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ABSTRACT 

Blade-vortex interaction (BVI) noise is a main noise source from a rotorcraft and has been a barrier to 
wide acceptance for applications of rotorcrafts. In order to predict the noise accurately, it is required to 
consider characteristics of rotor blades having high aspect ratio as well as flow-unsteadiness around blades. 
Therefore a numerical analysis of BVI needs a prediction method using an aerodynamic and structural 
coupling, and it is required to investigate the effect of blade deflections on BVI noise prediction as a 
preliminary study for development of the coupled method. In this study, deflections of rotor blades were 
divided into flapping, lead-lag and torsional deflections and the effect of variations of those deflections on the 
noise prediction was investigated. In order to predict the noise, Farassat’s Formulation 1A and free-wake 
panel method using CVC (Constant Vorticity Contour) and VLM (Vortex Lattice Method) were used. For the 
validation of the noise prediction, the predicted result was compared with the experimental result of HART II 
(Higher Harmonic Control Aeroacoustics Rotor Test) rotor. The result demonstrated that the blade air-load, 
acoustic pressure time history and noise contour were well predicted. Based on the validation, noise 
predictions through variations of the blade deflections were performed, and the effect of each blade 
deflection on the noise prediction was analyzed.    

 

1. INTRODUCTION 
A rotorcraft has played an important role for civil and military missions because it has unique 

flying abilities like hovering, vertical take-off and landing, and sideway flights. However, 
flow-unsteadiness around blades arising from flow asymmetry of rotating blades generates several 
noises, and that has become a barrier to wide use of rotorcrafts [1]. 

Blade-vortex interaction (BVI) noise is the most annoying noise source among several noise 
sources generated by a rotorcraft. This phenomenon is the result of the interaction between a shed tip 
vortex and a following blade, and this noise source becomes dominant during low speed descent and 
maneuvering flight. Especially, during an approach to a landing site, the impulsive BVI noise annoys 
people near the site highly and is propagated to relatively large distances. Consequently, the BVI 
noise has been a significant barrier to wide acceptance for civil applications of rotorcrafts [2]. 

During the last three decades, many researchers have focused the BVI noise, and significant 
progress has made in the understanding of the generation of this noise source [3-5]. Especially, many 
research efforts for the numerical prediction of BVI noise have indicated that an accurate prediction 
model requires consideration for the aerodynamic and structural interaction of rotor blades [6-7]. 
Because the distance between a rotor blade and a tip vortex is a major factor for airload fluctuations 
and noise generated by BVI, a noise prediction using only aerodynamic analysis without any 
consideration of blade deflections is limited to predict BVI noise accurately. Therefore, 
consideration of blade deflections arising from high aspect ratio and flow-unsteadiness of blades is 
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required to predict BVI noise accurately.  
In this study, deflections of rotor blades were divided into flapping, lead-lag and torsional 

deflections and the effect of variations of those deflections on the noise prediction was investigated. 
In order to predict the noise, Farassat’s Formulation 1A and free-wake panel method using CVC 
(Constant Vorticity Contour) and VLM (Vortex Lattice Method) were used. For the validation of the 
noise prediction, the predicted result was compared with the experimental result of HART II (Higher 
Harmonic Control Aeroacoustics Rotor Test) rotor. The result demonstrated that the blade air-load, 
acoustic pressure time history and noise contour were well predicted. Based on the validation, noise 
predictions through variations of the blade deflections were performed, and the effect of each blade 
deflection on the noise prediction was analyzed. 

 

2. Methodology 

2.1 Airloads prediction  

For the aerodynamic analysis, the free-wake vortex lattice method (free-wake VLM) is used. In 
the case of moderate advance ratio and tip Mach number, the continuity equation for the flow field 
around rotor blades reduces to the Laplace’s equation in terms of the total velocity potential.  
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Applying the small disturbance assumption, rotor blades are replaced with flat plates, and then 
those are expressed by vortex sheets that are general solutions for the Laplace’s equation [8]. The 
Neumann boundary condition is applied to each sub-divided panel on the sheets, and then vortex 
strength on each panel is calculated by solving a linear equation as follows:  
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The force generated by a vortex sheet is computed by using the Kutta-Joukowski theorem [8].  
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For the computational efficiency of a free wake calculation, the constant vorticity contour (CVC) 

model [9] is used for the wake modeling. In this model, wake filaments having the same strength are 
distributed by the circulation distribution of the trailing edge and release points where wake 
filaments are released are changed with the azimuthal change of the circulation distribution. The 
CVC wake model reduces the computing cost for the free wake calculation because it generally 
needs a half of filaments than vortex lattice wake model in which the span-wise and azimuthal 
variations of the bound circulation are represented by the trailed component and the shed component, 
respectively [9]. The strength of wake filaments and release points are determined as follows: 

 
1.5max( ( , ))

0.5

r

N


                              (4) 

 
( )

[( 0.5) ( )]
( ) ( )

b a
n a a

b a

r r
r r n r

r r


    

 
                   (5) 

 
For a free wake analysis, the velocities induced on those wake filament points released from 

blades are calculated and each wake filament point is moved using those velocities every time step. 
In order to predict BVI airloads with blade deflections, a structural analysis method is coupled 

with the aerodynamic analysis method. The finite element method based on Euler beam assumption 
is used to obtain the flap bending, twist and extension displacements of rotor blades. The blade is 
divided into finite elements, and then stiffness properties and mass distribution are applied to each 
element in order to define the stiffness and mass matrices. By using the resulting stiffness and mass 
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matrices, the eigenvalue problem is derived, and it gives the mode shapes. Applying the nodal force 
from the aerodynamic analysis, the modal responses are driven. These responses are used to obtain 
the displacements and velocities of the blade segments [10]. In the aerodynamic and structural 
coupled methodology, information between the free-wake vortex lattice method and the finite 
element method is exchanged every one-revolution.  

 

2.2 Noise prediction 

The Farrasat’s Formulation 1A [11] is used to predict the BVI noise. This is the retarded time 
formulation of the Ffowcs Williams-Hawkings (FW-H) equation [12]. In this formulation, the 
acoustic pressure is represented as a sum of thickness and loading noise term as follows: 
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where ′் and ′ represent the thickness and loading noise term, respectively. In addition, the 

subscript r means the vector component of the radiation direction to an observer point and the dot on 
పሶܯ  and ݈పሶ  means the rate of variation with respect to retarded time. The airloads and blade motion 
obtained from the flow analysis are used for the input of acoustic analysis and the sound pressure 
level is obtained by using the Fourier transformation of the acoustic pressure obtained by the 
acoustic analysis.  

 

3. Results and discussions 
The predicted results were compared with the experimental result of the baseline condition for the 

HART II (Higher Harmonic Control Aeroacoustics Rotor Test) rotor [13]. The HART II rotor is a 
4-bladed hingeless rotor and Table 1 shows the specification of the rotor and the operation condition 
for baseline condition. 

 
Airfoil NACA23012mod Advance ratio 0.15 
Twist -8.0 deg. (linear) Shaft angle 5.3 deg. 

Radius 2.0m 0.0055 ߪ/்ܥ 
Chord 0.121m (rectangular) ܯ௧ 0.641 

Table 1 – Dimensions of blades and operation conditions 

 
Fig. 1 shows the predicted airloads for the baseline condition of HART II rotor. Fig. 1 (a) and (b) 

show predicted ܥ contour with blade deflections and predicted ܥܯଶ at r/R=0.87, respectively. 
The airload fluctuations generated by BVI are shown in Fig. 1 (a). In Fig. 1 (b), the impulsive airload 
fluctuations generated by the BVI events are observed on the advancing (azimuth angle 0 to 90 deg.) 
and retreating (azimuth angle 270 to 360 deg.) side of the rotor. This rapidly changing airloads are 
the noise source of BVI phenomenon. As shown in this figure, although rigid blade case also shows 
the airload fluctuations, the magnitude of these fluctuations is overestimated. Moreover, this case 
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has some discrepancy in the region for 90~270 deg. 
 

 
(a) Predicted	ܥ contour                     (b) Predicted ܥܯଶ at r/R=0.87 

Figure 1 – Predicted airloads for the baseline condition of HART II rotor 

 
The rate of change of airloads is one of the primary parameters for the noise prediction. Using the 

azimuth angle as the time variable, the time derivative of the airloads is shown in Fig. 2. Some 
discrepancies on the advancing side are observed, but the BVI airloads predicted with blade 
deflections on the retreating sides are well captured in amplitude, number, and location. In the case 
of the prediction without blade deflections, the magnitude of fluctuations is overestimated. 

 

 
Figure 2 – dܥேܯଶ/݀߰ for the baseline condition of HART II rotor 

 
For a validation of the acoustic time history and noise contour, the predicted results are compared 

with the acoustic measurements for the HART-II baseline condition. In the HART-II test, the vertical 
position of the acoustic array was 2.2m below the rotor hub. Predicted acoustic time histories with 
the measurements are shown in Fig. 3. The general shapes of the acoustic time history are captured 
quite well. At the retreating side, the peak acoustic pressure of the predicted result approaches that of 
the measurement. However, at the advancing side, the peak noise is under-predicted because the 
airload fluctuations on the advancing side generated by the BVI is under-predicted as shown in 
figure 2. 
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(a) Retreating side                     (b) Advancing side 

Figure 3 – Comparison of the predicted acoustic time history with the HART II experiments 

 
Comparisons of the measured and predicted noise contours are shown in figure 4. In the 

predictions without blade deflections, the BVI noise is over-predicted and the noise directivity is not 
seen in the noise contour. However, the noise level and directivity pattern from the predictions with 
blade deflections are similar to the measurements except some regions. Some differences appear in 
the advancing side region, and those are due to the under-prediction of airload fluctuations at the 
advancing side of the rotor. The spot occurred by the high noise level near the aft side arises from the 
rapid drop in the airloads near the aft side as shown in figure 1. 

 

 
Figure 4 – Comparison of predicted noise contours with the HART II experiments (OASPL) 

(Left: Measurements, Mid: Predictions without blade deflections, Right: Predictions with blade deflections) 

 

4. CONCLUSIONS 
In this study, the effect of variations of blade deflections on the noise prediction was investigated. 

In order to predict the noise, Farassat’s Formulation 1A and free-wake panel method using CVC 
(Constant Vorticity Contour) and VLM (Vortex Lattice Method) were used. For the validation of the 
noise prediction, the predicted result was compared with the experimental result of HART II (Higher 
Harmonic Control Aeroacoustics Rotor Test) rotor. The result demonstrated that the blade air-load, 
acoustic pressure time history and noise contour were well predicted. Based on the validation, noise 
predictions through variations of the blade deflections were performed, and the predicted results 
with blade deflections showed better agreement with measurements than those without blade 
deflections. 

  



6 

ACKNOWLEDGEMENTS 
This work was supported by the Human Resources Development of the Korea Institute of Energy 

Technology Evaluation and Planning (KETEP) grant funded by the Korea government Ministry of 
Knowledge Economy (No. 20094020100060) and also supported by the New and Renewable Energy 
of the Korea Institute of Energy Technology Evaluation and Planning (KETEP) grant funded by the 
Korea government Ministry of Knowledge Economy (No.20104010100490) 

REFERENCES 
[1] Kenneth S. Brentner and F. Farassat, “Modeling Aerodynamically Generated Sound of Helicopter 

Rotors," Progress in Aerospace Science 39, 2003 
[2] Yung H. Yu, “Rotor Blade-vortex interaction noise”, Progress in Aerospace Sciences, 36, 2000 
[3] Berend G. van der Wall, Bernd Junker et al., “The HART II Test in the LLF of the DNW – a Major Step 

towards Rotor Wake Understanding”, 28th European Rotorcraft Forum, Bristol, England, September, 
17-20, 2002 

[4] Bryan Edwards and Charles Cox, “Revolutionary Concepts for Helicopter Noise Reduction-S.I.L.E.N.T. 
Program”, NASA/CR-2002-211650, 2002 

[5] Yung H. Yu, Chee Tung, Judith Gallman, Klaus J. Schulz, Berend van der Wall, Pierre Spiegel, and 
Bertrand Michea, “Aerodynamics and Acoustics of Rotor Blade-Vortex Interactions”, Journal of 
Aircraft, Vol. 32, No. 5, September-October, 1995 

[6] B. W. Sim and J. W. Lim, “Blade-Vortex Interaction (BVI) Noise & Airload Prediction Using Loose 
Aerodynamic/Structural Coupling”, AHS 62nd Annual Forum, Phoenix, Arizona, 2006. 

[7] G. Bernardini, J. Serafini, and M. Gennaretti, “Aeroelastic Modeling Effect in Rotor BVI Noise 
Prediction”, 12th AIAA/CEAS Aeroacoustics Conference, Cambridge, Massachusetts, 2006. 

[8] J. Katz and A. Plotkin, “Low-Speed Aerodynamics”, 2nd ed., Cambridge University Press, 2001, 
pp.331-368. 

[9] T. R. Quackenbush, D. A. Wachspress, and Alexander H., “Rotor Aerodynamic Loads Computation 
Using a Constant Vorticity Contour Free Wake Model”, Journal of Aircraft, Vol. 32, No. 5, 1995, pp. 
911-920. 

[10] Celi, R., “Aeroelastic Modeling of Swept Tip Rotor Blades Using Finite Elements”, Journal of AHS, 
Vol. 33, No. 2, 1988, pp. 43-52. 

[11] F. Farassat, “Theory of Noise Generation from Moving Bodies with an Application to Helicopter 
Rotors”, NASA TR R-451, 1975. 

[12] Ffowcs-Williams, J. E. and Hawkings, D. L., “Sound Generation by Turbulence and Surfaces in 
Arbitrary Motion”, Phil. Trans. Roy. Soc., A264, 1969, pp. 321-342. 

[13] Yu, Y. H., Tung, C., van der Wall, B. G., Pausder, H., Burley, C., Brooks, T., Beaumier, P., Delrieux, Y., 
Mercker, E., and Pengel, K., “The HART-II Test: Rotor Wakes and Aeroacoustics with 
Higher-Harmonic Pitch Control (HHC) Inputs - The Joint German/French/Dutch/US Project,” 
American Helicopter Society 58th Annual Forum, Montreal, Canada, June 11-13, 2002. 


