hence,
coarsergrids canbe used in the inboardsections,concentratingmore
grids in the outboard sections of the blade.

To investigate further, a pressure coef� cient on suction surface
at 90% span is plotted for the three backpressures in Fig. 8. In-
stantaneous pressure coef� cient at � ve instants of time over one
period of oscillation is shown. Steady pressure coef� cient is also
shown to highlight the variation of shock-wave location and its
strength. As the backpressure is increased, the shock-wave moves
upstream, and the variation in pressure over one cycle of blade
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a) Backpressure 104770 Pa

b) Backpressure 109600 Pa

c) Backpressure 113050 Pa

Fig. 8 Pressure coef� cient variationoveroneperiodofoscillationcycle
for back pressures of 104770Pa, 109600Pa,113050Pa, 90 percent speed.

oscillationbecomes larger. Also, a change in phase of pressurevari-
ation with blade motion can be seen with increase of backpressure.
It is these changes that contribute towards increased positive work
on the blade.Figures 6–8 together indicate that the locationof shock
wave and associated changes in strength and phase are the reasons
for changes in characteristics of the variation of damping and are
responsible for the observed � utter.

Analysiswas alsoperformedat the secondnaturalvibrationmode,
which was stable in the experiment. The aerodynamic damping

calculatedwas much higher than those for the � rst mode, indicating
� rst mode to be the critical mode for � utter.

The blade natural vibration frequency for a rotor is proportional
to the rotational speed. Therefore, for 90% speed the blade natural
frequency would be lower than that at 100% speed. Because the
calculations have been performed using blade properties for 100%
geometry, the impact of change in frequencywas investigated.Cal-
culations for 90% speed and 32.73-degIBPA were performedusing
natural frequency20% higher and 20% lower than the design point
natural frequency. These changes in frequency resulted in changes
of less than 0.1% of critical damping ratio for the least-stableback-
pressure, indicating a low sensitivity to natural frequency for this
geometry. Changes in rotational speed can also impact the mode
shape; however, in the present study no attempt was made to alter
the mode shape.

The numerical analyses in the present study were performed by
prescribing experimentally measured total pressure, total temper-
ature, radial and tangential � ow angle at the inlet boundary, and
measured static pressure pro� le at the exit boundary.However, dur-
ing the design phase of a turbomachinery measured inlet and exit
conditions are not available. Therefore, the impact of variation in
inlet and exit conditions on the calculation of aerodynamic damp-
ing was investigated next. The analysis was carried out by using
1) uniform in� ow and measured exit static-pressurepro� le, 2) mea-
sured inlet pro� le and exit static pressure calculated using radial
equilibrium,22 and 3) uniform in� ow and exit static pressure calcu-
lated using radial equilibrium at an operating point along the 85%
speed line. The effect of the boundary conditionson performance is
shown in Fig. 9 and on aerodynamicdamping in Fig. 10. The effect
of using different boundary conditions at the inlet and exit is seen
to be small for both performance and aerodynamic damping.

For the backpressure of 113,050 Pa at 90% speed, the experi-
ment showed � utter, whereas the analysis predicted the fan to be
marginally stable. Although the analysis correctly predicted the
most critical mode, it did not predict a negativeaerodynamicdamp-
ing. A possible reason for that could be the use of an inaccurateop-
erating blade shape. The analysis at the 90% speed was performed
using the design speed geometry and characteristics. Generating
the accurate operating blade shape for 90% speed requires iterating
between steady aerodynamicanalysis and structuralanalysis an ex-
pensive calculation.Therefore, to investigate the effects of changes
in blade shapeunderoperatingconditiontheanalysiswas carriedout
on a deformedbladeshapeobtainedby alteringthe twist distribution
along blade span. The blade twist was changed from midspan to tip
varying linearly from zero change at midspan to 0.5-deg change at
the tip.The changein twist distributionwas such that it increasedthe

Fig. 9 Effect of inlet and exit boundaryconditionson the performance
at 85 percent speed operating line.
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Fig. 10 Effect of inlet and exit boundary conditions on the aerody-
namic damping at 85 percent speed operating line.

Fig. 11 Effect of time steps and change in twist distribution for a
0.5 deg change in twist at tip of the blade at 90 percent speed and
113050 Pa.

incidence of the blade. Structural analysis showed the blade twist
change because of changes in centrifugal and aerodynamic loading
at the tip to be of this order for the 90% speed. The variation in
aerodynamic damping with oscillation cycles for the deformed ge-
ometry is shown in Fig. 11. The changesin twist reduce the damping
moving it closer to instability.

Earlier studies had shown that smaller time steps have moder-
ate impact on the damping calculations.As the calculated damping
is close to zero, the impact of smaller time steps was also inves-
tigated for the deformed geometry at this � ow condition. Most of
the analysis was performed using 100 steps per oscillation cycle in
order to minimize the computational cost. The computational cost
varies linearly with number of steps per cycle used in the analy-
sis. Three different time steps were used: 100, 200, and 300 steps
per oscillation cycle. The impact of time-step size is also shown in
Fig. 11. A measurable change in calculated aerodynamic damping
is seen with smaller time-step size moving the results closer to the
� utter boundary. Therefore, for more accurate aerodynamic damp-
ing smaller time steps and an accurate blade shape under operating
conditions should be used. However, for investigating trends larger
time steps and design point blade geometry are adequate.

a) Original geometry

b) Deformed geometry

Fig. 12 Pressure coef� cient and work distribution at 95 percent span
for 90 percent speed and 113050 Pa.

Figure 12 compares the steady pressurecoef� cient and work con-
tributions from the suction and pressure surfaces at the 95% span
location for both deformed and undeformed blade geometries. The
results for the original geometry are shown in Fig. 12a and for the
deformed geometry in Fig. 12b. These comparisons were made to
understand the differences in calculated damping for the deformed
shape better. As seen, the suction surface contributes to positive
work, whereas the pressure surface contributes to negative work
providing a stabilizing in� uence. However, there are two main dif-
ferences that are observed from these � gures. First, we � nd that
for the deformed geometry the shock wave on the suction surface
has moved upstream by roughly 5% of chord length, along with
the work contribution associated with this shock wave. Only minor
changes in the level of work are observed. A second change, which
is more signi� cant from the work perspective, is seen on the pres-
sure surface. The area of negative work in the leading-edge region
is reduced, and the peak is higher but narrower for the deformed
shape. This change contributes to the reduction in the damping for
the deformed shape.

Primary reason for the difference in damping was found to be
the motion of shock-wave on pressure surface. Figure 13 shows
the steady pressure contours, and Fig. 14 shows the instantaneous
pressure contours at � ve instants of time over the oscillation cy-
cle for original and deformed geometry at 95% span. The steady
contours show that a normal shock-wave extends from the suc-
tion surface across the blade passage. For the original geometry
the shock wave intersects the pressure surface at the leading-edge,
whereas for the deformed geometry the shock-wave is just ahead of
the leading-edge.
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Original geometry Deformed geometry

Fig. 13 Steady pressure contours at 95 percent span for 90 percent speed and 113050 Pa.

a) Original geometry

b) Deformed geometry

Fig. 14 Instantaneous pressure contours at � ve instants of time, over
one cycle of oscillationwith period T. Near pressure surface leadingedge
at 95 percent span for 90 percent speed and 113050 Pa.

Figure 14 shows the shock-wave movement over one oscillation
cycle fordeformedand undeformedgeometries.Instantaneouspres-
sure contours near the pressure surface leading edge are shown for
� ve time instants over one cycle of oscillation.For ease of compar-
ison, these contours are plotted next to each other going from left
to right with increasing time. The pressure surface, leading edge,
and time instants corresponding to the contour are marked on the
� gures. From Fig. 14a it is seen that the shock wave stays on the
blade surface over the oscillation cycle for the original geometry.
Whereas, for the deformed geometry (Fig. 14b) the shock wave in-
tersects the blade for part of the oscillationcycle, moving on and off
the blade surfaceover the oscillationcycle.This shock-wavemotion
on and off the blade surface is the reason for differences in work
contribution on the pressure surface between the two geometries.
The effect of this motion is to reduce the overall stabilizing effect
from the pressure surface reducing the aerodynamic damping for
the deformed geometry.

Computational Cost

A typical analysis required roughly 1000 steps for a steady so-
lution and 16 oscillation cycles with 100 steps per cycle for the
aerodynamic damping calculations. The analyses were carried out
using the Cray C-90 computer of the National Aerospace Simula-
tion computational facility at NASA Ames Research Center. Each
analysis required roughly 95 M Words of computer memory and
one hour of computational time per 100 steps.

Summary
An aeroelastic analysis program based on the Navier–Stokes

equation has been used to calculate the aerodynamic damping for
a forward-swept transonic fan geometry. Calculated variations of
aerodynamic damping with backpressure and IBPA are presented
for a conditionwhere � utteroccurredduringtesting.Althougha neg-
ative aerodynamicdamping was not calculated, the analysisyielded
good results and trends. The analysis correctly calculated the most
criticalmode and IBPA of � utter.Also, the trend for calculatedaero-
dynamic damping clearly indicated a negative aerodynamic damp-
ing would result with further increasing the backpressure. How-
ever, the analysis showed that stalled � ow� eld with large separation
would emerge, causing the numerical analysis to break down for
any further increase of the backpressure.

The locationand strengthof the shock-wave were found to be the
main factor affecting the stability. Results showed the stabilizing
anddestabilizingeffectswerestronglyin� uencedby the shock-wave
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and were restricted to outboard stations of the blade. Detailed ex-
amination of the � ow features indicated that the shock wave on
suction surface had a destabilizing effect and resulted in a large
destabilizingarea of positivework centeredaround the shock wave.
The area of the destabilizing effects depended on the location and
strength of the shock wave. Higher backpressure moved the shock
wave forward and also increased the area of positive work causing
the destabilizing in� uence to increase.

Study was alsoperformedto understandtheeffectof variouspara-
meters on the calculation of aerodynamic damping. The effect of
inlet and exit boundary condition on aerodynamic damping calcu-
lation was found to be small. The effect of time steps and operating
blade shapes were found to be moderate and of signi� cance in the
vicinity of � utter boundary. It was found that accurate blade shape
under operating conditions and smaller time steps are needed to
accurately predict the � utter boundary. However, away from the
� utter boundary larger time steps and design point blade geometry
can be used for calculating trends. The study also indicated that
vibration frequency had relatively small impact on aerodynamic
damping.
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