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Abstract. In this paper, a numerical simulation and experimental measurements of compressible viscous
fluid flow in simplified blade cascade are compared. The cascade consists of five flat plates three of which
perform prescribed harmonic motion. The computed unsteady velocity field is compared with experimental
measurements at selected points. Moreover, the power spectral density corresponding to the frequency of
harmonic motion is computed for both the numerical and experimental data and compared. The numerical
simulation was performed using the developed in-house CFD software based on the discontinuous Galerkin
method, which offers high order of accuracy.

1 Introduction

The first papers focusing on the aero-elasticity of blades
in axial turbines appeared in the forties of the 20th cen-
tury [1], [2]. Here an empirical criterion for flutter oc-
currence was introduced. It is based on a reduced blade
frequency for bending blade vibration. This criterion how-
ever neglects other influences, such as geometric configu-
ration of blade cascade or angle of attack, which may also
lead to flutter. Nowadays the problem of aero-elasticity is
still a subject of topical interest because modern turbines
are designed for higher efficiencies and higher power un-
der higher operational temperatures and flow rates. Higher
operational, safety and economical demands force the de-
signers to be more precise during the process of determi-
nation of safe operational condition laying out of the area
with loss of stability.

In the work [3] it has been shown that the critical flutter
point, i.e. the highest aero-dynamical excitation, arises for
a particular inter-blade phase angle. Most of aerodynamic
studies are based on the so called travelling wave mode
of vibration, where one assumes that all blades vibrate at
the same frequency, amplitude and inter-blade phase an-
gle. Other aerodynamic studies use the influence coeffi-
cient technique, which is based on the calculation of aero-
dynamic forces of vibrating blade acting on non-vibrating
adjacent blades.

In our previous work [4] we used the travelling wave
mode approach for the numerical modelling of the un-
steady flow in the simplified blade cascade formed by three
flat plates. We prescribed a harmonic motion for all three
flat plates in the cascade such that their mutual movement
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produces a travelling wave. The flutter instability occurred
for specific phase angles as expected.

In this study, we use the same concept of the travelling
wave mode approach. In order for the configuration to
correspond to a real blade disc better, we have added two
fixed plates on the top and the bottom. The experiments
have also been carried out for the same configuration. The
numerical and experimental data were compared in both
the steady case, where all of the plates are fixed in time,
and for the transient case, where the three middle plates
perform a harmonic motion and the two outermost blades
are still.

The numerical simulations are based on the solution
of the two-dimensional system of Favre-averaged Navier-
Stokes equations, in dimensionless arbitrary Lagrangian-
Eulerian (ALE) form. The computations were per-
formed using the developed in-house CFD software Flow-
Pro based on the discontinuous Galerkin finite element
method.
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2 Mathematical model

The two-dimensional problem of compressible viscous
fluid flow through simplified blade cascade with pre-
scribed harmonic motion is described by Favre-averaged
system of Navier-Stokes equations, in dimensionless arbi-
trary Lagrangian-Eulerian (ALE) formulation written as
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where i, j = 1, 2, �̄ and p̄ is the dimensionless time-
averaged density and pressure, ũi and ẽ is the dimension-
less mass-averaged velocity component and energy, Re is
the Reynolds number, Pr and Prt is the Prandtl number
and the turbulent Prandtl number, µ and µt is the dynamic
and turbulent viscosity and U j is the j-th component of
mesh velocity. For a flow around flat plates, the value of
the turbulent Prandtl number is Prt = 0.89. Mass-averaged
stress tensor and Reynolds stress tensor are given by
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Finally the symbol DA

Dt denotes the ALE derivative [5].
To include the influence of turbulent fluctuations on

the mean flow a one-equation turbulence model of Spalart
and Allmaras [6] is used. It is given by the transport equa-
tion for eddy viscosity ν̃ written as
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where D is the distance to the nearest wall and Ω̄ is the vor-
ticity magnitude. The constants for the turbulence model
are cb1 = 0.1355, cb2 = 0.622, σ = 2

3 , κ = 0.41, cw1 =
cb1
κ2
+ 1+cb2

σ
, cw2 = 0.3, cw3 = 2.0, cv1 = 7.1,

The discretization of the mathematical model in ALE
formulation using the discontinuous Galerkin method [7],
[8] is described in previous works [4] and [9] in de-
tail. Here, a simple algorithm for mesh deformation is
also described. The mentioned mathematical model is in-
corporated in the developed inhouse numerical software
called FlowPro. The software is validated on an invis-
cid compressible unsteady fluid flow around oscillating
NACA0012 airfoil for a free stream Mach number M∞ =
0.755 [4]. The instantaneous motion of the airfoil is given
as a function of time

α(t) = αm + αo sin(ω t),

which defines the angle of tilt of the airfoil. Here the
mean angle αm = 0.016◦ and the amplitude of oscil-
lation αo = 2.51◦. The angular velocity is defined as
ω = 2ku∞/c, where reduced frequency k = 0.0814, pro-
file chord length c = 1 and u∞ is the free-stream veloc-
ity. The coordinates of the reference point of rotation are
xre f = [0.25, 0]. Figure 1 shows a comparison of obtained
numerical results (red) by the developed code with the re-
sults published in [10] and [11] (black), which are com-
puted by finite volume solvers. A reasonably good agree-
ment is apparent from both of the test problems, which
confirms a correct implementation of the implicit DGFEM
solver along with the ALE approach.

3 Experimental setup

The simplified blade cascade was chosen for the study of
flutter in order to achieve a simple experimental setup. The
experimental setup that was already constructed at the In-
stitute of Thermomechanics AS CR is described in this
section. The experimental stand of the simplified blade
cascade is shown in Figure 2. The cascade consists of 5
flat plates numbered 2, 1, 0, -1 and -2 from top to bottom.
Each plate is on one of its ends attached to the base by four
spring steel belts. The outermost plates -2 and 2 are steady,
thus have zero degrees of freedom and are present in or-
der to simulate the periodic boundary condition. The three
middle plates -1, 0 and 1 can move only in the horizontal
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Fig. 1. Dependence of the lift coefficient cL on the angle of the
airfoil. Comparison with the numerical and experimental results
published in [10] (top) and [11] (bottom).

direction, hence the simplified blade cascade has three de-
grees of freedom. The harmonic motion with prescribed
amplitude, frequency and phase of the three middle plates
is accomplished by electrodynamic exciters, which are at-
tached to the base through two L-shaped beams and linked
to the plates by a rod. A force transducer, which records
inertial and elastic forces of the vibrating plate and aero-
dynamic forces of the fluid, is placed at the end of each
rod. The movement of the plate is recorded by the foil
strain gauges, which are calibrated for the displacement of
the plates. Two strain gauges are glued onto both sides of
each spring steel belt and they are connected to the semi-
bridge circuit. The incidental angle of the flow and the
cascade can be changed by rotating the whole base.

4 Results

In this section, the experimental data are compared with
the numerical results computed by the developed in-
house CFD software FlowPro based on the discontinuous
Galerkin method. Two following cases are considered. In
the first case, the plates are fixed in time and the steady
state is reached. The resulting velocity fields are com-

Fig. 2. Experimental stand of the simplified blade cascade (top)
and its model created with CAD software (bottom).

pared. In the second case, the three middle flat plates
perform kinematic harmonic motion. In both cases the
same boundary condition are applied. The computation
domain is shown in Figures 3 and 4. In order to obtain
correct results, it turns out that it is necessary to include
the inlet part of stand in the geometry as shown in Fig-
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ure 3. The inlet velocity magnitude is set to u = 40 m s−1,
the angle of attack to α = 11.4◦ and inlet pressure to
pi = 101325 Pa. The computed and measured velocity
fields for steady plates are shown in Figures 5 and 6, re-
spectively. One can see that the velocity fields have sim-
ilar character. The values of the velocity magnitude are
approximately the same in both cases.

Fig. 3. Computational domain and triangular mesh.

Fig. 4. Detail of computational mesh in the vicinity of simplified
cascade.

In the second test case, the three middle plates per-
form kinematic harmonic motion in the y-direction y =
A sin(2π f t + φ) with an inter-blade phase angle φ = π/2
for the upper plate (plate 1), φ = 0 for the middle plate
(plate 0) and φ = −π/2 for the bottom plate (plate -1), see
Figure 4. The amplitude and frequency of the harmonic
motion is A = 0.00283 m and f = 40 Hz, respectively. In
order to compare the unsteady velocity fields two points
between plates 0 and -1 were chosen as shown in Figure
4. One period of the oscillating velocity at point 1 and 2
is plotted in Figure 7 and Figure 8, respectively. A rea-
sonable agreement between numerical and experimental
data is apparent at point 1, on the other hand the differ-
ence in amplitude is significant at point 2. Finally, Figures
9 and 10 show power spectral density of y and x compo-
nent of velocity corresponding to the frequency of 40 Hz
obtained by the numerical simulation and Figures 12 and
13 also show power spectral density of y and x component
of velocity this time obtained from the experiment. Note
that the experimental data are not defined in front of the
flat plates because of their shade with respect to the laser
beams. In addition, the computed power spectral density
of pressure is shown in Figure 11. A qualitative compari-
son of results reveal a good agreement.

Fig. 5. Computed steady velocity field

Fig. 6. PIV measured steady velocity field

Fig. 7. Comparison of x component of velocity at point 1

Fig. 8. Comparison of x component of velocity at point 2

5 Conclusion
The comparison between numerical and experimental data
show a reasonably good agreement. Hence, the in-house
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5 Conclusion
The comparison between numerical and experimental data
show a reasonably good agreement. Hence, the in-house

CFD solver based on the discontinuous Galerkin method
is applicable for solution of blade cascade problems. The
results of power spectral densities shows the higher val-
ues between the tip of the plate and the end of the bottom
plate, see Figures 9, 11, 12, 13. This higher values repre-
sents aerodynamic coupling between plates related to os-
cillation frequency 40Hz. The use of higher oscillation
frequency will probably lead to higher aerodynamic cou-
pling between the plates. This assumption will be studied
in future work.

Fig. 9. Computed power spectral density of y-component of
velocity

Fig. 10. Computed power spectral density of x-component of
velocity

Fig. 11. Computed power spectral density of pressure

Fig. 12. Measured power spectral density of y-component of
velocity
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