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Abstract

The paper presents a 3D numerical simulation of flow in a blade cascade, whose geometry
models the test section of a new experimental facility for blade flutter research. In the ex-
perimental setup, the middle blade of the cascade undergoes high-frequency forced sinusoidal
pitching oscillation. Due to inertial forces, the slender blade deforms elastically to certain
degree. The goal of this study is to assess the influence of the elastic deformation on the flow
field. To compute the deformed geometry, a transient structural analysis was performed. In the
second part, the CFD model of flow past a 3D blade cascade with deformed and undeformed
blade is presented and these two configurations are compared. For the deformed configuration
the incidence angle increases along the blade span from −1.8◦ to −2.7◦. However, the Mach
number distribution along the span varies less than expected.
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1 Introduction

Flow-induced vibration of turbine and compressor blades represents a serious problem for designers
and operators of large turbomachines. Although the blade flutter has been studied extensively in
the past, e.g. [1, 2, 3], the problem of blade fatigue failures has not yet been fully resolved. One
of the major reasons for slow progress in this area is a lack of reliable experimental data that can
serve as a base for theoretical build-ups and validation for numerical simulations.

Building on previous experience with the NASA Transonic Flutter Cascade [2], a new test
facility is under development in cooperation of the Institute of Thermomechanics of the Czech
Academy of Sciences and Technical University of Liberec [4]. The new experimental setup allows
investigation of high subsonic flow in a five-blade cascade, where the middle blade undergoes forced
sinusoidal pitching oscillation about its centre of gravity with an amplitude ϕ0 = 1 − 3 deg and
frequency f = 100 − 400 Hz. The model of the test section with five blades is depicted in Figure
1.

The concept of the planar blade cascade and forced rotational oscillation of the middle blade
relies on the assumption of the rigid-body harmonic motion of the blade. However, during the high-
frequency oscillation the slender blade is exposed to significant structural stresses and undergoes
certain degree of elastic deformation, which superimposes on the rigid oscillation displacements.
This is particularly true if the forced oscillation frequency gets close to one of the natural frequencies
of the blade. For the future measurements, which assume a planar cascade, it is important to know
how much the real blade displacements and resulting flow field deviate from the two-dimensional
assumption.

So far, the CFD simulations were performed in a 2D model of the blade cascade with varying
static pitch angles [5]. The purpose of the current contribution is to analyse the effect of the blade
deformation on the flow field in a 3D model of the blade cascade and to compare the distribution
of the Mach number between the undeformed and deformed cases. The goal of this study does not
lie in developing novel numerical approaches, but to provide practical information needed for the
design of the experimental setup. This may eventually help to understand some of the fundamental
aspects of blade flutter, which are still subject to ongoing research.

The paper is structured as follows: First, the structural simulation is shortly described, yielding
the deformed 3D shape of the middle blade due to inertial loads, which are highest at the time
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instant of peak rotational angle ±ϕ0. In the second part, the CFD model of flow past a 3D
blade cascade is presented. In the results, Mach number distributions in two configurations are
compared:

• undeformed case - rigid prismatic middle blade at ϕ = −ϕ0,

• deformed case - elastic blade at ϕ = −ϕ0 twisted due to inertial loads.

Figure 1: 3D model of the test section with five blades.

2 Structural analysis

Figure 2 shows the geometry of the blade, which consists of a drive shaft (18 mm diameter) with
a hexagonal shoulder for the driving rod, the sideplate, a flat plate (120 mm chord, 178 mm span,
5 mm thickness) with rounded leading and trailing edges forming the blade, and a free shaft. The
blade is supported by two slide bearings.

bearing

sideplate

bearing
hexagonal shoulder

A

Figure 2: Geometry and supports of the blades.

In a parallel paper, which will be published in [6], a detailed structural analysis of the blade is
reported. The results of the modal analysis show that the first natural frequency corresponding to
a torsional mode is f1 = 270 Hz, and that the second bending eigenmode occurs at f2 = 547 Hz.
The paper also reports on a simplified quasistatic approach, which was used for a series of com-
putationally cheap solutions for the optimization of blade shape with respect to peak mechanical
stresses. In this study, a full transient simulation was performed for the final blade geometry at
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a frequency of forced oscillation f = 200 Hz (in the middle of the anticipated range of the driv-
ing mechanism, slightly below the first natural frequency) and angular amplitude ϕ0 = 1◦. The
boundary conditions for displacement u were u · n = 0 in the bearings, where n is unit outer
normal. In the hexagonal shoulder, a harmonic rotational displacement ϕ(t) = ϕ0 sin(2πft) was
prescribed. The traction boundary condition for all surfaces is σ · n = 0, where σ is stress tensor.

The blade, which is manufactured from a high-strength stainless steel, is treated as a lin-
ear elastic material with Young’s modulus E = 210 GPa, Poisson ratio ν = 0.3 and density
ρ = 7850 kg m−3. The internal damping of the material is unknown. As an approximation,
Rayleigh damping model B = αM + βK was used, where M, B and K are the mass, stiffness and
damping matrices. Constants α and β are given by

α = 2ξ
1

ω1 + ω2
, β = 2ξ

ω1ω2

ω1 + ω2
, (1)

where ξ = 0.01 is modal damping ratio, ω1 = 2πf1, ω2 = 2πf2 are angular eigenfrequencies.
The governing equations were solved numerically by the Finite Element Method on a mesh

consisting of 588 512 elements. The timestep was t = 0.0001 s. A computational time of
T = 0.075 s, i.e. 15 periods of oscillation, was necessary in order to pass the initial transient
and reach steady-state oscillations.

2.1 Results of the structural analysis

Figure 3 shows the temporal evolution of the vertical displacement at the rear end of the leading
edge (see Fig. 2), evaluated both for the rigid and elastic blades. It can be seen that at t = 0.05 s,
the oscillations of the elastic blade stabilize with a maximum value of vertical displacement of
2.88 mm. The observed point A with maximum value of vertical displacement is depicted in the
Figure 2. Out of this value, 1.04 mm is due to rigid rotation, and 1.84 mm corresponds to elastic
deformation caused by inertial forces.

B

Figure 3: Evolution of the vertical displacement at the rear end of the leading edge for the rigid
and elastic blade.

The deformed geometry of the blade obtained by transient structural analysis, which is further
used in the CFD simulation, was taken at t = 0.0662 s (point B in the Figure 3), corresponding to
peak negative rotation angle ϕ = −1◦. The deformed shape is shown in Figure 4, the variation of
the incidence angle along the span of the oscillating blade due to elastic deformation in Figure 5.
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Figure 4: Vertical displacements of the blade due to inertial forces during forced oscillation at
maximum negative rotation angle ϕ = −1◦. Elastic deformation is shown scaled 3.1×.

Figure 5: The variation of the incidence angle along the blade span.

3 CFD analysis

The flow field past the blade cascade was calculated for two configurations:

• Undeformed – rigid flat middle blade at rotation angle ϕ = −1◦ and identical incidence angle
α = −1◦,

• Deformed – elastic middle blade at rotation angle ϕ = −1◦, twisted due to inertial forces so
that the incidence angle varies between α ∈ (−1.82◦,−2.71◦) from the drive-shaft side to the
free-shaft side, as calculated in section 2.

The goal of the CFD simulation is to compare these two configurations and assess the influence of
the elastic deformations on the flow field.

Geometry of the computational domain is depicted in Figure 6. Similarly, as in [5], the cascade
has a slope of 31.5◦ and pitch 74.52 mm. The span is of the blade exposed to air flow is 160 mm.

The airflow is considered as a steady flow of a compressible ideal gas with specific heat capacity
cp = 1005 J kg K−1, molar mass M = 28.966 kg kmol−1 and dynamic viscosity µ = 1.81× 10−5 Pa s.
Simulating a suction-type wind tunnel with atmospheric entrance conditions, the boundary condi-
tions at the inlet are the total pressure ptot = 100 000 Pa, total temperature Ttot = 300 K, turbu-
lence intensity Tu = 2 %, turbulent viscosity ratio µ

µT
= 10 and zero velocity gradient ∂u

∂n = 0.
In order to reach the inlet Mach number Minlet = 0.5, the static pressure at the outlet boundary

condition is set to p2 = 84 302 Pa, zero velocity gradient ∂u
∂n = 0 and zero heat flux ∂T

∂n = 0. On the
top, bottom and side walls and blades, the no-slip boundary condition u = 0 is specified, further
pressure gradient ∂p

∂n = 0 and heat flux ∂T
∂n = 0.

The governing equations for the fluid flow were solved numerically with the finite volume method
in ANSYS Fluent 2020 R2. The computational mesh is composed of tetrahedral elements in the
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Figure 6: Geometry and mesh covering the 3D computational domain and its detail.

free stream, with a structured layer from triangular prisms in the boundary layer of the blades.
The values of y+ on the surface of the blades range between 10 − 40 (see Fig. 7). Towards the
sidewalls, the refinement is not realized at all and therefore, the side boundary layers are not well
resolved. Even with these compromises necessary to keep the computational cost of the simulation
reasonable, the mesh consists of 13 250 000 elements.

Figure 7: Values of y+ on the middle blade.

The computational setup was as follows: density based solver, k-omega SST turbulence model
with log-law employed. The solver turns on wall functions in wall-adjacent cells where y+ > 11.2.
Discretization schemes of the second order were used: second order upwind discretization for the
convective term, turbulent kinetic energy and specific dissipation rate, and least squares scheme
for the diffusion term.

3.1 CFD results

The results are presented in the form of the isentropic Mach number evaluated in three sections
perpendicular to the blade cascade. Section P2 is in the middle, sections P1 and P3 are taken
10 mm from the side walls (see Fig. 8). Figure 9 compares the Mach number distribution between
the deformed and undeformed configurations in the middle section P2, Figure 10 shows the same
flow fields from the top view on the middle blade. It can be seen that the deformed configuration,
corresponding to significantly higher incidence angle in the mid-channel section, induces slightly
larger supersonic section shortly downstream of the leading edge, and faster airflow in the lower
and slower airflow in the higher interblade channel. Surprisingly, the distribution of the Mach
number along the span of the twisted elastic blade is only very weakly distorted.

The Mach number profiles along the blade chord are further plotted in Fig. 11. In all three
planes P1-P3, there is a significant difference between the profile for the deformed and undeformed
case, caused by the local incidence angle.
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Figure 8: Section cuts for evaluation of the results.

Figure 9: Isentropic Mach number distribution in the deformed (top) and undeformed (bottom)
case in section cut P2. Detail of the region near the leading edge of the middle blade with the
supersonic area highlighted in black.
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Figure 10: Isentropic Mach number distribution - top view of the middle blade, comparison of the
deformed (left) and undeformed (right) configuration.

4 Discussion and conclusions

Flow fields past a blade cascade at the inlet Mach number M = 0.5 were computed in two 3D
configurations, corresponding to a rigid (planar) and elastic (twisted) blade. The Mach number
distribution in the deformed configuration is different compared to the undeformed case, with
a larger supersonic area, faster flow in the lower interblade channel and slower in the upper one.
This is evidently caused by significantly higher local incidence angles in the deformed configuration.
However, although the incidence angle increases along the span from −1.82◦ to −2.71◦ (see Fig.
5), the isocontours of the Mach number along the span vary less than expected (see Figures 10,
11). In Figs. 9 and 11, the shock wave is not clearly visible, although a supersonic region exists
in both configurations. The supersonic region is not large and so the possible shock wave is short.
This phenomenon is not captured due to compromise mesh resolution.

The structural and CFD simulations also allow to compute the inertial and aerodynamic mo-
ment acting on the blade. According to the values listed in Table 1, it is evident that the moment
induced by inertial forces are by an order of magnitude larger than moments caused by the fluid
flow. In this case of low-Mach number flow, the stresses in the oscillating blade are thus mainly
induced by inertial forces.

Table 1: Comparison of inertial and aerodynamic moments acting on middle blade (f =
200 Hz, ϕ0 = 1 ◦). Aerodynamic moments calculated from the CFD analysis, inertial moments
on the elastic blade by the structural simulation, inertial moments on the rigid blade are estimated
analytically for a flat plate.

Deformed configuration Undeformed configuration
Inertial moment 113 N.m 63 N.m (est.)

Aerodynamic moment 4.7 N.m 3.6 N.m
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Figure 11: Isentropic Mach number profiles along the blade chord.
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