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Computational aeroacoustic methods are applied to the modeling of noise due to interactions between

gusts and the leading edge of real symmetric airfoils. Single frequency harmonic gusts are interacted

with various airfoil geometries at zero angle of attack. The effects of airfoil thickness and leading edge

radius on noise are investigated systematically and independently for the first time, at higher frequen-

cies than previously used in computational methods. Increases in both leading edge radius and thick-

ness are found to reduce the predicted noise. This noise reduction effect becomes greater with

increasing frequency and Mach number. The dominant noise reduction mechanism for airfoils with

real geometry is found to be related to the leading edge stagnation region. It is shown that accurate

leading edge noise predictions can be made when assuming an inviscid meanflow, but that it is not

valid to assume a uniform meanflow. Analytic flat plate predictions are found to over-predict the noise

due to a NACA 0002 airfoil by up to 3 dB at high frequencies. The accuracy of analytic flat plate solu-

tions can be expected to decrease with increasing airfoil thickness, leading edge radius, gust frequency,

and Mach number.VC 2013 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4818769]

PACS number(s): 43.28.Ra, 43.28.Gq [AH] Pages: 2669–2680

I. INTRODUCTION

The noise produced by interactions between an oncom-

ing unsteady vortical gust and the leading edge of an airfoil

has been of interest for many years. It is a significant contrib-

utor to, for example, the noise from wind turbines and to the

noise in turbo-machinery. Additionally this noise generation

mechanism has received renewed interest in relation to contra

rotating open rotor engines (CRORs) which have potential to

help meet Flightpath 2050 targets. The Flightpath 2050 tar-

gets call for 75%, 90%, and 65% reductions in CO2, NOx,

and noise emissions, respectively, against 2000 baselines.1

A significant body of work exists on the subject of pre-

dicting leading edge gust interaction noise using analytical

approaches. The early work by Sears2 (who derived a model

to predict the unsteady lift and moment from a flat plate

encountering a sinusoidal gust in incompressible flow) has

been extended to compressible flow problems by Graham3

and Amiet.4 Amiet4 used this theory to predict leading edge

noise emissions from an isolated flat plate interacting with

oncoming turbulence. Models that are used to predict leading

edge noise in CROR engines (and to predict rotor-stator

interaction noise in turbofans) are often still based on

Amiet’s flat plate model. However, the effects of real airfoil

geometry on leading edge gust interaction noise have not

been fully addressed, as is discussed below.

This paper applies computational aeroacoustic (CAA)

methods to systematically explore the effect of real airfoil

geometry on leading edge gust interaction noise. In previous

studies, a variety of experimental, CAA, and analytic meth-

ods have been used to investigate the implications of assum-

ing a flat plate geometry as opposed to modeling a realistic

airfoil shape, but these studies have not found a consensus.

The results of these studies are discussed in Sec. II.

If the geometry of an airfoil is changed, then the flow

surrounding the airfoil will also be altered. The steady mean-

flow surrounding a flat plate can be assumed to be uniform

[i.e., Uðx; yÞ ¼ Ux, where Uðx; yÞ and Ux are the local and

freestream velocities, respectively]. For real airfoils the

steady meanflow is non-uniform, but the asymptotic nature

of flow features such as the leading edge stagnation region

can be difficult to include in analytic models. If the implica-

tions on noise predictions are small, then complex analytical

modeling of non-uniform flow may be avoided by also

assuming Uðx; yÞ ¼ Ux for airfoils with real geometry. The

effects on noise due to differing meanflow assumptions, such

as assuming a uniform flow speed throughout the flowfield,

have not previously been investigated.

The current work aims to provide a better understanding

of the validity of analytic flat plate models when they are

used to predict leading edge gust interaction noise for real

airfoils. By using a CAA code which solves the linearized

Euler equations (LEEs) to describe the unsteady flow about

symmetric real airfoils, this paper addresses the following:

(1) The effects of thickness and leading edge radius on the

noise due to symmetric airfoils at varying Mach number,

for single frequency harmonic vortical gusts convecting

with a steady meanflow. The noise is studied at reduced

frequencies which are higher than previously tested in

computational studies.

(2) The effects on noise predictions when simplifying assump-

tions are made concerning the non-uniform flowfield sur-

rounding an airfoil. The validity of assuming a uniform

meanflow or an inviscid meanflow is assessed.

(3) The underlying mechanism which causes changes in the

noise due to real airfoils interacting with vortical gusts,

compared to predictions made with flat plate theory.
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A schematic of a single harmonic vortical gust interact-

ing with a symmetric airfoil is shown in Fig. 1.

II. PREVIOUS WORK

Previous studies have investigated the effect of real air-

foil geometry on the noise due to unsteady vortical distur-

bances impinging on an airfoil leading edge. These have

included analytic, experimental, and CAA approaches, and

have concentrated on the effects on noise due to airfoil thick-

ness, angle of attack, and camber. Previous work has not

considered the effects on noise due to the leading edge ra-

dius, which is an additional length-scale considered in this

paper.

A. Effects of angle of attack and camber

Flat plate theory is restricted to studying the interactions

between gusts and flat plates with zero camber at zero angle

of attack. The effect of the angle of attack limitation on the

accuracy of noise predictions has been measured by authors

such as Staubs,5 Devenport,6 and Paterson.7 The effect of

angle of attack on noise has been concluded to be small by

all authors (reported by Devenport as approximately a 1 dB

change between 08 and 128 for a NACA 0012 airfoil). In

addition to considering angle of attack, Devenport also con-

sidered the effect of camber on a S831 airfoil at 30 ms�1 and

found it to have a small effect on the noise, similar in magni-

tude to the effect of angle of attack. Because the effects of

airfoil camber and angle of attack on noise predictions are

expected to be small, these aspects of airfoil geometry are

not considered in this paper.

B. Effects of thickness

The effect of airfoil thickness on leading edge noise has

received considerable attention from previous authors,

because it has a more significant effect on noise than camber

or angle of attack.

1. Experimental studies

Paterson and Amiet7 measured the noise due to an iso-

lated NACA 0012 airfoil interacting with nearly isotropic

grid-generated turbulence at speeds of up to 165 ms�1. The

noise spectrum and directivity were measured in addition to

the surface pressure distribution on the airfoil surface. They

found that the unsteady pressure on the airfoil surface was

strongest near the leading edge, but a significant response

was seen at all chord positions. The paper was the first to

note that airfoil thickness reduces the noise compared to flat

plate predictions, with the effect being more pronounced at

high frequencies. A 5 dB reduction in noise was measured

from the NACA 0012 airfoil compared with analytic flat

plate solutions. However the study did not explore trends

between the noise reduction and increasing airfoil thickness.

The 5 dB reduction in noise due to the thickness of the

NACA 0012 airfoil was measured at a thickness-based

reduced frequency Kt ¼ t=k ¼ 1 (where t is airfoil thickness

and k is the vortical gust wavelength). This frequency was

suggested by Paterson and Amiet as a measure of when flat

plate theory breaks down and can no longer be considered

accurate.

Another study into the effects of thickness on leading

edge noise was later performed by Olsen and Wagner.8 They

investigated the noise from a range of airfoils interacting

with grid-generated turbulence at 94ms�1. Airfoils with

thicknesses varying from t ¼ 0:03c (i.e., 3% thickness) to

t ¼ 0:37c were used, as opposed to the single NACA 0012

airfoil considered by Amiet and Paterson. Olsen and Wagner

reported that the noise reduction “increases linearly with

both frequency and t,” with thicker airfoils radiating less

noise than thin ones. The apparent linear increase in the

noise reduction effects with both thickness and frequency

was also reported by Roger and Moreau.9 They compared

measurements from several studies and found that the noise

reduction effects collapsed to a single curve when thickness,

flow speed, and the turbulent length scale were accounted

for.

Devenport et al.6 and Hall et al.10 have both found that

thicker airfoils generate less noise at high frequencies.

Devenport et al.6 investigated the effect on noise of three

different airfoil shapes placed in homogeneous turbulence.

The three chosen airfoils had various thickness, chord, lead-

ing edge radius, and camber. Therefore the measured effects

on noise for each airfoil contained influences from several

length-scale changes, making it difficult to systematically

study the various geometry effects on the noise. Oerlemans

and Migliore11 also measured the noise from a variety of air-

foil shapes placed in grid-generated turbulence. They

observed a trend where airfoils with more rounded leading

edges generated less noise. Hall et al.10 made changes to the

front 20% of the airfoil chord by varying the leading edge

thickness of an airfoil. They found that the maximum noise

reduction compared to a baseline airfoil with small leading

edge thickness, occurs at reduced frequencies (based on

leading edge thickness) of order 1.

2. Computational aeroacoustic studies

Compared to experimental and analytic studies, there

are fewer CAA studies which investigate the effects of air-

foil geometry on leading edge noise. Furthermore, these

studies have been restricted to using a small number of

FIG. 1. A schematic of a single harmonic gust interacting with an airfoil at

zero angle of attack, where t is the airfoil thickness, Rle is the leading edge

radius, c is the airfoil chord, Ux is the freestream velocity, r is the observer

radius, and h is the observer angle from the downstream direction.
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discrete frequency harmonic gusts. The use of single fre-

quency harmonic gusts as a simplified turbulent inflow may

affect the sensitivity of leading edge noise to airfoil geome-

try because this approach is limited to modeling gusts with

parallel wavefronts. Therefore, the effects of airfoil geome-

try on the noise due to the variety of swept gusts that are

contained in turbulent flow is not accounted for. Evers and

Peake12 have shown with an analytic model to predict cas-

cade noise that the leading edge noise due to turbulent flow

exhibits a weaker sensitivity to airfoil geometry than flow

containing harmonic disturbances. However, the use of har-

monic disturbances is still useful in revealing general trends

between leading edge noise and changes in airfoil geometry.

Atassi et al.13 numerically investigated the effects of

thickness on the noise due to a harmonic gust by using a

CAA method. They investigated Joukowski airfoils with

thicknesses ranging from 3% to 12% of the airfoil chord. A

Kirchoff method was used to predict the far-field noise based

on a numerical solution of the unsteady flowfield about an

isolated airfoil interacting with a periodic vortical gust.14

This study found that inM ¼ 0:5 flow at reduced frequencies

of K ¼ c=k � 1 or higher, the effect of thickness was to

reduce the noise at downstream observer locations, and

increase it at upstream locations. Therefore, the basic shape

of the directivity was unaltered, but the resulting pattern was

skewed toward the upstream direction when compared with

flat plate predictions. Atassi et al.13 attributed this phenom-

enon to the oncoming flow “seeing a finite rounded edge at

larger thicknesses (as opposed to an infinitesimally thin flat

plate) from which acoustic pressure can radiate.” It was also

observed that the thickness effect is more pronounced at

higher freestream Mach numbers.

Lockard and Morris15 performed a CAA study of noise

radiated by NACA 4-series airfoils encountering harmonic

vortical gusts in the time domain. They used both inviscid

Euler and viscous Navier–Stokes calculations to model vorti-

cal gust interactions up to K � 1:2 in M ¼ 0:5 flow. Lockard

and Morris made similar conclusions to Atassi et al.,13 where

airfoil thickness caused an upstream skewing of the directiv-

ity pattern such that the noise was reduced at downstream

observer locations by a greater amount than at upstream

locations. Lockard and Morris gave the realistic airfoil cur-

vature and the realistic meanflow solution as the dominant

causes for the change in the noise.

Guidati and Wagner16 used a boundary-element method

to study the interaction of harmonic sinusoidal gusts with

NACA 4-digit airfoils. Here, 5%, 10% and 15% thick airfoils

were investigated in flows with Mach number ranging from

M ¼ 0:4 to M ¼ 0:6. Guidati and Wagner found again that

thicker airfoils radiate less noise than thin ones, and note

that the source terms in their model are highly dependent on

the flow surrounding the airfoil.

3. Analytical studies

Most analytic models for the prediction of leading edge

gust interaction noise are restricted to flat plates. However,

there have been some attempts at extending the theory to

include real geometry effects. By using a modified Green’s

function to account for plate thickness, Gershfeld17 showed

that radiated sound due to turbulent flow at high frequencies

could be reduced by increasing the finite thickness of a flat

plate. Glegg and Devenport18 showed with a conformal map-

ping approach that the effect of increasing thickness is to

reduce the noise at high frequencies. Moreau et al.19 modi-

fied existing flat plate analytic theory with semi-empirical

corrections, based on observations of thickness effects in ex-

perimental studies. The acoustic radiation term was modified

by Moreau et al.19 to account for the position of the source

on a more realistic airfoil surface. Rapid distortion theory

was also used to account for the distortion of small eddies by

the airfoil geometry. However, the chordwise distribution of

the sources was unchanged.

4. Summary

In the previous work described above, there is clearly

some agreement between the conclusions from each study as

to the effects on noise due to airfoil thickness. All studies have

found that the noise is reduced at high frequency due to

increasing airfoil thickness. However, there are also some con-

tradictions between the various conclusions. Both computa-

tional works by Atassi et al.13 and Lockard and Morris15 found

a forward skewing of the directivity pattern with increasing

thickness. Noise measurements by Paterson and Amiet7 and

Moreau et al.19 on NACA 0012 airfoils, and measurements by

Olsen and Wagner8 on a range of airfoil thicknesses, did not

show this behavior. Additionally, Paterson and Amiet7 sug-

gested that flat plate theory is inaccurate for 12% thick airfoils

at reduced frequencies above Kt ¼ 1 (or K ¼ 8:3 for 12%

thick airfoils), whereas Atassi et al.13 reported that thickness

effects on noise become apparent for K > 1.

One reason why experimental measurements have not

found an upstream skewing of the directivity pattern may be

due to the difficulties associated with measuring acute

upstream and downstream noise in a wind tunnel. The nozzle

of a wind tunnel will prevent microphone placement at acute

upstream angles, while the wind tunnel shear layer can affect

measurements from microphones placed at acute down-

stream angles. Because of these factors, most experimental

studies discussed here limited the range of observer angles at

which noise was measured. For example, Hall et al.10 pre-

sented noise spectra at the peak radiation angle of 618 from

the downstream axis, Devenport et al.6 measured the noise at

908, and Moreau et al.19 considered observer angles ranging

between 08 and 1058 from the downstream direction. Thus, it

may be the case that previous measurements have been

unable to capture the upstream behavior predicted in CAA

studies. Another potential reason for the difference between

conclusions of the thickness effects on noise, may be that the

computational and experimental studies used differing gust

inputs. The computational studies used harmonic vortical

disturbances as opposed to the homogeneous turbulence gen-

erated for the experimental measurements. The use of har-

monic vortical disturbances does not consider the

contributions from the variety of swept gusts which are con-

tained in a turbulent inflow, so this type of gust input may

incite different leading edge noise behavior.
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C. Mechanisms

1. Thickness

It is desirable to understand the physical principles

which cause the observed noise changes due to airfoil geom-

etry, so that geometry effects on leading edge noise can be

explained. Chiang and Fleeter20 found that increasing the

airfoil thickness has the effect of reducing the amplitude of

the leading edge surface pressure response. They also found

that the location of the peak surface pressure response is

moved downstream of the leading edge and is smoothed

over a larger section of the airfoil chord as a result of airfoil

thickness. Similar findings were reported in the analytic

work of Glegg and Devenport.18 However, previous litera-

ture has not addressed why the surface pressure response is

altered by the presence of airfoil thickness. This issue is

addressed by the current work and is discussed in Sec. IVE.

2. Meanflow

Previous authors have included the accurate modeling

of a non-uniform meanflow in their investigations of airfoil

geometry effects on leading edge noise. For example,

Lockard and Morris15 computationally studied the effects on

noise due to an airfoil with thickness modeled in a non-

uniform meanflow, and Evers and Peake12 also included the

modeling of a realistic non-uniform meanflow in their ana-

lytical model for the prediction of airfoil leading edge cas-

cade noise. However, it has not previously been determined

if the modeling of a non-uniform meanflow is a necessary

step when investigating airfoil geometry effects on noise.

Analytic models are typically useful for fast repeatable noise

predictions, but it can be difficult for them to include the

modeling of a non-uniform meanflow. If accurate predictions

can be obtained by assuming a uniform meanflow, then the

complex modeling of a non-uniform flowfield can be

avoided.

III. CURRENT WORK

This paper aims to use CAA methods to systematically

study the effects on leading edge noise due to airfoil thick-

ness t and leading edge radius Rle. Predictions will be per-

formed of the noise due to airfoils with varying t and Rle

interacting with single frequency harmonic gusts to highlight

the effects on noise due to changes in both of these length-

scale parameters. This study will also assess the validity of

the flat plate assumption for modeling the leading edge noise

of real airfoils. Noise predictions will be made using accu-

rate predictions of the non-uniform meanflow around the air-

foil and again when the meanflow is assumed to be uniform

everywhere, in order to assess the importance of accurate

representation of the non-uniform flowfield.

A. Airfoil geometry definition

For most airfoil families, such as the NACA 4-series air-

foils, the leading edge radius Rle and the thickness t are

related. For example, the NACA 4-series airfoils define

Rle / t2. If the thickness of a NACA 4-series airfoil is

modified, therefore, there will be a corresponding change to

Rle. Any effects on the leading edge noise will therefore be

due to a combination of these two length-scale changes. In

the current work, the effects on noise of Rle and t are investi-

gated independently by using the NACA modified 4-series

airfoil family,21 which allows separate specification of t and

Rle. Leading edge radius Rle is related to thickness by

Rle ¼ 0:5 0:2969
t

0:2

I

6

� �� �2

; (1)

where I is a non-dimensional parameter which controls the

shape of the leading edge as seen in Fig. 2. I ¼ 0 defines an

airfoil with Rle ¼ 0, while I ¼ 6 represents a standard

NACA 4-series profile. Through variations in I, the effects

of leading edge radius changes with constant t can be

studied.

The effects on leading edge noise are studied due to gust

interactions with airfoils whose thickness varies between 6%

and 24%, and whose I parameters vary between I ¼ 0 and

I ¼ 10. An additional NACA 0002 case is also included for

validation of the computational method, and is the closest

approximation to a flat plate that is used in the CAA method.

Figure 2 shows the geometries of the airfoils investigated.

The naming convention follows the standard NACA 4-series

method with an additional two digits which represent the pa-

rameter I and the chordwise position of maximum thickness

(in tenths of chord), respectively. In this paper the chordwise

position of maximum thickness position is fixed at 0:3c and

the airfoil chord is fixed at c ¼ 1 m.

B. Modeling methods

The details of the analytic flat plate model and the CAA

modeling strategy used in this paper are now discussed.

1. Analytic flat plate method

The flat plate analytic noise model due to Amiet,4 modi-

fied to allow for 2D airfoils, is used for validation of the

CAA method and to assess the validity of using flat plate

modeling for the prediction of real airfoil leading edge noise.

FIG. 2. The various airfoil geometries used in the study.
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The gust amplitude is taken to be constant at all frequencies,

and set equal to 0:01Ux in both the analytic and CAA meth-

ods. Gusts of this amplitude are within the linear response

range that was investigated by Lockard and Morris.22

2. CAA method

The CAA method uses a high-order CAA code to solve

the LEEs which has been used in previous aeroacoustic stud-

ies such as that by Zhang et al.23 A sixth-order compact spa-

tial discretization scheme is used24 with tenth-order filtering

and a fourth-order explicit temporal scheme.25 Unsteady

gusts are superimposed onto the steady meanflow solution

which convects the vortical gust toward the airfoil. The

effect on noise due to different steady meanflow solutions is

investigated in this paper and is discussed in Sec. IVB. Far-

field noise predictions are obtained from the airfoil surface

pressure response and a Ffowcs–Williams and Hawkings

(FW-H) solver that is based on formulation 1A.26

Buffer conditions are used at all edges of the simulation

to prevent spurious reflections from the domain edges inter-

fering with simulation results. An explicit damping function

is utilized at the end of each timestep27 to damp perturba-

tions to an assigned target value. The buffer zone transverse

velocity target value is set equal to an unsteady value which

defines the forced gust. This is done in order to prevent inter-

actions between buffer zones and a separate gust boundary

condition and is similar to the method adopted by Kim

et al.28

One-dimensional vortical gusts with velocity component

normal to the freestream direction are defined in this study to

be of the form of a summation of discrete frequency gusts

and can expressed as

wðx; TÞ ¼
X

n

i¼1

wo cos½kg; iðx� UxTÞ� (2)

where wðx; TÞ is the instantaneous gust velocity, kg; i is the

streamwise gust wave number of the ith frequency, x is the

streamwise location, T is time, w0 is the maximum gust am-

plitude (set to w0 ¼ 0:01Ux), and n is the total number of

gust frequencies. Gusts at multiple discrete frequencies are

defined in individual simulations, such that the vortical gust

contains information at several discrete frequencies simulta-

neously. Sufficient numbers of frequency are chosen to

resolve the spectral shape of the leading edge noise. Noise

prediction at each discrete frequency is then recovered in

post-processing via Fourier transformation.

C-shape grids are used near to the airfoil surface.

Because of the differing grid requirements between viscous

flow solutions and LEE propagation calculations, different

computational grids are needed for the meanflow calculation

and the gust interaction stages of the CAA method. Viscous

computations are performed to obtain the steady meanflow

solution where an accurate representation of the boundary

layer is provided by using Yþ values of below two. For the

LEE simulations the resolution requirement is to resolve the

forced gust. Therefore the LEE computational grid resolu-

tion is chosen to resolve the smallest gust wavelengths by at

least 12 points per wavelength. Computational grids extend

to 7 chord lengths from the airfoil in all directions to prevent

acoustic interference with the domain edges. To allow acous-

tic gusts to be overlaid onto a viscous meanflow solution, the

viscous flowfield is interpolated onto the acoustic grid.

IV. RESULTS

A. Validation

The CAA method was validated by comparing 2D ana-

lytic flat plate predictions at M ¼ 0:2 with noise predictions

from the CAA method due to a thin NACA 0002 airfoil

(I ¼ 6; t ¼ 0:02c) in a uniform meanflow. The NACA 0002

airfoil is the closest approximation to a flat plate that has

been tested. An exact flat plate was not investigated with the

CAA method since spatial discretization errors in finite dif-

ference codes prevent the use of genuine flat plate geometry.

Lockard and Morris22 provide further discussion on the diffi-

culties of modeling flat plates with finite difference methods.

A uniform meanflow was used in the CAA prediction for

better comparison with the analytic solution, which also

assumes a uniform meanflow.

The leading edge far-field noise at r ¼ 15m was pre-

dicted at reduced frequencies of between K ¼ 0:25 and

K ¼ 12:5. Figure 3 compares the noise predictions from ana-

lytic flat plate theory with predictions from a NACA 0002

airfoil in the CAA method, where the NACA 0002 airfoil

has been modeled by assuming a uniform and a viscous non-

uniform meanflow. The CAAnon-uniform spectra and directiv-

ity shown in Fig. 3 represent the CAA noise predictions in

which viscous non-uniform meanflow effects around

the NACA 0002 airfoil are included and are discussed in

Sec. IVB.

Figure 3 shows agreement between the analytic and the

CAAuniform noise predictions of better than 1 dB at all tested

FIG. 3. (Top) Spectral and (bottom) directivity comparison of noise predic-

tions from the CAA method using a NACA 0002 airfoil, and the analytic

flat plate method. The spectral comparison is made at h ¼ 458 and the direc-

tivity comparison is made at K ¼ 8.
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gust frequencies and observer angles. The largest difference

is seen in the directivity predictions at upstream observer

angles, which can be attributed to the curvature of the

NACA 0002 airfoil in the CAA method compared with a flat

plate. Small oscillations in CAA spectral predictions can be

seen. These are attributed to the assumption of discrete fre-

quency forcing as opposed to a continuous spectrum, and to

the fixed grid density, which causes each gust frequency to

have a different temporal and spatial resolution in the simu-

lation. The degree of agreement of better than 1 dB in Fig. 3

provides validation of the CAA methods adopted in this

paper.

B. Meanflow modeling assumptions

We now investigate whether the modeling of the non-

uniform meanflow is necessary for accurate noise prediction,

or if accurate noise predictions can be obtained by making

the assumption of uniform meanflow. This comparison also

elucidates the noise generation mechanism, which is dis-

cussed in more detail in Sec. IVE. Figure 3 compares the

noise predictions made with the CAA method for a NACA

0002 airfoil, by using both the viscous non-uniform mean-

flow solution and by assuming a meanflow that is uniform

everywhere. The non-uniform meanflow case predicts a

reduced noise amplitude by as much as 3 dB at high fre-

quency compared to the predictions made with a uniform

meanflow and also to analytic noise predictions, at all fre-

quencies and at most observer angles. The noise difference

increases slightly with increasing frequency. Therefore, even

with a thin NACA 0002 airfoil, the effects of a non-uniform

meanflow are important to leading edge noise predictions.

Methods which do not account for the non-uniform

meanflow are expected to over-predict the noise at high

frequency.

Figure 4 shows the relative sound power level (PWL)

predictions made using the analytic method, compared with

predictions from the CAA method using a NACA 0012-63

airfoil at M ¼ 0:2, M ¼ 0:4, and M ¼ 0:6. Here, PWL is

defined as the power per unit span for a 2D airfoil.29 At each

Mach number, noise predictions are made by the CAA

method assuming a viscous non-uniform meanflow, an invis-

cid non-uniform meanflow, and a uniform meanflow, so that

the effects on noise due to different meanflow assumptions

can be investigated.

Figure 4 shows that at all Mach numbers there is a sig-

nificant difference of up to 5 dB between the CAA noise pre-

dictions that are made by assuming a uniform meanflow, and

those made by including non-uniform meanflow effects.

Predictions that include the effects of non-uniform meanflow

show a reduction in noise due to the thickness of the NACA

0012-63 airfoil, whereas close agreement was obtained for

the NACA 0002 airfoil in Fig. 3. This reduction inc-

reases with increasing frequency and Mach number, which is

in agreement with previous literature.8,13 At K ¼ 12 and

M ¼ 0:6 the CAA predictions are approximately 9 dB lower

than the predictions made with analytic flat plate theory.

However, predictions that assume a uniform meanflow show

an increase in noise in most cases. Therefore the non-

uniform meanflow plays an important role in the leading

edge noise generation mechanism of airfoils with real

geometry.

Small differences of less than 1 dB are seen in the noise

predicted by the CAA method between using a viscous and

inviscid non-uniform meanflow solution. Assuming an invis-

cid flowfield causes the CAA method to over-predict the

noise by up to 1:5 dB at high frequency and low Mach num-

ber. In other parts of the spectrum the difference between the

viscous and inviscid predictions is negligible. Therefore, for

predictions of leading edge noise due to symmetric airfoils

interacting with harmonic gusts, an inviscid flowfield can be

assumed in most cases without significant loss of accuracy.

The error incurred by assuming a uniform meanflow

with regards to leading edge noise prediction of real airfoils

has not been previously investigated. Additionally, the small

loss in prediction accuracy of up to 1.5 dB caused by the

assumption of an inviscid flowfield has not been previously

reported. The remainder of this paper sets M ¼ 0:2 and

assumes an inviscid non-uniform meanflow. Reasons for the

inaccuracy of predictions made when assuming a uniform

meanflow solution are discussed in Sec. IV E.

C. Effects of thickness

The sensitivity of leading edge noise to varying airfoil

thickness is now investigated. Figure 5 compares the con-

tours of sound pressure level (SPL) with varying observer

angle h and gust reduced frequency K, between the analytic

flat plate noise predictions and predictions from the CAA

method using a NACA 0024-03 airfoil. Two iso-lines of con-

stant SPL are also shown in Fig. 5 to assist comparison

between the two analytic and CAA methods. A NACA

0024-03 airfoil has been chosen for the CAA prediction

because it has a large thickness t and zero leading edge ra-

dius (Rle ¼ 0), and therefore exhibits thickness effects on

noise while minimizing any leading edge radius effects.

Figure 5 shows that the noise predictions from the ana-

lytic and CAA methods give similar predictions at low

FIG. 4. PWL due to harmonic sinusoidal gusts at varying reduced frequency

interacting with a NACA 0012-63 airfoil. Predictions are made at M ¼ 0:2,
M ¼ 0:4, and M ¼ 0:6 by the analytic flat plate model and by the CAA

method using differing meanflow assumptions.
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frequency. However, at frequencies above K ¼ 1 the CAA

predictions differ from the analytic predictions due to the

thickness of the NACA 0024-03 airfoil. For frequencies

above K ¼ 1 (where the gust wavelength is equal to or

smaller than the airfoil chord) the effect of thickness is to

decrease the noise compared to flat plate noise predictions,

such that the NACA 0024-03 noise predictions are approxi-

mately 15 dB quieter at K ¼ 12. Additionally, contours of

the analytic noise prediction show a strong directivity lobe at

h ¼ 458 for K > 2, while the NACA 0024-03 predictions ex-

hibit less variation in noise amplitude with varying observer

angle. The amplitude of the analytic flat plate noise predic-

tion oscillates with varying frequency at forward observer

angles (h > 1408). The CAA noise prediction also shows

oscillations in noise amplitude with varying frequency above

K ¼ 4, but these oscillations are present over a wider range

of angles compared with the analytical noise prediction and

at different scale.

Figure 6 compares the predicted noise spectra from the

analytic flat plate solution and the CAA method using a

NACA 0012-03 airfoil, at two observer angles. The noise

predictions from the CAA method at the downstream ob-

server angle (h ¼ 458) are lower than the analytic predic-

tions. The difference between the two methods increases

with increasing reduced frequency above K ¼ 1. This effect

of thickness on the noise predictions agrees with the findings

of previous authors such as Paterson and Amiet,7 who report

a smaller effect than predicted here. Paterson and Amiet

reported a 5 dB reduction in noise at Kt ¼ 1 (or K ¼ 8:3 for

a 12% thick airfoil) due to an airfoil with 12% thickness, but

Fig. 6 shows a difference of about 8 dB. The increased sensi-

tivity of leading edge noise to thickness, in comparison to

Paterson and Amiet’s work, may be due to the assumption of

one-dimensional harmonic vortical gusts instead of turbulent

interactions, as was reported by Evers and Peake12 in their

analytical study of airfoil geometry effects on cascade noise.

Figure 6 shows that for observers at h ¼ 458, the effect of

thickness on noise is significant at K > 1, which agrees with

the conclusions of Atassi et al.,13 but is lower than Paterson

and Amiet7 who conclude that flat plate theory breaks down

above about K ¼ 8:3.
Figure 6 shows that at the upstream observer angle

(h ¼ 1508) the thickness effects do not reduce the predicted

noise in the CAA method. Here, the effect of airfoil thick-

ness on noise is to suppress the amplitude of the oscillations

that occur in the spectrum compared to flat plate predictions.

This effect is significant at K > 2 and does not vary with

increasing frequency.

Figure 7 compares the directivity predictions at K ¼ 8

from the CAA method using airfoils with varying thickness,

with those obtained from flat plate theory. Figure 7 shows

that the directivity pattern remains similar as thickness is

varied, but the predicted noise level reduces with increasing

airfoil thickness at most observer angles. This finding agrees

with the conclusions of several previous authors, including

Olsen and Wagner.8 However, at acute upstream observer

angles (above h ¼ 1308) the noise amplitude is not reduced

as a result of increasing thickness, as was also seen in Fig. 6.

Lockard and Morris15 and Atassi et al.13 both reported simi-

lar behavior to that shown in Fig. 7, with the exception that

both studies reported slight increases in upstream noise. This

increase is not seen in the current work.

Figure 8 shows the sensitivity of the sound power P pre-

diction to airfoil thickness at constant reduced frequencies of

K ¼ 4, K ¼ 8, and K ¼ 12, for airfoils with I ¼ 0 so that

any effects on P due to leading edge radius can be neglected.

Solid lines are drawn as straight lines of best fit between

sound power predictions and airfoil thickness. Figure 8

shows that the sound power at constant reduced frequency

appears to decrease almost linearly with increasing airfoil

FIG. 5. Comparison between the contours of SPL from analytic flat plate

predictions and the CAA method using a NACA 0024-03 airfoil, at varying

observer angle and gust frequency.

FIG. 7. The effect on noise directivity predictions due to increasing airfoil

thickness, with Rle ¼ 0, at K ¼ 8.

FIG. 6. Comparison of thickness effects for a NACA 0012-03 airfoil at

(left) downstream observer angle h ¼ 458 and (right) upstream observer

angle h ¼ 1508.
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thickness. The gradient, dP=dt, increases with increasing fre-

quency, which is consistent with previous conclusions that

airfoil thickness has a greater effect at higher frequencies.

The sensitivity of sound power to thickness reported here

may be consistent with the experimental findings of Olsen

and Wager,8 who measured a “linear” decrease in noise due

to thickness compared with the noise generated by a 3%

thick airfoil. However, it is not clear if Olsen and Wagner

refer to a linear change in SPL, or to a linear change in the

acoustic pressure response.

D. Effects of leading edge radius

The effect of leading edge radius on leading edge noise

is now investigated. Figure 9 shows the predicted leading

edge noise spectra and directivity pattern due to a family of

12% thick airfoils with varying leading edge radii corre-

sponding to I ¼ 0, I ¼ 6, and I ¼ 10. Figure 9 shows that

the predicted noise for downstream observers is reduced by

increasing the leading edge radius, and that the amount of

noise reduction increases with increasing reduced frequency.

At upstream observer positions there is an increase in noise

due to an increase in leading edge radius, but this trend is

less clear than the trend for downstream observers since

noise predictions for the NACA 0012-63 airfoil are greater

than for the NACA 0012-10 airfoil. In general, the effect of

increasing leading edge radius is to cause a reduction in

noise for downstream observers, and to cause a slight

increase in noise for upstream observers. Noise predictions

become sensitive to leading edge radius at reduced frequen-

cies above about K ¼ 4, which is higher than the frequency

of about K ¼ 1 at which the noise appears to become

affected by airfoil thickness.

We now investigate the relative sensitivity of the effects

on noise due to thickness and leading edge radius. Figure 10

shows the PWL spectra for airfoils with 6% (or t ¼ 0:06c)
and 12% thickness, each with I ¼ 6 and I ¼ 10. At reduced

frequencies above about K ¼ 1, the noise predictions are sig-

nificantly different between airfoils with differing thick-

nesses, with thicker airfoils generating less noise than

thinner ones. Above reduced frequencies of about K ¼ 4, the

noise predictions for airfoils with equal thickness, but differ-

ent leading edge radius, are reduced by an increase in the

leading edge radius. Leading edge noise is therefore affected

by airfoil thickness at lower reduced frequencies than it is

affected by leading edge radius. Furthermore, the noise

reduction due to the change from 6% to 12% thickness in

FIG. 9. (Top) Spectral and (bottom) directivity effects of the leading edge

radius on noise from 12% thick airfoils. The spectral comparison is made at

h ¼ 458, and the directivity comparison is made at K ¼ 8.

FIG. 10. Comparison of the PWL behavior with chord-based reduced fre-

quency, for airfoils with varying thickness and leading edge radius.

FIG. 8. The behavior of sound power P with airfoil thickness at reduced fre-

quencies of K ¼ 4, K ¼ 8, and K ¼ 12. Solid lines are drawn as lines of

best fit.

FIG. 11. The behavior of sound power P with varying leading edge radius at

a reduced frequency of K ¼ 8. Solid lines indicate linear lines of best fit.
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Fig. 10 is about 4 dB at K ¼ 12, whereas the reduction in

noise due to the change from I ¼ 6 to I ¼ 10 is about 2 dB at

K ¼ 12. Therefore, leading edge noise appears to be more

sensitive to the effects of airfoil thickness than to the effects

of leading edge radius.

Figure 11 shows the behavior of the predicted sound

power P at a reduced frequency of K ¼ 8 with varying
ffiffiffiffiffiffiffiffiffiffiffi

Rle=c
p

. Each combination of airfoil thickness t and shape

parameter I represents a unique value of Rle. Each data point

in Fig. 11, therefore, represents one of the 24 airfoils shown

in Fig. 2. Figure 11 shows that for airfoils with constant

thickness, there appears to be a linear relationship between

the reduction in P and increasing
ffiffiffiffiffiffiffiffiffiffiffi

Rle=c
p

for
ffiffiffiffiffiffiffiffiffiffiffi

Rle=c
p

� 0:2
for this data. Some data points deviate from this apparent lin-

ear trend, particularly for airfoils with 6% thickness, but

these are likely to be errors resulting from small changes in

the computational grids needed to examine each separate air-

foil in turn. At sufficiently high values of leading edge radius

(
ffiffiffiffiffiffiffiffiffiffiffi

Rle=c
p

> 0:2) the apparent linear relationship between P

and
ffiffiffiffiffiffiffiffiffiffiffi

Rle=c
p

breaks down. More extensive simulations are

needed to fully identify this limit. Above the limit of
ffiffiffiffiffiffiffiffiffiffiffi

Rle=c
p

¼ 0:2, the sound power is increased for 18% and

24% thick airfoils with increasing values of
ffiffiffiffiffiffiffiffiffiffiffi

Rle=c
p

.

However, in most applications of leading edge noise model-

ing such as turbo-machinery, the thickness is typically below

12% and therefore the leading edge radius of airfoil geome-

tries is below the limit of
ffiffiffiffiffiffiffiffiffiffiffi

Rle=c
p

¼ 0:2. Therefore, for most

practical applications, an increase in the leading edge radius

of an airfoil is expected to reduce leading edge noise.

E. Mechanism

This section investigates the mechanism underlying

noise reductions due to increases in airfoil thickness and

leading edge radius. Figure 12 shows the rms pressure prms
along the surface of the front 20% of the airfoil chord, due to

gust interactions at a reduced frequency of K ¼ 8 with 2%,

6%, and 12% thick airfoils. Here, prms values have all been

normalized on the peak prms value of the NACA 0002 pre-

diction. Figure 12 shows that as airfoil thickness is

increased, the leading edge surface prms response is reduced,

and also that the peak value of prms is moved downstream.

This reduction in surface pressure response is the cause of

the reduced far-field sound predictions in the CAA model,

and agrees with the conclusions of Chiang and Fleeter20 who

used an analytic method to study the effects of thickness on

the surface pressure response of an oscillating airfoil.

However, the previous literature is not clear why the surface

pressure response is reduced for airfoils with real thickness

compared to flat plate predictions. The CAA method used in

this paper allows this to be investigated by visualizing the

unsteady flowfield surrounding the airfoil.

Figure 13 shows a visualization of the instantaneous

transverse velocity perturbations v for a high frequency vor-

tical gust with K ¼ 8, interacting with 2%, 6%, and 12%

thick airfoils. In this section v is non-dimensionalized by the

speed of sound c0. Figure 13 shows that the gust wavefront

is distorted by the real airfoil, and that this distortion

increases with airfoil thickness. Distortion of the gust wave-

front is caused by the velocity gradients present in the

FIG. 12. Normalized airfoil surface prms response due to a vortical gust at

K ¼ 8, for airfoils with t ¼ 0:02c, t ¼ 0:06c and t ¼ 0:12c.

FIG. 13. Contours of v for a gust at K ¼ 8 interacting with 2%, 6%, and 12% thick airfoils. The contours are overlaid with streamlines to show the shape and

direction of each gust wavefront.
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leading edge stagnation region and is stronger for airfoils

with larger thickness because thick airfoils generate a larger

stagnation region. Figure 13 also shows that v is increased as

the flow passes around the airfoil leading edge curvature.

This acceleration of the flow is caused by the induced circu-

lation around the airfoil due to the gust. However, the

increase in v around the leading edge is reduced when the

gust wavefront is distorted by the leading edge stagnation

region. Therefore, thick airfoils which cause a larger distor-

tion of the gust wavefront will interact with reduced v values

at the leading edge in comparison to thin airfoils. This reduc-

tion in v is therefore the main mechanism by which leading

edge noise of real airfoils is reduced at high gust frequencies.

The reduction in transverse perturbation velocity for thick

airfoils is shown more clearly in Fig. 14, which shows

contours of time-averaged transverse velocity perturbations

vrms over one gust cycle for three airfoil thicknesses.

Figure 15 shows contours of v for a low frequency vorti-

cal gust with K ¼ 1, interacting with 2%, 6%, and 12% thick

airfoils. It appears that at low frequencies the airfoil thick-

ness does not affect v. This is because the gust wavelength is

large in comparison to the size of the stagnation region, so

the gust wavefront is not significantly distorted by the veloc-

ity gradients.

In Fig. 16 contours of vrms are shown for a NACA

0012-63 airfoil interacting with a vortical gust at K ¼ 8,

when a uniform and a non-uniform meanflow is assumed in

the CAA method. Figure 16 shows that when the meanflow

is assumed to be uniform, vrms values at the leading edge are

greater in comparison to those modeled with a non-uniform

FIG. 14. Contours of vrms for a gust at K ¼ 8 interacting with 2%, 6%, and 12% thick airfoils. The contours are overlaid with streamlines of the non-uniform

meanflow around each airfoil.

FIG. 15. Contours of v for a gust at K ¼ 1 interacting with a NACA 0002, NACA 0006-63, and NACA 0012-63 airfoil. The contours are overlaid with stream-

lines to show the shape and direction of each gust wavefront.
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meanflow. There is no stagnation region in a uniform

meanflow, so the transverse velocity reduction mechanism

discussed above is not included when a uniform mean-

flow is assumed. This explains the inaccurate noise pre-

dictions obtained when modeling leading edge noise of

real airfoils interacting with vortical gusts using a uni-

form meanflow.

The conclusion that the noise is affected by the leading

edge stagnation region for real airfoils, implies that separat-

ing the effects on noise due to leading edge radius and to

thickness is difficult. Both airfoil thickness and leading edge

radius can influence the size and shape of the stagnation

region because they both modify the global shape of the air-

foil. Furthermore, although Figs. 13–16 indicate that the

noise reduction mechanism for thick airfoils appears to be

concentrated around the leading edge, the resulting reduction

in surface prms for thick airfoils occurs along the entire air-

foil chord. Therefore, it is the whole airfoil shape which

affects the noise reduction mechanism, and the whole airfoil

shape which experiences a reduced noise response.

Representing a real airfoil by a single length-scale parame-

ter, such as airfoil thickness, would ignore important aspects

of the gust interaction process and would therefore produce

an incorrect noise prediction.

Distortion of the gust wavefront appears to be a dom-

inant factor in the leading edge gust interaction mecha-

nism. This suggests that the original shape of the gust,

before it is deformed, may also have an influence on the

noise. This paper is limited to using one-dimensional har-

monic gusts which do not vary in the transverse or span-

wise directions. Therefore, a more realistic turbulent

inflow that contains two- or three-dimensional disturban-

ces may be deformed differently by the leading edge

stagnation region. Further study to determine if the gust

distortion and noise reduction effects are similar for two-

and three-dimensional disturbances is required for a more

complete understanding of the leading edge gust interac-

tion process.

V. CONCLUSIONS

A CAA method has been applied to the modeling of

leading edge noise due to harmonic vortical gusts interacting

with various symmetric airfoil geometries at zero angle of

attack. The effects of thickness and leading edge radius on

the noise have been investigated, and the validity of flat plate

analytic models has been assessed. Because the vortical dis-

turbances have been modeled with zero transverse wave

number, the analysis holds only for the interaction of an air-

foil with parallel supercritical gusts. The key findings of this

paper are listed as follows:

(1) The effect of increasing airfoil thickness is to reduce the

leading edge noise in comparison to flat plate predic-

tions, for reduced frequencies above about K ¼ c=k ¼ 1

where the gust wavelength is equal to, or smaller than,

the airfoil chord. The noise is reduced in the downstream

observer direction more than it is reduced in the

upstream observer direction. The noise reduction effect

becomes stronger with increasing frequency.

(2) The effect of increasing leading edge radius is to reduce

the noise at downstream observers and to increase the

noise at upstream observers, in comparison to analytic

flat plate predictions. Leading edge noise becomes sensi-

tive to leading edge radius changes for reduced frequen-

cies above K ¼ 4. However, leading edge noise is less

sensitive to leading edge radius than it is to airfoil

thickness.

(3) Increasing the airfoil thickness t causes a roughly linear

decrease in the sound power due to leading edge noise at

high frequencies. Additionally, increasing the square

root of the leading edge radius up to
ffiffiffiffiffiffiffiffiffiffiffi

Rle=c
p

¼ 0:2 also

causes an approximately linear decrease in the sound

power. The limit of
ffiffiffiffiffiffiffiffiffiffiffi

Rle=c
p

¼ 0:2 is sufficiently high to

contain most airfoil geometries which experience signifi-

cant leading edge noise.

(4) The effects of airfoil geometry on leading edge noise are

noticeable even for 2% thick airfoils, such that analytic

flat plate predictions will over-predict the noise from a

NACA 0002 airfoil by approximately 3 dB at high fre-

quencies in M ¼ 0:2 flow. For a NACA 0012-63 airfoil

this over-prediction can be up to 9 dB at K ¼ 12 and

M ¼ 0:6. The accuracy of flat plate analytic predictions

of leading edge noise can be expected to decrease with

increasing airfoil thickness, gust frequency and Mach

number.

FIG. 16. Contours of vrms for a gust

with K ¼ 8 interacting with a NACA

0012-63 airfoil, modeled using a uni-

form and non-uniform meanflow.

Streamlines are plotted to indicate the

path of the steady meanflow field.
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(5) The dominant mechanism that causes the discussed

effects on noise is related to the leading edge stagnation

region. Vortical gusts are distorted by the velocity gra-

dients in the stagnation region such that the wavefront of

the gust across the leading edge is smoothed and the gust

amplitude is reduced. Because the dominant noise reduc-

tion mechanism is associated with the meanflow, It is

not valid to make an assumption of uniform meanflow

when modeling the leading edge noise of airfoils with

real geometry. However, an inviscid meanflow can be

assumed without loss of prediction accuracy in most

cases.

(6) The effects on noise due to airfoil thickness and leading

edge radius are linked, because both length-scales affect

the overall airfoil shape which in turn affects the shape

and size of the leading edge stagnation region. Rather

than represent a real airfoil by a single length-scale pa-

rameter, such as airfoil thickness, the overall shape of

the airfoil should be considered when modeling leading

edge noise.

A limitation of the current work is that it only considers

one-dimensional sinusoidal harmonic gusts at zero angle of

attack. Extension of a CAA method to enable the modeling

of leading edge noise via synthesis of a two- or three-

dimensional turbulent spectrum would provide interesting

future study.
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