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Aerodynamic damping decreases with low Reynolds, while it increases higher value. With 

numerical simulation and experimental techniques are applied to analyse how the Reynolds 

number affects a vibrating air foil blade. Low Reynolds range is applied to pitching air foil 

blade. Steady and unsteady laminar separation takes place simultaneous over the air foil blades 

which indicates that, unsteady laminar separation takes place during the transition process 

following the separated boundary layers separation in an unsteady flow. In the vibrating 

condition, the rise in Reynolds number results in reattachment and uneven laminar separation. 

For Re = 4×105 at lower Reynolds number pressure on the surface is substantially maximum at 

the  pressure differential out of both aero foil surfaces is minimum as the Reynolds number is 

increased. The pressure distribution is comparable for Re= 2×106 and Re = 4× 106. Therefore, 

it is also studied that using Finite Element Simulation method, number of active and passive 

techniques have been used to analyses the flow over different aerofoil blades which equipped 

with piezoelectric actuator. It constitutes relationship in ANSYS and places the piezoelectric 

actuator in the optimise location. Piezoelectric actuator is attached to the front side of the blade 

and it is expected that both will adhere perfectly. The attempt is made to analyse for natural 

frequency and mode shape determination. Active control system provides proactive rather than 

merely damping response. 

 

Keywords: Reynolds number, Aerodynamic Damping Aerofoil, Blade shapes, PZT, natural 

frequency, FEA. 

 

I. Introduction 

Over the recent time span, wind turbine blade lengths have increased in order to more 

efficiently capture wind energy. Modern wind turbine blades are designed to be incredibly 

long and flexible while weighing less, which results in reduced damping values. When the 

structure is vibrated by external stresses, this causes instabilities. [1]. so, in order to improve 
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structural damping, most of the investigations have focused on the blade’s structural stability 

[2]. Blades geometry also requires aerodynamic dampening in addition to structural damping. 

Blade vibration caused to aerodynamic excitation is either suppress or undammed by 

aerodynamic damping effect. [3]. an energy is induced in the blade structure by the aero foil’s 

behavior, which causes the blade to vibrate. Blade vibration is increased by external 

aerodynamic forces, if the blades lack adequate structural and aerodynamic damping elements. 

[4-7]. Blade vibrates at a frequency that is near to blade structure´s inherent frequencies, when 

there is flutter. [8]. Turbine blades and aerodynamic aircraft propellers are unavoidably 

experience an unstable flow while in flight. Furthermore, an uneven flow has a detrimental 

impact on an aerodynamic load because it causes vibration. There are two types of unsteady 

flow pro-stall and pre-stall. After point of separation, eventually approaches a fore-front 

vortex, invicid- viscous interaction at high angle of attack has important role in the condition 

of dynamic stall. [9], However, inside stall unsteady boundary layer is dominated by the 

temporary delay is composed of both boundary layer convection and circulation lag. [10-13] 

flow prior to the separation of the boundary layer is directly impacted by the time delay. A 

laminar separation that is unstable is an extremely complex with unclear process for unsteady 

flow in the low Reynolds number in region. [14] It is observed that in case of unstable flow, 

opposite direction of flow occurs in absence of boundary layer breakaway either breakdown. 

In other words, the boundary layer may not break down even, if the reverse flow takes place. 

Additionally, unstable laminar separation does not occur at the point of zero shear stress.[15].  

Actuator (Transducer) in any form acts as smart material and responds to their surrounding 

very quickly. It stimuli by processing, transmitting, or receiving signal and generating a 

desirable effect which includes a signal that the material are acting upon it. [16] As a smart 

material, piezoelectric material has been widely employed as vibration control sensors and 

actuators due to their excellent properties like portability, large bandwidths, effective energy 

conversion, simple integration technique.[17]. The application of piezoelectric material in the 

development of damping or control equipment’s provides a promising method for reducing 

the vibration of turbo machinery blades. [18] Both active and passive methods that use 

piezoelectric transducers that have been tested experimentally and computationally are used 

to reduce vibrations in Turbomachinery blades. [19] Vibration suppression of an aerofoil in a 

compressor stator row is investigated experimentally. Zirconate Titanate array of lead. 

Piezoelectric components made of PZT are attached to the thin low aspect ratio. Tuned 

Electrical circuits are coupled to Aerofoils. There is resonant chord wise excitation of the 

airfoil. The results of experiments show that shunted piezoelectric have important bending 

mode. Dampening capabilities and may be a useful for reducing or eliminating gas emissions, 

vibration caused by the passage of compressor blades and turbines blades.[20], [21], [22] 

Studied several methods for lowering mistuned bladed disk vibration.  A piezoelectric patch 

is attached to each beam and is connected to an electrical network effectively suppresses 

vibration by establishing a new electro-mechanical energy channel that maintains energy 

transmission throughout the structure.[23], the use of a piezoelectric patch on the top of a 

reduced blade model to reduce vibration the size along placement of piezo component is 

calculated using a Euler’s- Bernoulli beam model and a finite element method is provided [24]. 

 

II. Background 



                                    An Analysis Of Effect Of Variation In …  Narendra D. Khairnar, et al. 4717 

 

Nanotechnology Perceptions 20 No. 7 (2024) 4715-4727 

An aerodynamic performance of WTS is reduced at low renolyds number due to the prevalence 

of boundary-layer separation and stall over the aerofoil blades. Vibration can effectively 

control the development of dynamic stall and improve performance by taking into account the 

additional energy that the turbine adds to the flow. [25]. Passive Vibration method like 

artificial jet actuators [26], along with vortex generators [27] have been utilized in recent years 

to regulate the stall of wind turbine blades. [28] Presents the expanded version of the local 

piston theory to accommodate the arbitrary motion of airfoils.[29] the NACA 4412 WTs 

blades flow detachment and separated shear layer are controlled by partially deformable 

membrane at comparatively lower RE values. According to the experiments, using the 

membrane control equipment reduces the generation of LSB. In Addition, the lift coefficient 

has been enhanced. [30] Evaluated the effect of tip in controlling the stall and separation point 

over a wind turbines NACA9415 aerofoil blades using computational fluid dynamics (CFD). 

The blade tip gap, which significantly improves the power parameter taking into account the 

blades vibration induced deformation is one of the most often used active control techniques. 

[31]. Energy is added to the near wall to fluid stay to stay more affixed to blade surface to the 

dynamic’s oscillation surface. It is based on Renolyds number and angle of attack.[32] Active 

oscillation of the E387 airfoil are simulated numerically in two dimensions at Reynolds 

number of 30000. Formation of boundary layer on the blade surface is more accurately 

calculated using DNS, because of the high computations costs, they limited their calculations 

to RNS model and came to the conclusion that, although the lift coefficient is significantly 

enhanced, the laminar separation across the different angle of attack (AOA) [33], The authors 

change the camber to takes into account active vibrations over the NACA-4415 Aerofoils 

suction side. In order to determine the flow separation for RE values & AoAs, they used a 

visualization approach. They found that, in contrast to the fixed WT blade, the separated 

regions on the oscillating shank. [34] The Separation control over a NACA-4412 blade at low 

Reynolds numbers is statistically examined. Concluded that the separation area above the 

blade is much reduced by the actuation. [35] 

 

III. Literature Review. 

 

Shengyi Wang, et al (2010) examines the dynamic stall phenomena at low Reynolds numbers 

related to unsteady flow around the NACA 0012 Aerofoil using a 2D computational approach. 

Using computational Fluid Dynamics (CFD), two sets of oscillating patterns with varying 

frequencies, mean oscillating angles, and amplitudes are numerically simulated. The outcomes 

are then verified against the matching published experimental data. The experimentally 

obtained vortex shedding predominant flow structure is well captured by the CFD prediction, 

and findings quantitatively correlate well with experimental data exception of extremely high 

angle of attack of blades [36]. 

 

F. A. Najar, et al (2013) as per analysis of blade, four types of aerodynamics models that are 

applied to aerodynamic performance of blades, the actuator line model, lifting panel and vortex 

model, computational fluid dynamics (CFD), model, and the blade momentum (BEM) model. 

The CFD model is applied to calculate the aerodynamics effect on the blade air foil, while the 
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critical Reynolds number and constant wind speed are studied while conducting analysis under 

various turbulence models like Spalart-allamars, K- epsilon, and in turbulent flow. [37] 

 

A.M. Morad, et al (2015) they address a method of dampening vibrations in small unmanned 

aerial (UAV) by using piezoelectric transducers to a genuine propeller blade. The propeller 

without piezoelectric transducers is first simulated numerically in ANSYS workbench. The 

findings are then verified by comparing them to experimentally observed model data. 

Piezoelectric transducers are passively applied to propellers.  Ist mode high modal strain region 

in order to reduce vibration. A tool ACT (Application Customization Toolkit, piezo extension) 

and it is used to model piezoelectric transducers.[38] 

 

Kemal Koca et al (2017) at low Reynolds numbers, they show a connection between the wind 

turbine blades wakes and suction surface vortex shedding and aerodynamics characteristics. 

The NACA -4412 airfoils force is measured at various Reynolds number and attack angle, 

while long bubbles can generate noise and vibration at the wind turbine blade, it should be 

more widely recognized and removed in order to improve the turbines aerodynamics 

performance and energy efficiency. [39] 

 

H. Khairnar, G. B. Patil, et al-Reynolds averaged shear stress transfer turbulence model 

combined with Navier Stokes flow simulation captures complex flow phenomena in wind 

turbine blades with flat back and non-flat-back air foil. Three-dimensional computational fluid 

dynamics (CFD) flow study findings showed that at a particular point of the root region, in 

spite of the fact that both air foil blades are constructed utilizing blade element momentum 

theory to provide similar shaft power. [40] 

 

F. J. Argus, et al (2020) the laminar-turbulent transition modifies the existence and degree of 

laminar boundary layer separation, it has a substantial impact on the rotor performance at low 

Reynolds numbers. The deck are Inco rated into a 3 D flow solver that combines a blade 

element. Theory model with RANS flow solution. To access rotor performance over crucial 

amplification factor and Reynolds number sweeps. Reducing the rotors figure of merit in 

Hover by around 40 % requires raising the essential implication    factor from 3 to 11 for chord-

based renolyds number between & Re3/4 = 2 104. The significant decline in performance at 

low Reynolds number is due to laminar separation. The conventional air foil rotors are strongly 

influenced by the operating condition for Reynolds number below 2 ×104.[41] 

 

Ping Hu, et al (2020) Using the dynamic mode decomposition approach the vortex-induced 

vibration of a forced oscillating examined. With frequency ratio between 0.8- and 1.2, the 

airfoil will become unstable condition prior to existing the locked in region for a series of 

forced vibration calculations with constant amplitude. Parameters of energy exchange on the 

airfoil surface are primarily influenced by a smooth phase shift between the vibrations induced 

aerodynamic force and the airfoil motion. Decomposition is used in the final dynamic mode 

to find various flow characteristics in the flow field that show the vortex vibration.[42] 

Ajay Veludurthi et al (2020) an examination of the small model with harmonic characteristics 

of turbine blade from NACA 63415 series. The sandwich structure composite blade is made 

of GERP and epoxy. It has stiffeners made from univinyl hard foams in various alignments. 
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The finite element approach used with ANSYS 18.1 Software to do modal & harmonic 

analysis of various types of blades such a as solid, hollow and rectangular alignment blades. 

It provides the natural frequencies, amplitudes, and mode shapes. Using a vibration test rig 

with specifically made fixtures, experimental examination is carried out. The blades reactions 

to various stresses and frequencies are analyzed using vibration, which provides workable 

research to determine the optimal   blade construction. To determine the amplitude at various 

frequencies, harmonic analysis is also performed for various materials. The analysis s findings 

give a guide for enhancing the blades material qualities and structure.[43] 

 

K. Koca, et al (2021) The LSB formations mapping on to a turbine blade along various air 

foils shapes with vibrational effects are investigated experimentally. Aerodynamic force 

measurement’s using an external force balancing system, qusi-wall shear stress measurements 

using hot film sensor, comprehensive instantaneous and time visualizations.  Findings from 

the smoke-wire and voltage signals from the sensor of hot film are found to be strongly 

correlated. The magnitude of variations began to rise within the LSB, particularly near the 

region. LSB formed as a result of the foils varying thickness and camber, which caused the 

aerodynamics forces to change over the time. Such as vibrations at the blades edges and flaps, 

which results in stochastic loads and shorten turbine blade lifespan. [44] 

 

S. W. Naung, et al (2021) they analyse a WT blades air foils aerodynamic and aeromechanical 

performances using a highly effective numerical using a highly effective numerical approach 

providing a thorough understanding of the unsteady flow behaviour under operating situations. 

An air foils surface pressure changes at different attack angles are measured experimentally. 

Then using a frequency-domain approach. Flow field characteristics are using the 

aeromechanical models of WT blade aerofoils for variety of parameters, such as Reynolds 

numbers and angle of attack are determined. For precise results the frequency and time domain 

solutions are accurately compared [45]. 

 

Prahallada Jutur, et al (2022) with low Reynolds numbers and low frequencies (k= 0.1) and 

Re= 50000, the stall vibration of linear cascade experiencing significant amplitude oscillations 

(10% of chord) is experimentally investigated. In order to depict weightless, average and deep 

stall position in cascade, three blade incidence situations are examined. When the blades in the 

cascade are permitted to exhibit large amplitudes heaving oscillations at the specified 

decreased frequency (k) frequency (k) between phase angle (Ө) measurements of the flow 

field are made using particle image Velocimetry (PIV) and transmission of energy is measured 

simultaneously using load cell. In view of blade displacement, the findings indicate that the 

shear layer phase is near the unsteady force phase (Φ) which is helpful. An experimental study 

is conducted of stall flutter of a linear cascade with large amplitude exhibits oscillations (10% 

of chord) for low Reynolds numbers Re and a low reduced frequencies k ≤ 0.1 and at low Re 

= 50000. [46] 

 

IV. Vibration Analysis of a Aerofoil Blade. 
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Alaa M. Morad et all. Conducted experimental work along with software analysis, in which 

active vibration control using piezoelectric sensors and actuators. Conducting tests is essential 

for model calibration and validation of numerical models. The initial set of testing is performed 

with a tiny hammer, whereas the subsequent series utilizes a shaker applied to one of the 

propeller blades tips.[48] 

 

Fig.-1. Blade propeller in real shape. [48-1] 

a. Modal test of blade using hammer.  

A series of experiments is run on fixed propeller from the hub, simulated by a small hammer. 

Three ceramic shear piezoelectric accelerometers. PCB piezo electronics are utilized hammer 

in manufacturing. The utilised hammer is the Integrated Circuit Piezoelectric impulse force 

test small impact hammer technique. The dynamic characteristics of a structure are delineated 

by its inherent frequencies and accompanying vibration modes. The dynamic characteristics 

of a structure are defined by its inherent frequencies and accompying vibration modes. 

 

 
Fig. 2. Blade Shape in LMS program using 64 points. [48-3]  

 

An accelerometer placed to the tip of a propeller blade. This modal testing approach is referred 

as frequency Response Function (FRF) method, which concurrently determines input (FRF) 

method, which concurrently determines input excitation and output response. The frequency 

Response function is illustrated in the fig.-3, while the proper mode forms are presented below, 
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Fig.3. Frequency Response Function FRF of propeller. [48-4] 

 
Mode 1.      

                                                                                                        

 
Mode 6. 

 

Fig.4. -Experimental propeller mode shapes using hammer. [48-5] 

 

b. Modal Analysis Using Shaker System. 

Employing a shaker mechanism for modal testing to conduct the prior modal testing conducted 

with a hammer. The LMS SCADAS laboratory comprise a PC, SCADAS -III data gathering 

system, signal amplifier, shaker, force transducer and 21 accelerometers are applied. Propeller 

is secured at the hub and connected to a shaker at the tip of one blade, which is vibrated 

correspondingly.  The shakers power amplifier delivers requisite power levels over the 

operational frequency spectrum, enabling the shaker to provide a regulated force output. 

When modes natural frequency is reached or close to it, the mode shape of the 

response will tend to rule the general shape of the waves in structure. Frequency Response 

function technique is used for this kind of modal stability testing. The propeller is tested for 

modal stability at frequencies range from 0 to 1000 Hz. The frequency Response Function and 

the (FRF) and the propeller mode forms are studied. The natural frequencies response that go 

with the different mode numbers for both the hammer and shaker studies as shown in Table-1. 

 

b. Simulations in Ansys (FEA) Software. 

The propeller size is measured, then designed using Auto CAD application software and its 

shape is loaded into 3-D ANSYS-15 workstation. The propeller is initially modelled and 

meshed using 13611 mesh elements and 25374 nodes in ANSYS- structure before performing 

modal analysis in ANSYS workbench, it is important to make sure cell- based smoothed finite 

element method is reliable and produces correct results as the number of degrees of increases, 
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mesh convergence analysis is carried out. The propeller boundary conditions and the material 

characteristics are used, while calculations are done with selected modal analysis. 

 
Fig.6. Mesh configuration of the propeller in ANSYS. [48-11] 

 

c. Finite Element Analysis without Transducer. 

Determination of the mode shapes along with natural frequency, Finite Element Analysis of 

the propeller without piezoelectric transducer is built up and examined. At zero rotation speed, 

the propeller mode shapes and modal displacement contours are displayed as shown in fig.-7 

displays the comparison of the results of the numerical simulations in ANSYS for natural 

frequencies and mode shapes with experimental data. 

            
Mode 1. 

                                                                                                       Mode 6. 

 

Fig.7. Modal Displacement contour without Piezoelectric Transducers 

[48-12] 

Corresponding elastic strain for the first mode form is displayed in fig.-8 where the 

piezoelectric transducers are positioned. A complete adhesive connection between transducers 

and blades is expected when piezoelectric transducers are glued to the front side of the blade.   

 

Mode shape Hammer (Hz) Shaker (Hz) ANSYS (Hz) 

1 46.123 45.567 45.173 

2 68.451 68.952 67.479 

3 71.123 71.321 71.547 

4 150.645 184.36 185.271 

5 185.213 184.36 185.274 

6 210.94 211.63 212.693 
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Fig.8. Maximum Strain area from modal analysis for the first mode shape. [48-11] 

 

V. Discussions & Future Work 

At every Reynolds number a significant variation in the unstable pressure differential is seen 

along the aerofoil. Coefficient of unstable pressure amplitude is progressively increases from 

0.5 and then gradually decreases. This suggest that at lower Reynolds number, there is a 

significant variation of pressure variation along the aerofoils chord. Vibrating aerofoil with a 

reduced Reynolds number intensifies flow unsteadiness, leading to flow separation and the 

creation of vortices along the aerofoil. An increasing design of unstable pressure and 

fluctuating behaviour are seen when the Reynolds number is raised to 8×105. This unstable 

pressure distribution behaviour along the chord is further decreased by raising the Reynolds 

number.  

 

I. At Re= 4×105 surface pressure is likewise significantly maximum than for lower Reynolds 

Number. Now between these two aerofoil surfaces is lowered, when Reynolds number is 

increased. The pressure distribution is comparable for Re= 2×106 and Re = 4×106 at lower 

Reynolds numbers, and pressure differential is larger.  

 

II. It is possible to see Reynolds numbers impact on the flow field surrounding aerofoil using 

velocity distributions. Higher Reynolds number are associated with less flow separation, 

whereas lower Reynolds numbers are associated with more unsteadiness. Trailing edge vortex 

formation found similar to Karman Vortex for 4×105. At Re 8×105, the vortex frequency is 

less important, but laminar vortex shedding generation and the laminar to turbulent change is 

visible clearly along trailing edge. Since flow becomes significantly more powerful at higher 

Re values, eventually reduce detached shear layers and recirculation, behavior of vortex 

shedding is virtually not identified at Re= 4×106. At higher Reynolds number turbulent 

boundary layer is more stable. Aerodynamic damping values computed to examine the impact 

of varying Reynolds numbers for aeroelastic performance of aerofoil, in line with earlier 

analysis for various AoAs. 

 

III. Both frequency & time domain techniques are used to compute aerodynamic damping 

values. Frequency domain technique results closely match ones from the conventional domain 

method. Aerodynamic damping is comparatively low Re = 4×105 and 2×106. It progressively 

increases as the Reynolds number raised 2×106. This in spite of the fact that all the Reynolds 
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number have positive aerodynamic damping values. Aerodynamic damping at Re= 4×106 is 

56% and 88 % greater than at Re 2×106 and Re=4×105 respectively. 

 

IV. At decreasing Reynolds number, vortex production causes the flow to become more 

unsteady. The blade is subject to aerodynamics forces due to the creation of vortices and 

variation in pressure. Blade failure result from blade vibration when the blades absorb energy 

from the flow. If aerodynamic dampening is insufficient to reduce the vibration. For this 

reason, selected the right operating conditions including Reynolds Number, which is crucial 

when designing blades for offshore wind turbines. 

 

V. Active damping methods is evolved to be a promising method to damp the vibration for 

low Rey molds number value. An Aerodynamic damping is significantly increasing above 

certain level of Reynolds of airflow. 

 

VI.Conclusion. 

Increasing Reynolds number reduces the flow separation. According to estimation of 

aerodynamic damping at different Reynolds numbers, stronger flow unsteadiness at lower Re 

numbers results in comparatively low aerodynamic damping, which has an impact on blade 

stability. As the Reynolds increases, the aerodynamic damping increases as well, reaching its 

maximum at Re 4×106. If aerodynamic Damping is insufficient to dampen level of vibration, 

blades vibration may cause flutter instability as it accumulates energy from the flow. As a 

result, the design process greatly depends on the choice of operating conditions, including 

Reynolds number. Frequency and time domain solution approach is used most often to 

analyses. Both approaches yield very good results, accuracy in the frequency domain solution 

is guaranteed. Traditional time domain approach takes 90% longer to solve than frequency 

domain method. Also, numerical simulation and experimental modal analysis without 

piezoelectric transducers match quite well, with a variation of around 1% to 2%. Natural 

frequencies are increased when piezoelectric transducer is used, according to a study of natural 

frequencies with and without them. Furthermore, employing piezoelectric transducer lowers 

the amplitudes for FRF in the first three mode shapes as well as the maximum value of the 

elastic strain for the first mode. It is determined that employing piezoelectric transducers for 

non-rotating propeller reduces the maximum value of equivalent elastic strain by 24.6 %. 
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