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Abstract 
This study explores the influence of blade vibrations on the turbulent flow structure within a 

low-pressure turbine blade cascade. Hot-wire anemometry was applied to compare flow 

patterns around a stationary blade and those during bending and torsional vibrations. The 

experiments were conducted at a flow velocity corresponding to a chord-based Reynolds 

number of Rec = 2.3×105 and an excitation frequency of 73 Hz. The results demonstrate that, 

unlike torsion, bending vibrations reduce the streamwise velocity deficit by 5% downstream 

of the blade compared to its stationary state. Furthermore, bending vibrations enhance the 

formation of large vortices, resulting in a fivefold increase in the integral length scale. In 

contrast, the Kolmogorov microscale remains unchanged under all experimental scenarios, 

reaching its minimum in the wake region and maximum in the inter-blade space. 
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1 Introduction 

Blade aeroelastic instability, commonly known as "blade flutter," presents a significant challenge in 

turbomachinery. Over the past few decades, extensive research has focused on understanding flutter 

instability in turbine blade cascades. However, the substantial financial and operational limitations 

associated with experimental methods led most studies to investigate this phenomenon using numerical 

fluid dynamics simulations. These studies show that blade aeroelastic instability induces significant 

modifications in the turbulent flow structure, leading to the formation of multiscale coherent structures that 

subsequently influence the overall aerodynamic behavior and efficiency of turbomachinery [1-5]. 

However, despite advancements in numerical methodologies, the accurate determination of turbulent 

structures and the comprehensive analysis of underlying physical mechanisms, such as energy dissipation 

rates, remain significant challenges. A primary barrier in this field is the lack of reliable experimental data 

on flow-blade interactions, which is crucial for validating and refining numerical models. Addressing this 

data gap is essential for improving our understanding and preventing aeroelastic instability in turbine 

blades. Therefore, this study emphasizes the experimental analysis of turbulent structure in the wake of a 

vibrating blade. 

2 Experimental setup 

The experiments were performed in a blowdown wind tunnel developed by the Department of Power 

System Engineering at the University of West Bohemia [6, 7]. Figure 1 a) provides an overview of the test 

section's design. The blade cascade consisted of eight blades, four of which were movable. The blades 

represented scaled-down models of the tip profile of the last-stage blade of a steam turbine rotor, with a 

chord length of с = 50 mm, a span of h = 79.5 mm, and a maximum thickness of b = 2.2 mm. The blade 

incidence angle was θ = -2°, with a pitch of t = 46 mm and a stagger angle of 72°. The dimensions of the 

inlet channel were 80 mm in height and 59.2 mm in width. Figure 2 b) illustrates the geometry of the 

vibrating blade cascade. The study was carried out at a chord-based Reynolds number of Rec = 2.3×105, 

calculated based on the inflow velocity U = 70 m ∙s-1. It primarily focused on examining turbulence 

structure under stationary state, as well as during bending and torsional vibrations of blade 2. The blade's 

vibration frequency was f = 73 Hz, with oscillation amplitudes of 0.5° in the torsional mode and 0.7 mm in 

the bending mode. Measurements were conducted at a cross-section 3 mm downstream of the trailing edge 

at mid-blade height. The measurement region encompassed two pitch periods, covering blades 2 and 3, 

with a point spacing of 1.5 mm. 
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The experiments employed a hot-wire anemometer equipped with a miniature 55P63 X-wire probe. 

Hot-wire signals in all experiments were sampled at a frequency of 250 kHz and signal filtering was applied. 

The high-pass and low-pass filter cut-off frequencies were set at 10 Hz and 30 kHz, respectively. Each 

single-point measurement lasted 10 s. Accordingly to methodologies [8-11], the uncertainty of the 

conversion process of a probe’s electrical signal into velocity samples was about ±0.5%. 

 
 

Figure 1: a) Configuration of the test section. The components are designated as follows: 1 – frame body; 

2- electromagnetic shakers; 3 - damper mass of electromagnetic shaker; 4 – flexibly mounted blade 

(marked in green); 5 - rigid blade (marked in gray); 6 - frame spring; 7 - rotating disk; 8 – adjustable inlet 

nozzle walls; 9 – muffler; 10 - directional flaps; 11 - stepper motor of directional flap; 12- flush-mounted 

static port; 13 - Pitot probe; 14 - traversing system; 15 – probe support.  b) Geometry of the turbine blade 

cascade. The blue arrow indicates the flow direction, while the blue line represents the hot-wire 

measurement cross-section. 

1 Result and discussion 

The initial assessment focused on evaluating the impact of vibrations on the wake topology downstream of 

the blade cascade. Figure 2 presents a comparative analysis of the normalized streamwise and spanwise 

velocity distributions across different experimental conditions. For improved visualization, the 

measurement positions of the collected data were normalized by the pitch. As a result, the trailing edges of 

blades 2 and 3 were positioned at z⋅t−1 = 0 and z⋅t−1 = 1, respectively.  

The findings reveal a pronounced impact of the bending mode on wake topology, resulting in a 5% 

reduction in the streamwise velocity deficit relative to the stationary and torsional modes. Furthermore, the 

velocity profiles acquired under varying experimental conditions consistently indicate that the wake core 

is displaced toward the suction side. This effect is primarily due to the boundary layer expansion on the 

suction side, driven by the blade's asymmetric geometry and angle of attack [12-14]. 

 

 
Figure 2: Normalized streamwise u and spanwise υ velocity distributions across different experimental 

conditions. 
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The interaction between the vibrating blade and the surrounding flow naturally leads to turbulence. 

Therefore, the following research stage analyzed the characteristics of turbulent kinetic energy and 

turbulence intensity across different blade modes. Each parameter was computed based on the streamwise 

u and spanwise υ velocity components: 

𝑇𝐾𝐸 = 0.5 (〈𝑢′〉2 + 〈𝑣′〉2) (1) 

and 

𝑇𝐼 = √
〈𝑢′〉2+〈𝑣′〉2

〈𝑢〉2+〈𝑣〉2  (2) 

 

where 〈𝑢′〉 and 〈𝑣′〉 represent the time-averaged velocity fluctuations, while 〈𝑢〉 and  〈𝑣〉 denote the mean 

velocities in the streamwise and spanwise directions, respectively. 

Figure 3 illustrates the normalized distribution of turbulent kinetic energy and turbulence intensity 

across different experimental conditions. The data obtained indicate that the bending mode leads to a 1.52-

fold increase in turbulent kinetic energy and a 1.25-fold increase in turbulence intensity compared to the 

stationary and torsional modes. This effect is attributed to the unique vortex formation mechanism induced 

by blade motion. In stationary and torsional modes, flow separation occurs later, followed by the rolling up 

and recirculation of the shear layer on the suction side, generating smaller vortex structures over time. In 

contrast, the bending mode accelerates flow separation, promoting the formation of larger and more 

dynamic vortices. These structures exhibit higher turbulent kinetic energy, intensifying flow instability 

relative to the stationary and torsional modes. 

 

 
Figure 3: Normalized turbulent kinetic energy TKE and turbulence intensity TI distributions across 

different experimental conditions. 

 

The power spectral density method was employed to analyze the distribution of energy flux intensity 

between various scale turbulence structures. For this analysis, measurement points A and B were selected 

(see Fig. 3), corresponding to the maximum turbulent kinetic energy locations on the blade's pressure and 

suction sides. 

 
Figure 4: Power spectral density at measurement points A and B across different experimental conditions. 

The small panel highlights the location of the excitation frequency-related harmonics. 

 

Figure 4 presents the graphical interpretation of power spectral densities of streamwise velocity 

fluctuations across different experimental conditions. The resulting distributions show localized power 

surges marked by distinct spectral peaks. From a turbulence perspective, significant spikes in signal power 
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generally correspond to the presence of large-scale vortex structures. However, the formation mechanisms 

of these structures vary. Peaks below 300 Hz are predominantly linked to blade vibrations, indicating active 

vortex breakdown propagation within the wake region. Specifically, the 73 Hz, 145 Hz, and 218 Hz peaks 

correspond to the first, second, and third harmonics of the blade's excitation frequency. In contrast, the 

spectral burst observed at 19860 Hz is associated with the vortex shedding frequency. Moreover, the 

obtained spectral distributions clearly exhibit a characteristic slope of the curve f -5/3.  According to 

Kolmogorov's theory [15], this slope suggests an isotropic, homogeneous nature of the turbulent flow. 

The follow-up stage of the study focused on evaluating the impact of blade vibration on the turbulent 

flow structure. For this purpose, a well-established methodology, as previously documented in references 

[16-19], was implemented. The initial step in analyzing turbulence structures involves evaluating the 

integral length scale, which defines the characteristic size of the most energetic and dominant vortices in a 

turbulent flow. To determine this scale, an autocorrelation function is typically employed, where its 

intersection with the spatial axis defines the characteristic scale of the largest vortices [20-22]. However, 

in the presence of blade vibration, the autocorrelation function curve exhibits pronounced periodic 

behavior, which significantly complicates the precise identification of the correct intersection point with 

the spatial axis. Therefore, the Roach method [23], based on energy spectrum estimation, was applied to 

determine the integral length scale LR. 

 

𝐿𝑅 =
𝐸(𝑓)500∙〈𝑢〉

4𝜎𝑢
2  (3) 

 

where E(f)500 represents the average value calculated from the first 500 data points within the energy 

spectrum distribution, and σu is standard deviation of streamwise velocity component u. 

 

 
Figure 5: Structure of turbulence for different blade modes, where LR represents integral length scales 

calculated based on the Roch approach, λ denotes Taylor microscales, η corresponds to Kolmogorov 

microscales, and ϵ indicates the energy dissipation rate. 

 

Figure 5 shows the distribution of the integral length scale across different experimental scenarios. The 

data indicate fivefold increases in the size of the largest vortices in the bending mode and twofold in the 

torsion mode compared to the stationary mode. This feature is due to the distinct characteristics of vortex 

formation under various blade modes. This feature is directly linked to the intensity and nature of the flow 

disturbances introduced by each blade motion type. In the bending mode, large perpendicular oscillations 

enhance vortex shedding and energy transfer, leading to significantly larger coherent structures. In contrast, 

the torsion mode, characterized by angular oscillations, induces periodic variations in flow separation, 
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increasing vortex size to a lesser extent. The stationary mode serves as a baseline, where vortex formation 

is governed by natural boundary layer separation.  

The energy dissipation rate is one of the fundamental parameters in the evolution of turbulent flow [24, 

25]. The Kolmogorov approach was applied to estimate this parameter based on scaling the second-order 

longitudinal structure function within the inertial range. 

 

𝜖 =
(𝐷𝐿𝐿(𝜌)/𝐶)

3
2

𝜌
  (4) 

 

where C is a empirical constant C ~2, while DLL(ρ) is streamwise second-order structure function. 

 

𝐷𝐿𝐿(𝜌) = 〈[𝑢(𝑥 + 𝜌) − 𝑢(𝑥)]2〉 (5) 

 

As shown in Fig. 5, the maximum value of 4200 m2·s−3 occurs in the stationary mode, while the minimum 

value of 3400 m2·s−3 is observed in the bending mode. Additionally, higher values of dissipation rate are 

consistently observed on the pressure side, where stronger shear stresses and turbulence generation occur 

due to higher pressure gradients.  

Once the dissipation rate is known, Taylor λ and Kolmogorov η microscales can be estimated from 

classical relations: 

𝜂 = (
𝜈3

𝜖
)

1/4

 (6) 

and 

𝜆 = 𝜎𝑢√15
𝜈

𝜖
  (7) 

where ν represents the kinematic viscosity 

The results obtained illustrate the growth of the Taylor microscale in the wake region under the bending 

mode. Specifically, the value of λ nearly twofold compared to the stationary and torsion modes. Meanwhile, 

the Kolmogorov microscale remains unchanged during blade vibration. In the wake region, the smallest 

vortices with a size of η = 30 µm are observed, while in the inter-blade region, their size increases to 

η = 200 µm. 

4 Conclusion  

The study investigated the impact of blade vibrations on the wake topology and turbulence structure 

downstream of a low-pressure turbine blade cascade. The experiments employed hot-wire anemometry 

using an X-wire probe (55P63) at a flow velocity corresponding to a chord-based Reynolds number of 

Rec = 2.3×105, where c = 50 mm. A comparative analysis of flow patterns between a stationary blade and 

those during its bending and torsion vibrations was conducted. The excitation frequency of the vibration 

was f =73 Hz, with oscillation amplitudes of 0.5° for torsion and 0.7 mm for bending mode. The 

experimental data were used to derive graphical distributions of flow velocity, turbulent kinetic energy, and 

turbulence intensity in both streamwise and spanwise directions.  The results highlight the substantial 

influence of the bending mode on wake topology. Compared to stationary and torsional modes, the bending 

mode reduces the streamwise velocity deficit by 5%. Additionally, in the wake region, the bending mode 

enhances turbulent kinetic energy and turbulence intensity, increasing them by factors of 1.52 and 1.25, 

respectively. Furthermore, the turbulence structure was examined across different experimental scenarios. 

Using the Roach method, the integral length scale revealed that the largest vortices expanded fivefold in 

the bending mode and twofold in the torsion mode compared to the stationary case. In the wake region, the 

Taylor microscale doubled in the bending mode, while the Kolmogorov microscale remained largely 

unchanged. Additionally, bending vibrations resulted in a 20% reduction in the energy dissipation rate.  
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