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Abstract. The present research examines the impact of isolated blade 
oscillations on the turbulent flow structure in a linear blade cascade. The 
study was carried out at a Reynolds number of 2.3 × 10⁵ with blade 
vibrations induced at 73 Hz. Additionally, the experimental program 
includes two incident angles (-3°, +6°) and three blade motion modes: 
stationary, bending oscillations, and torsional oscillations. The resulting 
turbulence behavior was analyzed using hot-wire anemometry. The findings 
highlight the dominant role of incident angle and bending vibration in wake 
formation and turbulence dynamics. At lower blade inclinations, the bending 
significantly reduces wake depth and enhances large-scale vortex formation. 
Compared to the stationary blades, the integral length scale increases 7.5 
times under bending and 2.2 times under torsional vibrations, emphasizing 
the bending-induced motion as a primary contributor to the formation of 
large energy-containing turbulent structures. Notably, Kolmogorov 
microscales in the wake remain nearly constant at approximately 30 μm, 
regardless of the experimental conditions.  

1 Introduction 
Controlling and mitigating the flutter effect has become increasingly important in modern 
turbine designs due to the demand for higher efficiency and operational flexibility. Minor 
geometric deviations, spatial non-uniformities in the inflow, or improper damping can lead 
to unstable blade behaviour [1-3]. Due to significant financial and technical challenges 
involved in experimental investigations, research on flutter instability in turbine blade 
cascades has largely concentrated on numerical methods in recent years [4–6]. Despite 
significant advancements in computational methods, many industrial simulation tools 
encounter challenges in accurately capturing the complex flow interaction phenomena of 
modern low-pressure turbines. 
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The core of this issue lies in the insufficient availability of high-quality experimental data 
necessary to assess and refine computational models. To address this shortcoming, the current 
research presents a thorough experimental analysis of turbulent flow characteristics behind a 
linear blade cascade, employing the hot-wire measurement technique [7]. 

2 Test Facility and Setup 
The study was carried out in a blow-down type wind tunnel designed by the Department of 
Power Engineering Systems at the University of West Bohemia [7]. The linear cascade under 
investigation consisted of eight blades, four of which could oscillate (see Fig. 1). The blades 
represent scaled models of an end-stage steam turbine blade [8]. The chord length of the 
blade was 50 mm, its length h = 79.5 mm, while its largest thickness dimension b reached up 
to 2.2 mm. The pitch t and stagger angle β were 46 mm and 72°, respectively. The blade 
incident angle θ ranged from -3 ° to +6°. Tests were conducted at a Reynolds number based 
on chord length of 2.3·105 corresponding to an inlet velocity of U = 70 m∙s-1. To examine the 
isolated impact of individual blade motion on wake turbulence, oscillations were applied 
solely to blade 2 at a frequency of 73 Hz, with corresponding amplitudes of 0.5° in torsional 
mode and 0.7 mm in bending mode. 

Flow measurements were conducted in the wake region behind blades, across two blade 
pitches, using hot-wire anemometry. Time-series data were collected at 250 kHz with 10 Hz 
high-pass and 60 kHz low-pass filtering. The duration of each individual measurement at a 
single point was 10 s.  

 
Fig. 1. Arrangement of the test region and geometric parameters of the linear cascade 

3 Result and discussion 
The initial phase of the study concentrated on evaluating how various blade vibration modes 
and angles of incidence affect the wake structure beyond the blade cascade. Figure 2 presents 
a comparison of streamwise velocity profiles (normalized) obtained under a range of 
experimental scenarios. To enhance interpretability, the measurement locations were 
expressed in terms of blade pitch [7]. As a result, blades 2 and 3 have their trailing edges 
located at the normalized spanwise coordinates z⋅t-1 = 0 and z⋅t-1 = 1, respectively. 

The results show a notable effect of bending vibration on the wake behaviour at θ = -3°. 
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Specifically, a reduction of 5% in the velocity shortfall was observed relative to both the 
stationary and torsion cases. However, this effect diminishes at θ = +6°, where a sharp 
increase in normalized velocity indicates flow acceleration in the inter-blade channel due to 
flow passage contraction.  

 
Fig. 2. Normalized streamwise velocity distribution across experimental scenarios. 

The blade's vibrating motion serves as an additional source of flow disturbance, resulting 
in the generation of various large, energy-containing turbulent structures. Therefore, 
examining turbulent kinetic energy offers key findings regarding the impact of blade 
oscillations on wake behavior [7-9]. 

 
TKE(u) = 0.5∙σu

2       (1) 

 
where σu is represents the root-mean-square deviation of the streamwise velocity [8]. 

Figure 3 illustrates the normalized distribution of streamwise turbulent kinetic energy 
under various experimental conditions. Specifically, bending vibrations at θ = -3° lead to a 
twofold increase in TKE(u) and a distinct double peak. This indicates an enhanced generation 
of energy-containing vortices on both sides of the blade, primarily driven by the interaction 
between early flow separation and the effect of blade vibrations. However, at θ = +6°, the 
effects of vibration decrease and are localized in the trailing edge area. Nonetheless, the 
TKE(u) value nearly doubles compared to the negative incident angle. This pattern is mainly 
attributed to the strong adverse pressure gradient along the pressure side, which results in a 
broader wake filled with large-scale turbulent structures.  

 
Fig. 3. Normalized streamwise turbulent kinetic energy distributions across experimental scenarios. 
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The next phase of the study involved examining turbulent structures across different 
experimental conditions [10-14]. As a first step, the integral length scale LR was determined 
using the Roach approach, providing an estimate of the dominant vortex structures [7, 8, 15]. 

 
LR = E500∙〈u〉 / 4σu

2        (2) 
 

where E500 represents the mean value obtained from the initial 500 points of the energy 
spectrum E(f) [7]. 

Figure 4 highlights the sensitivity of the integral length scale to variations in incidence 
angle and blade vibration modes. Specifically, at θ = -3°, two peaks appear in the wake, while 
at θ = +6°, a dominant peak forms along the convex surface of the profile. Vibrational motion 
causes a significant increase in large vortex structures, with their size growing by a factor of 
7.5 during bending and 2.2 during torsional vibrations compared to the stationary blades. 
These results clearly show that bending vibrations mainly contribute to the formation of 
energy-containing scale flow patterns [7]. 

 

 
Fig. 4. Integral length scales distribution across experimental scenarios.  

Further assessment of the microscales involves determining the energy dissipation rate 
(ϵ). Directly measuring ϵ in practical settings is frequently difficult to accomplish. Under the 
premise that turbulence is both statistically homogeneous and isotropic, the temporal average 
of the energy dissipation rate is typically assessed by employing the second-order velocity 
structure function DLL, which captures velocity fluctuations across spatial scales and provides 
a classical approach for quantifying energy transfer in turbulent flows [7, 8, 16-19]. 

 
DLL = 〈[u(x+ρ) - u(x)]2〉       (3) 

 
here, u denotes the velocity component aligned with the main flow direction, and 〈 〉 signifies 
the ensemble averaging operator, and ⍴ = 〈u〉·τ is the spatial scale converted from temporal 
increment τ according to Taylors "frozen turbulence" hypothesis. 

ϵ  = 15ν DLL(⍴)/⍴2        (4) 

 
where ν represents the kinematic viscosity. 

Given the known dissipation rate, classical equations allow for the estimation of both the 
Taylor microscale λ and Kolmogorov microscale η [7, 8, 20-23]: 

 
λ = σ (15 ν/ϵ)1/2

        (5) 

 
η = (ν3/ϵ)1/4

        (6) 
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Fig. 5. Taylor microscale distribution across experimental scenarios. 

Fig. 6. Kolmogorov microscales across experimental scenarios. 

 
Figure 5 depicts the increase of the Taylor microscale within the wake region when 

subjected to bending-mode oscillations. Specifically, at the incidence angle of θ = -3°, the 
Taylor microscale λ grows by almost a factor of three relative to the stationary and torsional 
conditions, whereas at θ = +6°, it exhibits a twofold increase. The emergence of a double 
peak at negative incidence and a single peak at positive incidence suggests distinct turbulence 
structures induced by blade vibration [7, 8]. Unlike the integral scales, the Kolmogorov 
microscale distributions (refer to Fig. 6) show little variation due to blade vibrations, 
remaining approximately 30 μm for both angles of incidence. However, within the space 
between blades, the microscale η increases markedly, reaching values up to 200 μm at θ = -
3° and about 65 μm at θ = +6°. 

4 Conclusion 
This research examined how the oscillation of an individual blade affects the wake structure 
and turbulent flow behind a linear blade cascade operating at a Reynolds number of 
approximately 2.3 × 10⁵. Three blade motion modes - stationary, bending, and torsion - were 
tested at two incidence angles (θ = -3° and θ = +6°). 

The findings showed a significant effect of bending-mode vibrations at θ = -3°, where the 
velocity deficit dropped by about 5% relative to the stationary and torsion conditions. The 
observed phenomenon diminished at θ = +6°, accompanied by a sharp increase in normalized 
velocity due to flow acceleration through the contracted inter-blade passage. 
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Turbulent kinetic energy analysis confirmed that blade vibrations serve as an additional 
source of flow disturbance, enhancing the formation of energy-containing structures. At θ = 
-3°, the bending mode produced a twofold increase in TKE(u) and a characteristic double-
peak distribution, indicating complex wake dynamics. In contrast, at θ = +6°, the effect was 
weaker and confined to the trailing edge, although TKE(u) remained elevated. 

Additional examination of the turbulence characteristics revealed that the integral length 
scale is highly responsive to the type of vibration mode. Relative to the stationary condition, 
the size of large vortices expanded by a factor of 7.5 during bending and 2.2 during torsional 
vibrations. In contrast, the Kolmogorov microscale remained nearly constant in the wake (η 
≈ 30 μm), regardless of the incidence angle and vibration modes. 

 
The authors acknowledge the support of the University of West Bohemia, Faculty of Mechanical 
Engineering, Department of Power System Engineering, through project SGS-2025-013 “Research and 
Development of Modern Power Machines and Facilities." 
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