
17th International Symposium on Unsteady Aerodynamics
Aeroacoustics and Aeroelasticity of Turbomachines

ISUAAAT17
November 16-21, 2025, Melbourne, Australia

ISUAAAT17-38

COMPARISON OF FLUTTER ANALYSIS APPROACHES IN THE FREQUENCY DOMAIN FOR
THE ECL5 OPEN FAN

Christian Frey
Institute of Propulsion Technology
German Aerospace Center (DLR)

Linder Höhe
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ABSTRACT

The topic of this paper is the flutter analysis at part speed of
the ECL5/Catana open fan. The focus is on the operating point
of maximal pressure ratio on the 80% speed line, where previous
studies have revealed a very high sensitivity of the aerodynamic
damping for the second blade eigenmode. In particular, a sud-
den drop of the damping near the nodal diameters of 5 was ob-
served with time-linearised approaches, while for harmonic bal-
ance simulations with a different solver this V-shaped spike in the
damping curve was observed near the nodal diameter of 6 when
a fully nonlinear setup resolving the 0th and higher harmonics
was used. In the previous study, this phenomenon was related to
the resonance with a convective disturbance with a characteris-
tic circumferential speed and suggested that, if non-linear effects
are taken into account, then the resonance convective speed in-
creases.

In this paper, the flutter analyses based on three different
frequency domain solvers are compared with each other: a time-
linearised method and two harmonic balance solvers, each be-
ing based on different spatial schemes and/or turbulence mod-
els. The results in this paper show that the V-shaped damping
curves can be reproduced with different solvers. If the zeroth
harmonic is included in the set of harmonics which are solved

for then the resonance condition is located near the nodal diam-
eter of 6, while, for frozen mean flows, it is located at 5. This
behaviour is confirmed by two harmonic balance solvers.

Keywords: Aeroelasticity, CFD, Flutter, ECL5, Time-linearised
Method, Harmonic Balance.

NOMENCLATURE
a vibration amplitude
Dt pseudo-spectral time derivative
D̂ time derivative in the frequency domain
f frequency
F (F inv) (inverse) Fourier transformation matrix
Fmod modal force
p static pressure
q flow state
qs displacement
k harmonic index
K number of non-zero harmonics
n⃗ surface normal (pointing out of the fluid domain)
N blade count
ND nodal diameter
Nsp number of sampling points
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R flow residual
U relative velocity
V cell volume
Wcyc aerodynamic work per cycle
x, ẋ mesh coordinates and velocities
Γ blade surface
ζ aerodynamic damping ratio
ϑ circumferential coordinate
Ψ mode shape
ω angular frequency
Ω rotor angular velocitŷ harmonic
˙ time derivative
mod modal
r radial
c convective
AFT alternating frequency-time domain approach
HB harmonic balance
TM turbulence model

1 INTRODUCTION
In recent years, the open fan test case ECL5/CATANA1 has

been studied both experimentally and numerically with a strong
focus on non-synchronous coupling mechanisms between aero-
dynamics, acoustics and structural dynamics. The design of the
ECL5 fan was thoroughly investigated with respect to potential
flutter onset. During these studies, Pagès et al. found that, at 80%
rotational speed, the aerodynamic damping of the second eigen-
mode becomes negative for the nodal diameter of 5, causing a
V-shaped spike in the damping curve [1]. The minimal aero-
dynamic damping ratio was about −5.6% and in apparent con-
tradiction to both experiments and computational studies with
time-domain methods [2]. It was suspected by Pagès et al. that
the high negative damping is related to a so-called convective res-
onance, i.e., the combination of frequency and interblade phase
angle of the blade vibration is such that it can resonate with a
convective disturbance of a particular rotational speed [1]. In [3],
the authors have repeated the flutter analysis for the operating
point “OP-D”, but with a nonlinear frequency domain (harmonic
balance). It was shown that when the harmonic balance setup
corresponded to that of the time-linearised solver (one harmonic,
frozen mean flow), then qualitatively similar results, in particular
a spike in the damping curve, were obtained. Furthermore, the
results with a truly nonlinear setup provided strong evidence of
a lock-in with a contra-rotating disturbance. The results in [3]
showed that while the fluid structure interaction mechanisms for
this structural mode are highly nonlinear, the relative rotational
speed of the disturbance could be estimated with “linearised” se-
tups that only the first flow harmonic into account.

1catana.ec-lyon.fr

The aim of this paper is an in-depth comparison of the results
that were obtained, on the one hand, with a steady solver and
time-linearised method (elsA and turbLin) and, on the other, with
the harmonic balance methods of TRACE and elsA. The aero-
dynamic damping ratios will be compared both globally and in
terms of the contribution per area on suction and pressure sides.

2 CFD SOLVERS
The following section describes the CFD methods that are

compared in this article. All codes are finite volume solvers that
were run on multi-block structured meshes. Moreover, all un-
steady simulations were based on frequency domain approaches
for the URANS equations

∂ (V (x(t))q(t))
∂ t

+V (t)R(x(t), ẋ(t),q(t)) = 0, (1)

where, V and R denote the cell-volumes and the flow residual, re-
spectively. In this work, the CFD solvers are applied to problems
with deforming meshes which is why the dependency of V and
R on the mesh coordinates x and their velocities ẋ is emphasised
in the formula above. In the equation above, q denotes the vec-
tor of conservative variables (density, momentum density, total
energy density) as well as the density variables of the turbulence
model, e.g., turbulent kinetic energy density. Frozen-turbulence
model approaches may give poor results for turbomachinery flut-
ter predictions at off-design conditions [3, 4]. Hence, all CFD
approaches discussed in this work will take the unsteadiness of
the turbulence model quantities into account.

The frequency domain approach consists in representing
time-periodic solutions to Eq. (1) by a truncated Fourier series

q(t) = Re
K

∑
k=0

q̂keikωt , (2)

where ω = 2π f is the angular frequency. When the cell volume
is non-constant it is more convenient to work with the Fourier
harmonics of the conserved quantities per cell rather than those
of the mass-specific ones which means that one formulates the
equations in terms of the harmonics of V q,

V (x(t))q(t) = Re
K

∑
k=0

(̂V q)keikωt . (3)

Casting Eq. (1) in the frequency domain then gives

ikω (̂V q)k +
̂(V R(x, ẋ,q))k = 0, k = 0, ...,K. (4)
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Frequency Domain Methods
Note that passing from the time-domain system (Eq. (1))

to its frequency domain counterpart (Eq. (4)) does not consti-
tute a simplification other than the hypothesis that the solution
is time-periodic with period 1/ f . The time-discretisation error
introduced is the so-called harmonic truncation error which is
due to the modelling assumption that V q contains only K higher
harmonics. The harmonic balance (HB) approach is to solve
the coupled system of the K + 1 equations in the frequency do-
main. In practice, the HB approach is often combined with
an alternating frequency-time (AFT) domain approach, which
means that the “difficult” flow residual term ̂(V R(x, ẋ,q))k is
approximated using a discrete Fourier transform of the data
V (x(tn))R(x(tn), ẋ(tn),q(tn)), reconstructed at a finite number of
sampling points t j [5,6]. Usually, these are uniformly distributed
over the period, i.e., tn = n/( f Nsp), n = 0, ...,Nsp −1. Denoting
the inverse discrete Fourier transformation matrix by F inv,

V (xn)qn = ∑
k

F inv
nk (̂V q)k = Re∑

k
(̂V q)keiωk

the discrete Fourier transformation matrix is F = (F inv)−1. The
minimal number of sampling points is Nsp = 2K + 1 in which
case F inv is an invertible square matrix. If oversampling is used,
F is usually defined as the Moore-Penrose inverse of F inv which,
in the case of equidistant sampling, gives the usual discrete for-
ward Fourier transform.

There are two (essentially equivalent) ways of formulating
AFT-based HB solvers, namely the time- and the frequency-
domain approaches.

Time-domain Harmonic Balance The time-domain
variant of harmonic balance, which is employed in elsA, means
that the solutions are represented by the flow at the time in-
stants tn, cf. [7]. The system of equations is then

ω (Dt(V q))n +V (xn)R(xn, ẋn, ,qn) = 0, (5)

where the pseudo-spectral time derivative is given by the matrix

Dt = F invD̂F (6)

with the time derivative in the frequency domain, D̂, given by

D̂ =


0 0 0 · · ·
0 i 0 · · ·
0 0 2i · · ·
...

...
...

 . (7)

This operator is applied to elements of the real vector space R×
CK . Note that if D̂ is to be written as a real matrix, each complex
multiplication with i must be replaced with the submatrix

i=̂
(

0 −1
+1 0

)
.

To the best of the authors’ knowledge, all time-domain HB
solvers used in turbomachinery CFD are implemented without
oversampling. More details on time-domain harmonic balance
solvers can be found in [7, 8].

Frequency-domain Harmonic Balance The
frequency-domain formulation [9] of harmonic balance is
obtained through the multiplication of (5) with the discrete
Fourier transform F , which yields

ωD̂F
(
(Vn)(F invq̂)n +V (tn)R(xn, ẋn,(F invq̂)n

)
= 0. (8)

Moreover, the quantities solved are the flow harmonics q̂k rather
than the flow solution along the sampling points tn. Note that
Eq. (8) can be obtained directly from Eq. (4) by replacing all
(exact) Fourier coefficients with discrete Fourier transforms.

In addition to the truncation error, both the time- and the fre-
quency domain implementation exhibit an aliasing error which
is due to the fact that for a general signal the discrete Fourier
transform only approximates the true Fourier coefficients. The
aliasing error can be reduced by oversampling, i.e., by choos-
ing Nsp > 2K + 1, which is relatively simply to implement for a
frequency domain solver [10].

The solution method for both time- and frequency-domain
HB methods in CFD is usually pseudo-time marching [11].

Time-linearised Method The time-linearised approach
is to assume that all temporal disturbances are infinitesimal, so
that in Eq. (4) for K = 1, one can approximate

(̂V q)1 = V̂0q̂1 + q̂0
∂V
∂x

x̂1, (9)

as well as

̂(V R(x, ẋ,q))1

=

(
∂ (V R)

∂x

∣∣∣
(x,0,q̂0)

x̂1 +
∂ (V R)

∂ ẋ

∣∣∣
(x,0,q̂0)

̂̇x1 +
∂ (V R)

∂q

∣∣∣
(x,0,q̂0)

q̂1

)
.

(10)
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Since ̂̇x1 = iω x̂1, one obtains

(
iωV̂0 +

∂ (V R)
∂q

)
q̂1 =−

(
∂ (V R)

∂x
+ iω

∂ (V R)
∂ ẋ

+ iω q̂0
∂V
∂x

)
x̂1.

(11)

Here, all derivatives are to be taken at (x̂0,0, q̂0), so for the under-
lying mean flow solution and the stationary background mesh.
This time-averaged solution is computed beforehand using a
steady solver. Whereas the HB approach results in a non-linear
system of equations, the unsteady part of the time-linearised sys-
tem is complex linear and can be solved with a robust Krylov
method such as GMRES.

elsA
The elsA solver has been developed by ONERA and CER-

FACS in close cooperation with SAFRAN. This code solves the
RANS equations using a cell-centred finite volume approach
[12]. Several numerical flux formulations are available of which
the Roe solver [13] and the classical Jameson-Schmidt-Turkel
(JST) schemes are employed in this work. Second and fourth
order coefficients are set to ε2 = 1/2 and ε4 = 1/32 for the HB
results below (“JST”) and to ε2 = 1/2 and ε4 = 1/128 for the
modified setup (“JST (mod)”). Whereas the Roe flux is used
with a van-Albada type limiter [14], the JST scheme is combined
with a pressure sensor [15]. A vast range of turbulence models
is available in elsA. Here, Menter’s SST [16] as well as Kok’s
k-ω [17] models are used. To prevent the well-known stagna-
tion point anomaly, the production of turbulent kinetic energy is
based on vorticity [18].

The time-domain harmonic balance method has been imple-
mented in elsA both for aeroelasticity and rotor-stator interac-
tions [19, 20]. Here, it is used with one harmonic only, i.e., the
HB method solves from three time instants as no oversampling
is used.

TRACE
Like elsA, TRACE is a cell-centred finite volume code for

the RANS equations. It has been developed for more than
three decades in close cooperation with MTU Aero Engines. In
this work, Roe’s numerical flux with a van Albada-type limiter
and Menter’s SST model with Kato-Launder stagnation point
anomaly fix [21] are used. To enhance robustness and conver-
gence speed, the so-called logω-formulation of the turbulence
dissipation rate equation is used here [3, 22].

The harmonic balance solver in TRACE [10, 23, 24] is for-
mulated in the frequency domain and has been validated for flut-
ter simulations. As the solution fields are the harmonics, one can
easily freeze the zeroth harmonic, i.e., the mean flow. Below, se-
tups denoted by H1, H01 etc. solve for the first harmonic only,

FIGURE 1: S2 view of rotor stator configuration. Outer bound-
aries and solid lines correspond to rotor and stator domains used
for TRACE HB. Dashed line indicates analysis plane where ra-
dial distributions are taken.

both for the zeroth and the first, and so on. All simulations were
performed with oversampling, i.e., the number of time-instants
was set to Nsp = 4K +1.

Turb’Lin
The time-linearised solutions shown in this paper were ob-

tained with Turb’Lin [25] which is a vertex-based time-linearised
RANS (LRANS) solver and has been validated for transonic
separated flows [25]. It should be pointed that, in contrast to
the time-linearised solver in TRACE [26], the turbulence model
quantities are not frozen. The turbulence model has been lin-
earised by applying automatic differentiation to the numerical
fluxes of a pre-existing RANS code [27]. The spatial scheme is
the JST scheme with second and fourth order coefficients set to
ε2 = 1/16 and ε4 = 8. The linearised turbulence model equations
are based on a first order accurate upstream formulation.

The underlying steady RANS flow was obtained with elsA,
again with the JST scheme but with slightly different dissipation
coefficients (ε2 = 1/50, ε4 = 1). Both the preliminary steady
and the linearised flow solutions were obtained with Kok’s k-ω
model [28].

3 FAN FLUTTER CONFIGURATION
The computational domains used for TRACE HB differ

from the ones for elsA and Turb’Lin in that a relatively short
domain comprising both the fan and the OGV is used, see Fig. 1.
The unsteady interaction with the OGV is not resolved. Rather,
the role of the stator domain is to provide appropriate radial dis-
tributions of back pressures to prescribe the given mass flow.
For this purpose a choked nozzle is added to the stator domain.
TRACE uses both for the mean and the harmonic flows spectral
2D non-reflecting boundary conditions [29] at the inlet, outlet
and the rotor-stator interface.

In contrast, the computational domains used for Turb’Lin
and elsA do not resolve the OGV, but are extruded to avoid nu-
merical reflections at the boundaries. For instance, the inlet and
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(a) Turb’Lin (b) elsA and TRACE HB

FIGURE 2: Mesh resolution at blade tip.

outlet of the mesh used for Turb’Lin are placed roughly 36 and
78 chord lengths away from the blade.

FIGURE 3: Fan operating map and operating point “OP-D”.

All configurations were run on block structured meshes with
a low-Reynolds grid resolution near blade, hub and casing walls,
i.e., with y+ values close to unity. The meshes were generated
with AutoGrid5. Cross sections of the meshes at the blade tip
are shown in Fig. 2. While the mesh for Turb’Lin has 101 ra-
dial grid points with 21 points to resolve the tip gap, the mesh
for the elsA and TRACE HB simulations is slightly finer with
133 nodes in the radial direction and 33 points in the tip gap.
The grids used for the HB simulations with elsA and TRACE are
identical near the fan blade and coincide there with the one used

by Fiquet et al. [2].
The operating point considered was called “OP-D” in [1]

and corresponds to maximal total pressure ratio on the 80%
speedline, see Fig. 3. The mass flow rate is 26kg/s. Note that it
corresponds to “OP 1” in [2].

The fan is made of composite laminate with alternating ply
orientation. Details about the structure and the structural anal-
ysis can be found in [1]. The eigenmode for which flutter is

FIGURE 4: Displacement norm of the second blade eigenmode.

investigated is the second blade eigenmode (“Mode 2”) and de-
picted in Fig. 4. It has a considerable pitching component near
the blade tip. The eigenfrequencies and modal masses are nearly
constant [1] for all nodal diameters but ND1 which is excluded
from the analysis here. The mode shape has previously been
shown to depend only very slightly on the nodal diameter and is
therefore to be assumed constant here.

The energy method is used for all three frequency domain
solvers, i.e., the first harmonic of the flow response is computed
for a small vibration amplitude a with the eigenfrequency of the
corresponding nodal diameter, i.e., with a modal displacement
qmod(t) = aeiωt . From this flow response, one can compute the
modal work per cycle (into to the structure),

Wcyc =
∫ 2π/ω

0
aq̇mod(t)Fmod(t)dt, (12)

with the aerodynamic modal forces given by

Fmod(t) =
∫

Γ

ψ
H(x)p(t,x)⃗n(t,x)dS(x). (13)

Here, Γ is the vibrating blade surface and ψ is the mode shape.
The damping ratio and logarithmic decrement are obtained from
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TABLE 1: Configurations used in this study

Solver TM Spatial
scheme

harmonics amplitude
in mm

Turb’Lin Kok JST H1 ↘ 0

elsA SST JST H01 0.05

elsA SST JST (mod.) H01 0.05

elsA SST Roe H01 0.05

TRACE SST Roe H1 0.005

TRACE SST Roe H1 0.05

TRACE SST Roe H01 0.05

TRACE SST Roe H0...5 0.05

TRACE SST Roe H0...5 0.5

the real (active) part of the work per cycle using

ζ =
−ReWcyc

4πa2E
≈ δ

2π
, (14)

where E = mω2/2 is the modal energy. Whereas the harmonic
balance solvers compute the time integral in Eq. (12) by summa-
tion over the sampling points, for the time-linearised method the
integral is rewritten and computed from the first harmonic of the
pressure and the face normal vectors, see e.g. [4].

A summary of the setups for the simulations compared in
this work is given in Table 1. While the different elsA results can
be used to assess the impact of the spatial discretisation scheme,
the TRACE HB setups differ from each other in the vibration
amplitude and the harmonics that are solved for.

4 COMPARISON OF MEAN FLOWS
To estimate the influence of numerical boundary conditions,

meshes, turbulence models on the mean flows, we compare first
steady solutions and mean flows. Fig. 5 shows the radial dis-
tributions of total pressure and temperature ratio which are ob-
tained from circumferential mass-weighted averages at an anal-
ysis plane. The plane is shown in Fig. 1. The agreement of
the aerodynamic performance of the steady flows is quite high.
Small differences, however, are noticeable at 70% and above
90% relative channel height. These differences have not been
investigated further.

Figure 6 shows the streaklines for the steady elsA solution
that was used for Turb’Lin and a steady TRACE solution that was
obtained with the settings used for HB. Figure 7 shows streak-
lines for time-averaged harmonic balance results for ND5 and

1.10 1.15 1.20 1.25 1.30
ptot/ptot, in

0.0

0.2

0.4

0.6

0.8

1.0

r re
l

elsA, JST flux, Kok
elsA, Roe flux, SST
TRACE, SST

(a) total pressure

1.02 1.04 1.06 1.08 1.10
Ttot/Ttot, in

0.0

0.2

0.4

0.6

0.8

1.0

r re
l

(b) total temperature

FIGURE 5: Radial distributions of absolute total quantities at
analysis plane downstream of fan. Steady flows used to ini-
tialised frequency domain methods. (a) elsA solution used for
Turb’Lin (b) elsA solution with Roe flux and configuration used
for HB (c) TRACE setup used for HB.

(a) elsA steady, Kok k-ω (b) TRACE steady

FIGURE 6: Streaklines on suction side. (a) Steady elsA solution
used for Turb’Lin, (b) TRACE steady solution.

ND6. Both were obtained with the Roe solver and correspond
to H01 setups. Comparison with the steady solver results shows
that the unsteady effects for the given amplitude (a = 0.05mm)
have little impact on mean shear stresses. Similarly, Figures 8
and 9 compare entropy distributions at 95% channel height for
the steady and time-averaged flows. The agreement between
TRACE and elsA, no matter which turbulence model is used,
is very high. Figures 10 and 11 show the radial velocity compo-
nent at the same location. These results show that the blockage
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(a) elsA HB, Roe flux, ND5 (b) TRACE HB, H01, ND5

(c) elsA HB, Roe flux, ND6 (d) TRACE HB, H01, ND6

FIGURE 7: Streaklines on suction side. Time-averaged HB flows
for ND5 and ND6 (a) and (c) elsA HB with Roe solver, (c) and
(d) TRACE HB H01.

at 95% channel height and the tip-leakage vortex trajectory are
in good agreement. A very similar zone of separation and back-
flow is predicted by all methods and solver modes. Comparing
TRACE steady and mean HB solutions for ND5 and ND6, one
can conclude that the unsteady effect on the time-averaged flow
in the passage is very limited for the given amplitude.

5 AERODYNAMIC DAMPING
The flutter results are first compared in terms of the over-

all damping ratio predicted with the different solvers and se-
tups. Figure 12 shows representative results for the three solvers.
Though there is a slight offset between TRACE and elsA results

(a) elsA steady, Kok k-ω (b) TRACE steady

FIGURE 8: Entropy at 95% channel height. Steady flow solution
with elsA (Kok model) and TRACE.

(a) TRACE HB H01, ND5 (b) elsA HB, Roe flux, ND5

(c) TRACE HB H01, ND6 (d) elsA HB, Roe flux, ND6

FIGURE 9: Entropy at 95% channel height. Mean flows for ND6.
(a) TRACE H01 (b) elsA HB, Roe flux

for most nodal diameters both setups agree in that the damping
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(a) elsA steady, Kok k-ω (b) TRACE steady HB

FIGURE 10: Radial velocity at 95% channel height. Steady flow
solution with elsA (Kok model) and TRACE.

(a) TRACE HB H01 (b) elsA HB, Roe flux

FIGURE 11: Radial velocity at 95% channel height. Mean flows
for ND6. (a) TRACE H01 (b) elsA HB, Roe flux

ratio for ND5 is clearly positive and that the minimal damping
is located at ND6. Note that this plot compares HB results with
consistent setups, both are obtained with the Roe flux, Menter’s
SST model, an amplitude of 0.05mm and an H01 setup.

Figure 13 compares the Turb’Lin results with TRACE setups
H1 and H01. Since the mean flow in the H1 setup is the steady
solution, this setup is comparable to that of a time-linearised ap-
proach. Indeed, when the mean flow is kept constant, then the
harmonic balance solver also shows a minimal damping near
ND5. For this setup, a frequency variation was performed in [3]
which showed that the phase of the flow response was highly
sensitive near the eigenfrequency for ND5. This was interpreted
as convective resonance with a disturbance of relative circumfer-
ential speed of approximately −0.41Ω. Whereas in [3] it was
observed that the minimum near ND5 shifts to ND6 when an
H01...5 setup is employed, the results in this work show that the

−8 −6 −4 −2 0 2 4 6 8
ND

−0.01

0.00

0.01

0.02

0.03

0.04

0.05

ζ 
[-]

Tu b'Lin
elsA HB, Roe
TRACE HB H01

FIGURE 12: Aerodynamic damping ratio predicted by Turb’Lin,
elsA HB and TRACE HB H01.

−8 −6 −4 −2 0 2 4 6 8
ND

−0.01

0.00

0.01

0.02

0.03

0.04

0.05
ζ 

[-]
Turb'Lin
TRACE HB H1
TRACE HB H01

FIGURE 13: Aerodynamic damping ratio predicted by Turb’Lin
and TRACE HB with and without coupling with mean flow (H01
and H1).

addition of the mean flow suffices to trigger this effect. The plot
in Figure 14 compares the damping results obtained with TRACE
of this work and the previous study. It can be seen that the damp-
ing values at ND4 to ND8 do change when higher harmonics are
added. The global shape of the curve, however, remains unaf-
fected.

The influence of the spatial discretisation scheme is illus-
trated by comparing the damping results obtained with elsA
with the Roe flux and the two parameter sets for the Jameson-
Schmidt-Turkel scheme. Similar to the above sensitivity to the

8



−8 −6 −4 −2 0 2 4 6 8
ND

−0.01

0.00

0.01

0.02

0.03

0.04

0.05

ζ 
[-]

H1, 0.005 mm
H1, 0.05 mm
H0..5, 0.05 mm
H0..5, 0.5 mm
H01, 0.05 mm

FIGURE 14: Aerodynamic damping ratio predicted by TRACE
HB with different harmonic sets and amplitudes

−6 −4 −2 0 2 4 6
ND

−0.01

0.00

0.01

0.02

0.03

0.04

0.05

ζ 
[-]

elsA HB, Roe
elsA HB, JST
elsA HB, mod. JST

FIGURE 15: Aerodynamic damping ratio predicted by elsA HB
with different setups

addition of harmonic, the spatial scheme does have an impact on
the exact damping value with the damping for ND6 even being
negative when the JST scheme is used. The shape of the damping
curve does not depend on the spatial scheme though.

Figures 16 to 21 plot the aerodynamic damping ratio per area
on the suction and pressure sides for the nodal diameters ND4,
ND5 and ND6. The plots compare the elsA results obtained with
the Roe flux. Again, there is a very high agreement between
elsA and TRACE H01 which is in line with the above reasoning.
For the nodal diameter of ND4 and 6, there is also a qualitative
agreement between the surface data.

(a) Turb’Lin (b) elsA HB

(c) TRACE H1 (d) TRACE H01

FIGURE 16: Work per area on suction side for ND4. elsA with
Roe

6 DISCUSSION
The results presented above show that the harmonic flow re-

sponse is highly sensitive to the treatment of the time average.
In particular, the change of the mean flow due to nonlinear un-
steady effects seems to cause a rise of the resonance frequency.
Therefore, the relative circumferential flow velocity in the blade
to blade surface at 95% has been plotted for the three solvers.
Figure 10 shows results obtained with the steady setups used for
the Turb’Lin and TRACE H1 results. The velocity fields have
been normalised with the rotor speed at the given radius so that
the freestream value is −1. Figure 23 depicts the time-averaged
circumferential flow velocity for elsA and TRACE HB results,
both for ND6, H01 setups and identical spatial schemes. These
are in very high agreement and this was also confirmed for ND5,
though the plots are not shown here. Moreover, the TRACE HB
results for H01, when compared with the H1 setup show a higher
contra-rotating relative velocity component. This can be seen in
the difference plots in Figure 24 which are based on the HB H01
and steady TRACE results,

∆q = q̂HB −qsteady. (15)
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(a) Turb’Lin (b) elsA HB

(c) TRACE H1 (d) TRACE H01

FIGURE 17: Work per area on pressure side for ND4. elsA with
Roe

for ND5 and ND6. For both NDs an area of increased contra-
rotating speed is observed in the blockage zone. To relate this
to the apparent shift of the minimal damping from ND5 to ND6,
note that the circumferential speed of a convective disturbance
which is in resonance with a blade vibration that has angular fre-
quency ωvib and nodal diameter ND must satisfy

ϑ̇c

Ω
=− ωvib

(ND−N)Ω
, (16)

cf. [3]. For ND = 5 this value is approximately −0.41 whereas
for ND = 6, it would be close to −0.45, see Fig. 25. The fact
that the nodal diameter of 6 seems to be closer to resonance con-
ditions can thus be explained by an increased relative circumfer-
ential flow speed which is clearly visible in Fig. 24 (blue areas).

For the operating point discussed here, Fiquet et al. [2]
have run time-domain simulations both with fixed and vibrat-
ing blades. They inferred from the results with fixed blades that
the convective disturbances travel with with a speed of -0.45Ω

in circumferential direction. The critical nodal diameter for non-
synchronous vibrations of Mode 2 in this operating point would
therefore be 6 rather than 5. This is in line with the HB results
presented in this study. The aerodynamic damping values found

(a) Turb’Lin (b) elsA HB

(c) TRACE H1 (d) TRACE H01

FIGURE 18: Work per area on suction side for ND5. elsA with
Roe

ND 4 5 6

ζ (in %) 1.57 1.67 1.82

TABLE 2: Damping ratios obtained with elsA time-marching and
prescribed blade vibration, from [2]

by Fiquet et al. are given in Table 2. These results are coher-
ent with the HB results presented here for ND4 and ND5 in that
a clearly positive damping ratio in the order of 2% is observed
which rules out significant blade vibrations in these NDs. The
time-domain results for ND6 showed no drop in damping which
is somewhat contradicting the results presented in this work. It
should be emphasised, however, that the time-domain computa-
tional domain included a spherical air intake. As was observed
in [1], the eigenfrequency of Mode 2 is very close to the cut-
on/cut-off boundary for circumferential mode order 6 at the inlet.
Therefore, interactions with the intake can alter significantly the
results. Note also that the TRACE HB results with an HB0...5
setup showed a considerable increase in damping compared to
H01, see Fig. 14. This indicates that higher harmonics, which
are inherently resolved in time-marching simulations, may play
a crucial role for the first harmonic flow response.
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(a) Turb’Lin (b) elsA HB

(c) TRACE H1 (d) TRACE H01

FIGURE 19: Work per area on pressure side for ND5. elsA with
Roe

7 SUMMARY AND CONCLUSION
In this paper, CFD results obtained with three different

solvers have been shown to give relatively consistent results for
the flutter analysis of a fan at off-design conditions. This is all
the more remarkable as past attempts to consolidate flutter results
from different CFD methods resulted in much greater discrepan-
cies (see e.g. [30] for a comparison of aerodynamic damping for
the TU Darmstadt compressor).

The results show that with an equivalent setup, the harmonic
balance and the time-linearised methods give very similar results.
As was observed in our earlier study [3], the characteristic cir-
cumferential speed of the convective disturbances can thus be
estimated on the basis of linearised approaches. The latter quan-
tity is a crucial parameter to predict the possible onset of non-
synchronous vibrations, which, for the ECL5/CATANA fan were
observed in experiments for lower mass flows. The results in
this paper, however, show that the nodal diameter, for which the
damping is minimal, corresponds to normalised relative circum-
ferential speeds close to −0.45 rather than the value of −0.41
which was found for frozen mean flow. The results obtained
with the harmonic balance solver in elsA confirmed this trend
and showed that it did not depend on the spatial discretisation
scheme. Whereas our previous study revealed a similar shift of

(a) Turb’Lin (b) elsA HB

(c) TRACE H1 (d) TRACE H01

FIGURE 20: Work per area on suction side for ND6. elsA with
Roe

the minimal damping from ND5 to ND6, the results here demon-
strate that computing the mean flow with the harmonic balance
solver suffices to observe this behaviour. A comparison of the
steady to the time-averaged harmonic balance TRACE results in-
dicated that a cause might be the significant change of the mean
circumferential flow velocity.
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