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This paper presents the work done at the High Pressure Compressor design division of Safran
Snecma to simulate the flutter behaviour of a compressor blisk at reversed flow conditions. The report
states the preliminary phase of modelling the reversed flow on an entire compressor with a stationary
simulation and the single blade aeroelastic study results obtained. One can then get interpretations on
the blow down aerodynamics that can affect the mechanical behaviour of the blade. Eight simulations
of a single blade model have been done on two aeroelastic configurations, each one on a rotor from
two different compressor designs. By investigating the airflow around the blade profiles, it becomes
possible to get values on the aerodynamic damping on the blade. As presented below, even with strong
surge stresses, the compressor stage will remain flutter-free.

Nomenclature
Π Total pressure ratio
Q Mass flow (kg/s)
W Aerodynamic work on the blade (J)
k Modal stiffness (DaN/mm)
|h| Modal displacement norm (mm)
δ Aerodynamic damping (%)
K Stiffness matrix of the FE blade (N.m−1)
A Aerodynamic forcing on the FE blade (m)
M Inertia matrix of the FE blade (N.m−1.s−2)
x FE coordinate vector (m)
P Total pressure (Pa)

NS3D Navier Stokes 3D
RANS Reynolds Averaged Navier Stokes
URANS Unsteady RANS

ONERA Office National d’Études et de
Recherches Aérospatiales

LPC Low Pressure Compressor
HPC High Pressure Compressor
GUI Graphical User Interface
FE Finite Elements
FEM FE Method
IBPA InterBlade Phase Angle

I. Introduction

THANKS to the improvements in manufacturing powerful supercomputers, it becomes possible to simulate phe-
nomena with high computational precision in a reasonable amount of time. Using Finite Elements Methods to

discretise continuous situations, complex models can be implemented, such as aeroelastic behaviour response.
Aeroelasticity combines a mechanical model along with an aerodynamic model in a general system, such as an

entire aeroplane wing, a wind turbine blade or even a turbo-machine blade. The concern of Snecma in this field of
study is to model the behaviour of a compressor blisk (single-piece bladed disk) during surge. Indeed, the very high
stresses caused by the flow discharge can lead to mechanical vibrations, in addition to the pressure wave travelling in
the compressor.

Surge
The surge is characterised by an inversion of the main flow through one or more blade rows. This is caused by stalling
blades in the compressor that are not able to maintain the required conditions in mass-flow and pressure ratio. When the
attachment of the boundary layers on the profiles cannot be ensured, separation areas appear and lead to the apparition
of a pressure drop. The outlet pressure of the stalling compressor stage not greater than the previous stage and the
mass-flow decreases. It can directly recover (weak surge) or decrease down to negative values of mass-flow (strong
surge). The downstream cavities get emptied through the inlet of the compressors and then the compressor is able to
recover. If the engine operating point is not changed (rotational speed, inlet velocity or fuel flow) the phenomenon
can carry on a cycle called the surge cycle. During a small amount of time, the compressors function at reversed flow
conditions, which could be understood as a turbine module rotating in the opposite way from the design point.
This generates high structural loads on the blade rows and can trigger flutter.
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Flutter phenomenon
Two main aeroelastic phenomena can appear around a general aerodynamic profile without moving parts:

• Divergence is the situation at which the aerodynamic and mechanical forces just compensate and yield a static
failure due to the singularity of the problem. However, due to the high stiffness of the compressor blades in
turbo-machines, divergence is, so far, not a concern.

• Flutter is a resonance mode of the coupled aerodynamic–mechanical forces system, which can lead to struc-
tural failure if the vibration mode cannot create positive damping. This concern is studied in turbo-machines,
especially in the low pressure compressor region of turbofans, mostly for the fan behaviour itself.

Even though it would appear that the HP compressor blades are so stiff that no aeroelastic studies should be done,
the high velocities in transonic compressors create large pressure stresses [1] and can cause diverging forced motion
response at specific operating points.

Surge test results show that in very specific cases, the pressure field can oscillate at a frequency close to the blades
Eigen frequency.
The study I have been doing at Snecma Villaroche was aimed to get a method and numerical results to simulate
and predict the flutter behaviour of an HP compressor blisk at surge flow conditions. Due to the fact that Snecma
thoroughly protects its knowledge and design, no names can be used in this report and all the figures that will be
included are normalized.

Litterature
Previously to my current work at Snecma, a list of papers have already covered the phenomenon, and led to the topic
of my internship. In addition, I found by myself a list of references dealing with this subject.

Aeroelasticity at reversed flow conditions

The main paper to focus on is by Schoenenborn et al.[2] whose main topic is aeroelasticity at reversed flow conditions
using a linearised Euler time dependent solver.
A fully extrapolated surge cycle is shown on figure 1, which shows the concern about the negative mass-flow.

Pressure
ratio

Massflow

Surge cycle

Constant‐speed lines

Surge line

Full speed

Part speed

Study
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Figure 1. Surge cycle in a Π = f(Q) diagram

It was shown that flutter can occur during the blow down phase, on the left side of the previous diagram, when
the flow is reversed in the compressor. Schoenenborn et al.[2] proved that the first torsional mode was unstable at the
chosen reversed flow conditions, by showing a negative damping. The expression of the aerodynamic damping used
in this paper is shown in Eq.1:

δ =
−W
k|h|

(1)

Some assumptions were made on the mass-flow and on the boundary conditions that one could question the validity.
A comparison with what can be found in literature will be done in the internship but not detailed in this report.
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Reversed flow boundary conditions

Several studies were driven to model the complete surge cycle, from 1D to 3D. A 1D code solver [3] was proven to
give accurate results on the predicted blow-down mass-flow and the back-pressure travelling in the compressor. The
influence of the mass-flow value is quickly studied during this thesis, and the results are explained in section III.

II. Aerodynamic reversed flow model
The first major part of this study was to get an aerodynamic model of the reversed flow. In the computational

sequence used during my work, a 2.5D meridian flow solvera is used primarily to set the boundary conditions for the
3D simulation. A main issue with the 2.5D CFD solver is that it does not accept any negative mass flow. Due to this
reason, the entire geometry shall be inverted. Just returning the boundary conditions for the 3D solver (elsA [4]) would
be too complicated as the access to the computational codes and the pre processing codes is not granted. Hence, the
3D geometry is returned as wellb.

A. Geometry
All the development of the methodology that had been done so far relies on three different kinds of axial compressors.
They will be called compressor A, compressor B and compressor C. These three have a slightly different design
including: aerodynamic loading, mass-flow, overall pressure ratio and number of stages.
As mentioned before, the entire geometry needs to be reversed to allow the 2.5D solver to work on that case. Only
simple geometric transformations and boundary conditions reversal from a normal flow data file are done. This part of
the process was developed mainly during a previous internship.
A major assumption that we made concerns the choice of the boundary conditions used by the first solver. A mass-flow
of -100% of the nominal mass-flow was set in the datafile and convergence was permitted with the adjustment of the
rotors compression ratio. However, the converged mass-flow out from the 3D solver is different by an amount which
depends on the compressor studied, but is at least half of the initial mass-flow as detailed in section C. Even though
changes could be made to refine the simulation, this -100% mass-flow is kept for the 2.5D solver, to keep a simple
approach. Further investigations will be made by the end of the internship to establish a condition on the reversed flow
mass-flow.

All things considered, the boundary conditions of the 2.5D normal flow field are used for the reversed flow case,
without any adjustment, except from the symmetry applied to return the geometry. The compressor is limited, in this
case, by an extrapolation of the flow-paths at the HP compressor front and rear interfaces.

B. Meshing
Once the 2.5D results are obtained, the boundary conditions taken from that, in addition to the blades geometry, are
settled in the UNIX GUI developed by Snecma. The flow-path geometry is extracted from the output data of the 2.5D
solver. Everything is gathered by embedded procedures and a script is generated to automate the mesh via Numeca’s
Autogrid software. It generates structured 3D hexahedral meshes according to simple considerations of fluid dynamics
in turbo-machines. Particular refinement on the mesh is applied on the default critical points, such as the stagnation
points, the boundary layers and the clearance at the tip of the rotor blades. Assumptions are made for the specific
aerodynamic simulations, with respect to the complete physical model:

• Clearances are considered only on the rotor blades tip, and not on the stator vanes which are usually shrouded.

• The leakage clearance between rotor and stator rows is not considered, as only a low amount of fluid flows out
through the gaps.

• The mechanical structural details about the hub fillet radius is not taken into account in the aerodynamic mod-
elling.

For the studied case the mesh structure is set according to a topology called O4H, which consists on a single ”O”
mesh block around the blade and 4 ”H” mesh blocks (inlet, outlet, pressure side and suction side) that are linked to the
O block with matching connectivity as shown on figure 2a.

With all the assumptions, a full mesh for a single blade stage is generated and is shown on figure 2b. It consists of
about 4 million mesh points for the compressor A and about 8 million mesh points for the compressor B.

aCharacterized as 2.5D as it solves 2D Euler equations with some 3D boundary conditions and effects added.
bwhich implies reversing the flow-path geometry and the blades

3 of 11
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a) O4H-type mesh structure b) O4H mesh groups in reversed flow conditions

Figure 2. Mesh on compressor A

C. RANS solving
Even though fully time dependent simulations have already been performed to model a full surge cycle [5, 6], and gave
a first glance at which flow conditions we could set the simulations, a stationary simulation is treated in this paper.

For this purpose, the Reynolds Averaged Navier Stokes equation solver code elsA developed by ONERA, is used at
Snecma and other companies to solve the cases studied. RANS equations are time averaged equations of motion for a
fluid flow which take only a large scale of turbulence computationc and consequently allows to shorten the computation
time, whilst keeping accurate results for flows with low amount of turbulence. It mainly consists of solving the RANS
equations:

ρūj
∂ūi
∂xj

= ρf̄i +
∂

∂xj

[
−P̄ δij + µ

(
∂ūi
∂xj

+
∂ūj
∂xi

)
− ρu′iu′j

]
(2)

with u, f , ρ, µ being respectively the velocity field, external volume forces field, mass density and the fluid dynamic
viscosity. δij is the Dirac function applied to the coordinates indexed i and j.

The elsA code allows mesh splits in order to divide the solving tasks on a parallel processing pool. The virtual pro-
cessing units communicate at each iteration to match the boundary conditions of each split mesh block. Computations
were launched on the basis on 15000 iterations which took 4 hours to compute on 64 processors for the compressor A.
Due to the number of mesh points, the computational time for the second compressor will be longer.

Post-processing

Embedded scripts allow to output thermodynamic and aerodynamic variables from the global results blocks and can
be post processed with the help of two different softwares. The first one allows to plot compressor characteristics,
which we will draw in the same Π-Q diagram as the compressor in normal flow, to get an idea and define corrections
for the model to be placed as close as possible to the blow down phase of the surge cycle.

The first attention was driven towards the mass-flow and the total pressure ratio. The mass-flow was lower than
expected while the pressure ratio was higher. A simple hypothesis was that the pressure ratio would be the inverse
of the one in normal flow, which does not appear to be so in all the configurations tested. The massflow being
directly linked to the pressure evolution along the flow-path, the same explanations were found to explain both of
these phenomena.
The 2.5D model being more simple than the full 3D model, it did not predict the apparition of stationary shocks that
were observed on all the configurations tested. Special care was given to the analysis of the temperature fields, as
the increase in temperature along the flow-path was much higher than the one predicted by the 2.5D solver. This is
mainly due to the fact that each rotor will provide energy to the flow. As it is still rotating, and because the pressures
are in some way fixed, the only way to dissipate this energy is by increasing the temperature and consequently the
velocities around the blades as seen with the relative Mach number on figure 3. This creates re-compression shock
waves that can explain the pressure ratio over the stage not being the inverse of the nominal pressure ratio. Indeed as
extra pressure was transformed from kinetic energy into potential energy with the shocks.

One can see extremely high flow angles, which seems normal due to the reversed configuration considered. The
fluid particles that reach a blade would behave as if there was a flat plate in the path. The Mach number along the flow-
path evolves in such way that the flow reaches higher velocities. In the extreme case of the compressor B, the entire
cross-section is supersonic, yielding a choked flow at the fluid outlet which is the inlet guide vane of the compressor.
Large low Mach regions can be seen on the suction side of the rotors, showing a high recirculation region around the

cIn opposition to LES (Large Eddy Scale) and DNS (Direct Numerical Simulation) that give more accurate results on wakes behaviour and
vertex losses, but are extremely more costly in CPU time
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Figure 3. Relative Mach number field in compressor A

blade. The total pressure field around the blade supports this impression, as the suction side shows a mean pressure
value lower than the pressure side. Specific attention will be given to this point as it will generate a modification of
the pressure forces on the blade, as a loss in total pressure translates into a loss of energy.

Figure 4. Static pressure plot on a blisk blade of compressor A

In addition, the static pressure distribution on figure 4 shows peaks on the blade trailing edge, at the pressure side.
It corresponds to the large stagnation areas of the incoming flow on the blade. Judging by the modeshapes that will be
shown later on, this pressure field will give some informations on whether work will be added to the blade or extracted
from it. It is however, not possible just by looking at the pressure distribution to state the behaviour in time dependent
situation so far.

A preliminary study was performed on a single blade situation prior to the time dependent simulations so as to try
predicting the aeroelastic response of the blade row in the reversed flow conditions. The flow paths and the density
gradient are plotted on different blade height slices on figure 5, and with the correlation density-gradient/flow direction,
strong shocks can be identified. The strongest shock lines are present at the trailing edge of the blade row, where the
flow comes in. Due to the recirculation areas, the passage section between each blade is largely reduced to a small
passage on the pressure side. The flow accelerates to then decelerate as the recirculation area narrows. A weak shock
tends to appear at 15% chord on the pressure side, from the trailing edge towards the leading edge.

The evlotution of the temperature in the flowpath is important to notice. As shown on figure 6, the compressor
endures a strong heat generation. The temperature has risen by 130% from the value that was initially set at the inlet
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Figure 5. Shock regions on a single blade row on compressor A

on the reversed flow. This can be explained by the fact that the rotors are still rotating and providing energy to the
fluid. This can be done by increasing kinetic energy which is quickly dissipated in temperature by the shock waves.
The pressure being fixed at both sides of the flow channel, no global pressure increase can be observed.

Figure 6. Static temperature evolution on compressor A

No further study will be done on the temperature fields as this is not the variable of interest, but one can still state
that the heat peak observed in a surging engine may not be linked to the combustion gases flowing back from the
combustion chamber, but only to the compressors self heating.

III. Aeroelastic model and computations
The main objective of this internship is to simulate the flutter behaviour of a compressor blade at reversed flow

conditions. It is now possible to simulate the airflow at surge-like, reversed conditions. The simulation was done using
a stationary solver, but to model flutter or blade motion, a time dependent solver must be used.

In spite of the flutter problem equations being numerically difficult to solve, one can get an idea of the blade motion
response in a moving airflow as it will be quickly explained in the following sections.

A. Method used
The equations can be derived in the finite elements Laplace domain according to Borglund et al. [7]:[

K− qA(p) + p2M
]
x̂ = 0 (3)
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with p and x̂ being an Eigenvalue and an Eigenvector of the problem. This is possible to solve using the p-k method
for instance, which will give an accurate solution with all the Eigenvalues and vectors. However, it is only limited to
structures with smooth aerodynamicsd, which is not the case here, as computing the aerodynamics takes a lot of time
for each step of the p-k solving process.

The previous method consists in varying the dynamic pressure of the flow and finding when the real part of the
Eigenvalue becomes negative, which yields a divergent solution. The method used here is, with a fixed airflow, to
calculate the aerodynamics response at a fixed blade motion and frequency. According to eq. 3, the aeroelastic
modeshape (Eigenvector) is most likely not the same as the purely elastic modeshape. However, in turbo-machines,
they are sufficiently close to each other to consider that the vibration parameters are the same and make a decoupled
simulation possible [8].

This method is implemented in the elsA software within the URANS solving scheme. It is mainly a pseudo
time-dependant way of solving unsteady flow configurations. It needs a stationary result mesh on a single blade,
consequently done after the simulation on the whole compressor, and then a displacement file. This one is generated
with the results of the linear dynamical resolution of the elastic situation.
The simulation follows the DTS (Dual Time Stepping) scheme. Instead of continuously modelling the blade motion,
the oscillation period is split in a fixed number of time steps, which each corresponds to a position. At each step, the
stationary flow is computed around the blade, taking the boundary conditions of the previous step as initialisation.
In the present case, the blade motion was split in whether 64 or 128 steps for which 20 stationary iterations were
performed. The entire simulation was based on 40 periods and later, on 80 periods.

As previously for the stationary computation, the simulation is performed on a supercomputer and, because of the
processors limitation for the unsteady computing task, it took around 36 hours on 8 processors for each simulation.
Several different configurations were studied, with two blade modes –first bending and first torsional– at different
IBPAe.

Finally, the harmonic forces, pressure fields and work are received as an output of the simulation for each blade
period. The damping value is computed using these variables.

B. Results
A number of computational problems were faced during the simulations and oscillations appeared in the evolution
of the mass-flow with time, which was not expected. However, it was not a numerical divergence, but a physical or
numerical instability that developed during the simulation. Some of which could be interpreted, but more time and
simulations would be needed to get a full appreciation of what the instabilities are linked to.

Figure 7. First torsional modeshape

In comparison with normal flow, the critical conditions searched considering the evolution of the local angle of
attack with the motion of the blade are no longer useful for the reversed flow situation. Instead, the modeshapes
are carefully examined, to see if the incoming airflow could directly trigger oscillation on a specific mode. The first
torsional mode is the first of interest, and the major part of the interpretations will be done on this one. An illustration
of the deformed shape is visible on figure 7, on which the deformed shape is shown with the colour representing the
Von Mises stress value.

dWhich means here, aerodynamics that can be easily computed with simple formulas, as for a simple wing profile in a low incidence airflow.
eThe IBPA characterizes the phase shift between two adjacent blades. it is also often referred to as number of diameters.
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Global results

The conclusion of such a study is usually a plot of the aerodynamic damping value with respect to the IBPA. It allows
to identify the most destabilizing cases. However, it does not give a good understanding of the sources of negative
work. Indeed, the objective is also to get an insight of instabilities to define criteria to respect when designing blades.
A damping plot is shown in figure 8. A minimum is often present for normal flow simulations at a value around the
mid one of the IBPA, but it is not the case for this simulation as no minimum is yet identified. It still shows that for
the domain studied, the blade remains flutter-free.

Aerodynamic
damping

IBPA

Figure 8. Plot of the aerodynamic damping with respect to the IBPA

H. Schoenenborn and T. Breuer [2] found a minimum damping value at an IBPA around 180°. More simulations
could be performed at extreme IBPA values. However, such Eigenmodes do not appear during tests and will not be
studied. One shall still keep in mind that the results on damping are highly dependent on the blade geometry and the
flow configuration.

Local interpretation

A certain amount of time was spent on trying to identify what can cause the destabilising areas in the airflow found on
the blades.
First of all, due to the convergence issues, the most critical areas were studied. The idea was to compute the relative
shift between two periods that show the extrema damping values. This plot is visible on figure 9. One of the critical
areas is the tip leading edge zone of the suction side (top right corner of the suction side plot). Results on work or
damping at this point shall be looked at with a critical point of view.

a) Pressure side b) Suction side

Figure 9. Areas showing the greatest convergence issues.

On the stationary case, a large area on the blade pressure side trailing edge was identified as potentially destabilis-
ing in addition with an area on the suction side that showed a higher pressure zone. The aerodynamic forcing on the
blade can be computed and the result mesh is included in the full 3D aerodynamic stationary case to see the influence.
The unsteady flow-field is not represented as for the time dependant calculation, the extraction of the full field is not
done due to the fact that it is not supposed to change significantly in the time dependant simulation.
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3D observations

The first idea used in the post processing was to see if there is a link between the stagnation areas on the blade and the
aerodynamic work zones.

Figure 10. Aerodynamic forcing plot in the 3D stationary flow-field

The figure 10 shows the damping value represented with a color scale on the blades, with the static pressure field
represented on the blade and on slices at 30% and 70% of blade height. The views show only the pressure side, but
similar observations were done on the suction side as well. The critical zones are coloured in blue or green on the
damping maps, representing a negative damping zone. A yellow or red colour corresponds to a positive damping.
This representation does not show obvious link between the static pressure zones and the resulting aerodynamic damp-
ing. Indeed, to calculate the aerodynamic work on the blade, the velocity field shall also be considered. A plot such as
the one on figure 11, on which the flowlines are added, with the Mach number plot and the total pressure on the blade,
can give a good insight of the phenomena that appear in the flow-field.

Figure 11. Aerodynamic damping plot in the 3D stationary flow-field on the pressure side trailing edge

At first, it would be a good assumption to state that the low velocity, or stagnation regions on the blades will be
the ones that show the least amount of damping magnitude. As seen on figure 11, the results are compliant with the
assumption that the zero damping line corresponds to the minimum Mach number area. By extrapolation, one could
predict that the areas close to the stagnation lines will not generate a high level of aerodynamic work. This is not the
case, as for a greater, but still low, Mach number flow next to the stagnation line, the aerodynamic forcing on the blade
can be high. This can be explained by the fact that the density in this region is low and the low energized flow will not
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fix the blade motion. It generates small flow separations that can create destabilising regions.
To summarize, the aerodynamic work changes sign on lines where the Mach number is close to zero, which often
corresponds to a stagnation point, and on the projection of the sonic lines on the blade.

The aerodynamic damping is minimum when the direction of the velocity vector is orthogonal to the node lines
of the elastic mode and when the Mach number is low enough to prevent high pressure stabilisation. Due to the large
recirculation zones, the velocity field is relatively unstable, which means that only a small variation of mass-flow
will change the work (and damping) distribution on the blades. Further in-detail investigations are performed to try
identifying trends and criteria aiming at increasing the overall damping value.

IV. Conclusion
The task of modelling the surge phenomenon as a stationary analysis rises a number of questions that are answered

with assumptions on the main airflow parameters and boundary conditions. This method of modelling each step of the
surge blow down phase with a simple stationary simulation is being validated on the compressor C and already gives
good results on points that are around the chosen blown down configuration.

Aeroelastic investigations were done to predict the behaviour of the HP compressor blisks during surge, at which a
strong pressure discharge can trigger flutter modes. So far, no flutter situation was identified on the compressor A. At
this date, simulations are running on a compressor B blisk stage. This method shall be looked at with a critical sight,
as some assumptions could be faulty and need to be reviewed. Still, it does give good and encouraging results on the
way of modelling reversed flow conditions, up to a stable point, that allows the resolution of flutter situations.

Refinement is yet to be done on the boundary conditions essentially at the single blade simulation step due to the
fact that the aerodynamics are unstable around the blade for extremely high incidence angles. One could also question
the numerical solving parameters and the mesh quality for such a configuration.
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