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Abstract 

The objec�ve of this work is to assess the ability to predict noise generated by incident turbulence on 
aerodynamic forces. New batery technology has made mul� rotor vehicle designs feasible that have 
disparate sound signatures compared to conven�onal rotorcra� (i.e., helicopters). A greater interest in 
rotorcra� broadband noise followed but is not complete. Leading edge noise created by incident 
turbulence is s�ll required for a comprehensive understanding of rotorcra� noise. This research uses 
high-fidelity computa�onal fluid dynamics (CFD) simula�on to evaluate the turbulence near the leading 
edge of rotor blades. High fidelity grids are required to resolve the blade �p vor�ces and the surrounding 
turbulence in the blade wakes. From the CFD solu�ons, the turbulence kine�c energy is extracted and 
the turbulence intensity and turbulence integral length scale are calculated. The broadband noise is then 
calculated from the turbulence quan��es using Amiet’s leading edge noise formula. 
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Introduc�on 

New technologies have revolu�onized rotorcra� design. New rotorcra� concepts and designs are 
trending toward distributed propulsion, complemen�ng the classic helicopter with a single large rotor. 
The result is more, but smaller, rotors with lower disk loading and reduced �p speeds. These unique 
vehicles have expanded capabili�es. Urban Air Mobility (UAM) is an emerging technology that promises 
safe, affordable, and environmentally friendly air transport1 pursued by automo�ve companies, 
commercial aircra� industry, and startups2,3. Smaller scale mul�copters see use in remote loca�on to 
deliver medicine and other resources4,5. The agriculture industry has adopted imaging drones to 
improve land plo�ng. This includes tracking invasive species and improving plan�ng processes 6,7,8. 
Military surveillance techniques are not only aided by the unique avia�on capabili�es of small drones, 
but also the ability to deploy mul�ple small-scale rotorcra� that communicate with each other 9. 
Further, the Future Ver�cal Li� aircra� will incorporate new designs providing extended range poten�ally 
changing military planning for base loca�ons 10. Many of these new applica�ons have noise 
considera�ons for ecological, community, and survivability impact. 

http://www.itea.org/
https://itea.org/journals/volume-44-2/broadband-noise-prediction-from-leading-edge-turbulence-quantities/#trembois
https://itea.org/journals/volume-44-2/broadband-noise-prediction-from-leading-edge-turbulence-quantities/#george


 

 

The Journal of Test & Evalua�on    June 2023   Volume 44, Issue 2 

The ITEA Journal of Test and Evaluation, (ISSN 1054-0929), is published four times each year by the International Test and Evaluation 
Association, 11350 Random Hills Rd, Suite 800, Fairfax, VA 22030 (www.itea.org) 

Copyright 2023, International Test and Evaluation Association, All Rights Reserved. Reproduction in whole or in part is prohibited except by 
permission of the publisher. 

Conven�onal helicopter noise is dominated by tonal sound sources and therefore tradi�onal predic�on 
methos do not include broadband noise. On the other hand, mul�-rotor designs reduce tonal noise yet 
increase broadband noise. One of the primary mo�va�ons for these new designs is noise mi�ga�on. 
Thus, understanding broadband noise has grown more important. Consequently, development in 
broadband noise predic�on tools has accelerated to meet these new needs11. Trailing edge self-noise 
models12,13 can predict the noise caused by boundary layer turbulence at the trailing edge and have 
been implemented in new so�ware frameworks and validated. Tools like UCD-QuietFly have 
implemented these models to predict broadband noise14. Noise is also produced when turbulence 
impacts the leading-edge. Leading-edge noise models have followed suit but are less mature and have 
yet to see widespread applica�on15,16. 

Leading-edge broadband noise predic�on relies on turbulence quan��es at the leading edge of an 
aerodynamic surface, whether it be a blade or a wing. In par�cular, the turbulence integral length scale 
and turbulence intensity are used to evaluate the leading-edge sound. The leading-edge broadband 
sound of a quadcopter in forward flight is simulated and validated against experimental data. Symmetry 
is assumed on the le� and right side of the vehicle, so only the le� side rotors are modelled. The aim of 
this paper is to include leading-edge noise in rotorcra� broadband simula�ons for a comprehensive 
broadband noise predic�on. 

Methods 

Leading-edge noise predic�on requires accurate simula�on of flow around rotor blades, including the 
effect of flow interac�ons. Consequently, capturing flow structures like �p vor�ces and blade wakes is 
essen�al for modelling leading-edge noise. The quality of the simula�on depends on grid resolu�on and 
flow parameters. The CFD so�ware Helios was used to simulate the flow and Helios Input Generator was 
used to set up the parameters. Helios accommodates and facilitates communica�on between a variety 
of near-body and off-body solvers. The structured, overset solver OVERFLOW is used for the near-body 
grids17. The structured grids not only help model the body geometry accurately and efficiently, but also 
simplify post processing steps18. The overset grids allow for the rela�ve mo�on of grids, so the propeller 
and spinners rotate separately from the nacelle and wing in a prop-wing configura�on. 

The blades are modelled with three separate grids, shown in Figure 1. The primary gird defines the main 
body of the blade using the chordwise direc�on, spanwise direc�on and surface normal as the three 
structured grid coordinates. This creates a hollow volume that leaves holes at the root and �p. The �p is 
covered with a cap grid, while a hub is connected to the root with a collar grid. The viscous sublayer is 
physically modelled, so the ini�al surface normal direc�on spacing is defined by the y+ parameter to 
include sufficient grid points in high gradient regions. Since the acous�cs are sensi�ve to values in the 
boundary layer, 168 volume-wise grid points are used in the near-body grids with an end spacing of 10% 
of the blade reference chord. Likewise, a fine grid spacing of 0.1% of the reference chord length are used 
for spanwise spacing at the �p to capture the vortex core gradients. 

The chordwise spacing uses 0.02% and 0.05% of the reference chord length as spacing at the trialing 
edge and leading-edge respec�vely. Since turbulence values are desired near the leading edge, it follows 
that fine spacing to model the impac�ng flow at precise loca�ons is important for accurate acous�c 
predic�ons. It is equally important to model any flow separa�on that occurs at the trailing edge. 
Whether it be from large twist angles or the bluntness of the trailing edge, separa�on at the trialing-

http://www.itea.org/
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edge is unavoidable. In addi�on to contribu�ng to self-noise, the separa�on near the trialing-edge is part 
of what causes the blade wake, one of the flow structures that leads the noise at the leading-edge of 
downstream blades. 

  

 

 

 

 

  

 

 

The off-body grids transmit the near-field flow to the far field, where the freestream boundaries are set. 
The off-body grid uses 8 levels of refinement, each refinement level doubles in spacing, extending to 20 
�mes the rotor radii, which is necessary to ensure the freestream boundary condi�ons are met. The 
level-1, or finest spacing, is 10% of the blade reference chord length and encompasses all near-body 
grids. The level 1 refinement extends one-quarter of a rotor radii above the rotor plane to model the 
inflow and turbulence inges�on accurately and 2 rotor radii below the rotor plane to resolve the wake 
un�l it naturally dissipates. The second finest refinement, level-2, is typically insufficient to capture 
vortex gradients due to the grid size having similar magnitude to the vortex core. This leads to ar�ficial 
vortex dissipa�on. However, in a forward flight condi�on where the vor�ces are convected away from 
the surfaces, the extent of the level one refinement region should capture any effects that the �p 
vor�ces have on the rotor. Level-1 grid spacing finer than 10% can lead to prohibi�vely expensive 
simula�ons, and coarser than 10% will not capture the �p vor�ces accurately. The large grids in levels 2 
and above cannot accurately capture the gradients over the �ght core of the vortex and causes them to 
dissipate ar�ficially. 

Similarly, the solver parameters are set to minimize ar�ficial dissipa�on of vortex structures. A 2nd order 
dual �me-stepping scheme is used to advance the simula�on in �me yet reduce residuals on each 
physical �me step. The spa�al scheme is a 5th order central scheme with rota�onal correc�on and 
delayed detached eddy simula�on. 

The k-omega shear stress transport (SST) Reynolds Averaged Navier-Stokes (RANS) turbulence model is 
used to model the flow turbulence that occurs at scales smaller than the grid resolu�on. This turbulence 
is key to modeling the leading-edge noise and is defined by two quan��es, the turbulence kine�c energy 
and turbulence dissipa�on rate. The turbulence integral length scale and turbulence intensity used for 
the Amiet model can be calculated from the turbulence kine�c energy and dissipa�on rate. Unsteady 
RANS solvers are used with the near-body and off-body grids for evalua�ng the turbulence in the flow 
field. The flow interac�on effects rely on the complex sources near the surfaces, some�mes in close 
proximity to each other and having coupled effects. The solver must also propagate the flow structures 
generated in the source regions to the far field with minimal dissipa�on. Unsteady RANS CFD can capture 
these effects but require the flow to reach a quasi-steady state where the ini�al �me dependency of the 

(b) 

Figure 1: (a) Near body grids and (b) off-body grids. 

(a) 
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flow startup has passed. This is characterized by near iden�cal flow and forces on a rotor averaged over a 
revolu�on. However, due to rela�ve mo�on of adjacent rotors, the flow structures may differ from one 
revolu�on to another. 

From the converged solu�on, the turbulence kine�c energy, tke, and dissipa�on rate, , were extracted 
from the grids at a small distance in front of the blades leading-edge. From these, the turbulence 
intensity and integral length scale were calculated using equa�ons 1 and 2 and used in the Amiet model. 

  

 

A�er obtaining appropriate leading-edge values, the implementa�on of Amiet’s model in UCD-QuietFly 
was used to predict interac�onal noise. Leading-edge broadband noise can be caused by the leading 
edge moving through atmospheric turbulence, as well as the turbulence wakes of other blades or 
bodies. Amiet’s turbulence inges�on noise at the leading-edge of an aerodynamic li�ing surface is 
expressed in equa�on 315. The power spectral density of the sound is frequency dependent and can be 
simplified by assuming the wavelength is small compared to the rotor radius. The turbulence sound 
contribu�on is primary modelled in the ver�cal velocity fluctua�ons. The term Φww represents the 
ver�cal velocity fluctua�on spectrum which varies by wave number (k) and is dependent on the Von 
Karman spectrum and the turbulence integral length scale. The ver�cal velocity fluctua�ons atenuate 
the pressure spectrum along with airfoil li� response (G). The pressure spectrum also scales linearly with 
the semi-span (d) and velocity (U). The pressure spectrum also increases quadra�cally with the 
frequency (ω), freestream density (ρ₀), and chord (b), but decays with the speed of sound (c₀) and 
distance (z). 

 

 

Results 

The objec�ve of this paper is to evaluate a comprehensive broadband noise predic�on including self-
noise and leading-edge noise. Leading-edge noise, which is caused by turbulence inges�on, is essen�al 
to study the complete broadband noise source of a rotorcra�. First, the aerodynamic flow characteris�cs 
are validated. Then the sensi�vity of the leading-edge values are measured and used to predict noise. 

The acous�c predic�on requires the turbulence quan��es at along the span of the blade as it makes a 
full revolu�on. The CFD solu�on, which takes 2.5° �mesteps is sampled every two steps, or 5° 
azimuthally. The blade is also sampled at 50 sec�ons radially. This ensures the sound due to different 
flow characteris�c at each span loca�on is properly accounted. The leading-edge index of the near-body 
grids is found using the principles of structured grids. Then, the distance from the leading-edge is 
traverse with the volume-wise index near-body grids. 

The CFD simula�on performance is demonstrated by Figure 2, which shows the coefficient of thrust 
(convergence and the final revolu�on averaged thrust compared to the expected experimental value. 
The plot shows that the simula�on converges to 5% of the expected value in three revolu�ons. The 
torque coefficient is also within 5% of the expected value. The �p vor�ces need to be modelled 

(1) (2) 

(3) 
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accurately to properly predict the blade wake turbulence, especially near the �p. Figure 3 shows the �p 
vor�ces in the wake of the rotors and their trajectory as they are convected downstream. The path of 
the fore rotor vor�ces induces turbulence to the inflow of the a� rotor. 

 
Figure 2: Thrust convergence and valida�on. 

 
Figure 3: Flow structures of mul� rotor vehicle in forward flight. 

Figure 4 shows the varia�on of the turbulence modeling parameters with distance from the blade 
leading edge at a single blade spanwise loca�on and �mestep. Turbulence kine�c energy and turbulence 
intensity share a similar trend with a peak close to the leading edge and another smaller peak slightly 
further from the leading edge. Turbulence length has a peak even further from the blades leading edge. 
Determining the appropriate loca�on to extract the values is cri�cal for accurate noise predic�ons. A 
conserva�ve approach was taken and the parameters were extracted at the loca�on where they reached 
their maximum value. 

The turbulence quan��es along a rotorcra�’s blade will vary along its span due to increased velocity 
from the root to the �p and 3D flow effects around the �p. During forward flight, flow condi�ons will 
also vary based on the posi�on of the blade. It is then important to consider the flow structures 
trajectory throughout a revolu�on. The contour plot in Figure 5 illustrates the turbulence intensity and 
length scale spanwise and azimuthal changes over the last revolu�on of a simula�on. The trend is similar 
for both, with increased values are the blade transi�ons from the advancing side to the retrea�ng side 
where blade wake interac�on is more pronounced. 

http://www.itea.org/
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Figure 4: Turbulence quan��es varying with distance from leading edge. tke: turbulence kine�c energy, t-i: 
turbulence intensity, t-l turbulence length. 

 
Figure 5: Turbulence quan��es varying with space. 

The acous�c predic�ons are carried out on a one-third octave band scale that ranges from 100 to 10,000 
Hz, covering a significant por�on of human hearing and effec�ve range of the acous�c models. Figure 6 
shows the experimental and predicted sound pressure level (SPL) compared. The predic�on model only 
includes broadband noise, thus the noise is underpredicted at lower frequencies where tonal noise 
dominates. Overall, the shape of the broadband noise signature is captured by the predic�on model, but 
underpredicts. 

 
 

 

 

 

 

 

Figure 6: Acous�c predic�on comparison with experiment19. 
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Conclusions 

The current work shows the ability to use high fidelity CFD simula�ons with Amiet’s model for noise 
predic�on. These semi-empirical models are typically applied with low to mid fidelity solu�ons. The 
ability to capture 3D flow effects with a RANS model allows physical noise sources to be modelled 
directly, capturing the predicted turbulence, and using it in the acous�c predic�on tools. The use of 
structured grids simplified the extrac�on of the turbulence quan��es at specific blade rela�ve posi�ons. 
The turbulence length scale and intensity are shown to peak close the leading edge. Furthermore, the 
turbulence quan��es were shown to represent blade wake interac�on in specific regions as the blade 
completes a revolu�on. 

Future work will quan�fy how much of rotorcra� broadband noise is created from self-noise and how 
much of the discrepancy between experiment and predic�on is made up for with leading-edge 
turbulence noise. These same predic�on methods will be applied to a variety of geometries including a 
�lt-wing with closely stacked propellers. This will help evaluate the contribu�ons from interac�on noise 
and noise generated from aerodynamic bodies other than blades, like a downstream wing. 
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