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List of symbols

Latin letters
A	� Empirical spectral shape based on the Strou-

hal number (dB)
C	� Airfoil chord (m)
D̄h	� Directivity function, high-frequency noise ()
f	� Frequency (Hz)
K1	� SPL level experimental correction factor (dB)
L	� Span of the airfoil (m)
M	� Mach number ()
OASPL	� Overall sound pressure level (dB)
ReC	� Reynolds number, based on airfoil chord ()
re	� Effective observer distance (m)
SPL1/3	� Sound pressure level for a 1/3 octave band 

(dB)
SPLp, 1/3	� Sound pressure level for a 1/3 octave band, at 

pressure side (dB)
St	� Strouhal number, fδ*/U ()
Stp, St1	� Strouhal number, peak frequency ()
TU	� Turbulence intensity (% of U)
U	� Local mean velocity (m/s)
U∞	� Uniform flow velocity (m/s)
Y+	� Wall coordinate, dimensionless distance to 

wall ()

Greek letters
α	� Angle of attack (°)
δ*	� Boundary layer displacement thickness (m)
δ∗p	� Boundary layer displacement thickness, pres-

sure side (m)

Abstract  This study proposes a criterion for evaluating 
the turbulent boundary layer displacement thickness when 
predicting airfoil trailing-edge noise with semi-empirical 
methods. The boundary layer integral parameter is usually 
employed as the typical turbulence length-scale in the clas-
sic NASA-BPM semi-empirical airfoil self-noise predic-
tion model and its variations. Although the semi-empirical 
noise prediction methods have been, in theory, superseded 
by more complex and demanding simplified-theoretical 
methods, they arguably remain the most suitable methods 
for noise investigation during the preliminary design phase 
of airfoils and wind turbine blades. The purpose of the cri-
terion discussed is to limit the adverse impact of the uncer-
tainty associated with the scaling parameter into the over-
all intrinsic quality of the semi-empirical noise prediction 
method. The criterion may be then employed, along with 
computational efficiency, to sort out methods for the task 
of feeding the popular BPM noise prediction model and its 
variations. As an illustration of the application of the pro-
posed criterion, the performance of CFD-RANS and XFoil 
codes are examined and compared with experimental data 
from turbulent, incompressible flow available from the lit-
erature in the range 5.0× 10

5
< ReC < 1.5 × 10

6.
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k - ω	� Turbulence model based on the turbulent 
kinetic energy and energy dissipation rate 
transport equations for mathematical closure

γ - Reθ	� Transition model based on the intermittency 
factor and momentum thickness Reynolds 
number

Abbreviations
AOA	� Angle of attack
BEM	� Blade-element momentum theory
BL	� Boundary layer
BPM	� Brooks, Pope, Marcolini, NASA semi-empir-

ical noise prediction model
CAA	� Computational aero-acoustic (noise predic-

tion models)
CFD	� Computational fluid mechanics
HAWT	� Horizontal axis wind turbine
IAG	� Institut für Aerodynamik und Gasdynamik, 

Stuttgart
LE	� Leading-edge
NREL	� National Renewable Energy Laboratory, USA
POLI-USP	� Polytechnic School of the University of Sao 

Paulo
RANS	� Reynolds-averaged Navier–Stokes equations
R&D	� Research and development
SE	� Semi-empirical (noise prediction models)
SST	� Shear stress transport
ST	� Simplified-theoretical (noise prediction 

models)
TBL	� Turbulent boundary layer
TBL-FP	� Turbulent boundary layer over a flat plate 

model
TE	� Trailing-edge
TU-Berlin	� Technische Universität Berlin
WT	� Wind turbine
WTN	� Wind turbine noise

1  Introduction

The noise emission from the trailing-edge (TE) of a wing 
is a classic problem in the fields of fixed and rotary-wing 
aircraft and has also become an additional design driver for 
wind turbines [36, 38].

The onshore wind energy conversion industry is devel-
oping swiftly in Brazil and most wind farms are being sited 
on the regions along the east coast, home for 85 % of the 
country population. Motivated by this fact, Poli-USP initi-
ated an applied research on the wind turbine noise (WTN) 
subject to support R&D efforts for quieter wind turbine 
(WT) airfoils and blades.

An insight into the particular WT industry view of the 
noise problem was obtained through a field research carried 

out by the authors during an international wind power con-
ference (AWEA 2012) and may be summarized by the 
closing comment of one large WT manufacturer expressed 
in his survey return form:

“It would be desirable to have routines for estimating 
aero noise in the early phases that could be later optimized 
in more advanced design phases. The better we can predict 
WTN, the easier we can assure our customers of the quality 
of our product. The industry lacks better predictive meth-
ods and also better ideas to lessen WTN”.

Initially restricting the scope to self-noise and to the TE 
noise source only, which is considered the single most rel-
evant source of airfoil self-noise for large size WT [37], the 
development of a noise prediction tool suitable for support-
ing the early conceptual design phase of airfoils and blades 
became the purpose of the application work initiated and 
two important goals were established for the tool to comply 
with expectations from the industry as expressed in the sur-
vey return forms: (i) the noise simulation tool would have 
to be practical enough for easy and highly iterative use dur-
ing the early design phases of airfoil and blade designs, and 
(ii) the noise emission aspect should not be uncoupled from 
the rotor aerodynamic performance considerations.

This paper is concerned with some aspects of “phase 
one” of the method set-up, which consisted of the selection 
of the airfoil TE noise model plus a compatible flow field 
calculation tool to provide the characteristic wall-normal 
turbulence length scale required by the model. “Phase two” 
will be concerned with the blade/rotor TE noise prediction 
expansion and coupling to a performance analysis tool suit-
able for WT preliminary design and will be covered in a 
future text. The result of both phases will be incorporated 
into the QBlade open source WT performance software 
[33, 39], under collaborative effort with TU-Berlin. This is 
expected to grant easy Industry access to the tool and the 
new module shall preserve the proven, user-friendly inter-
face of QBlade.

2 � Trailing edge noise models

Some detailed studies are found in the literature concerning 
WT airfoil designing for reduced TE noise [3, 22, 23, 45]; 
however, some do not confirm the noise reduction expected 
from the airfoil geometry manipulations while others do 
not meet the high degree-of-freedom necessary for high 
iteration during the early design process.

Also, some blade and rotor (3-D) noise assessment tools 
have been designed with the clear intent to make them avail-
able to the Industry, especially by NREL [36], DTU [46] 
and also by Vargas [43]. All these are based on the BPM 
[10], 2-D semi-empirical (SE) noise prediction model 
and employ the “quasi 3-D” [20] approach that allows 
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extrapolation of the noise for the rotor by logarithmically 
summing up the sources in a number of blade stations and at 
different blade positions along the azimuthal plane, for each 
rotor speed. The main limitation of these tools, however, 
seems to be the use of the original BPM correlations for the 
displacement thickness developed for the NACA0012 and 
used as wall-normal turbulence length scales. NREL later 
coupled the model to the XFoil [13] to generalize the air-
foil geometry [34] and also to its aeroacoustic code (FAST), 
however, for handling 2-D geometry only.

The simplified-theoretical (ST) models, most of which 
are based on the modified TNO-Blake TE noise model 
[26], have the potential to describe the noise that derives 
from the flow-edge interaction with much more physical 
detail than the SE models [35]. However, knowledge of the 
detailed turbulent flow field information is required for ST 
modeling, and the researchers often resort to two-equation 
turbulence models within CFD-RANS for that purpose plus 
modeling of the anisotropic turbulence properties and scal-
ing functions. Examples of NREL and IAG researches in 
this area are [25–28, 31, 32, 35]. At the latest status report 
[24] the ST model seems less dependent upon empirical 
constants but the result is still very sensitive to the accu-
racy of the wall-normal turbulence length scale, as com-
pared with the SE model. Although it currently represents 
the state-of-the-art on TE noise research in academia, the 
final advantage of the ST over the SE models, in terms of 
noise peak frequency and spectral shape prediction accu-
racy, seems not very well established and robust while the 
simpler SE models are more efficient from the computa-
tional point of view for iterative development research by 
the industry.

There are also high-order numerical models, like CAA, 
which are of less interest here because they have been a tra-
ditional barrier for the limited budget wind power indus-
try as compared to the aerospace industry [14] and also too 
time consuming for preliminary investigation.

During selection of the elements for the intended practi-
cal WT TE noise prediction tool, both ST and SE models 
were considered in detail and the BPM model was selected 
as a starting point for the method due to its computational 
efficiency and reasonable accuracy. However, the model 
was not integrally adopted. Calculations of the typical 
operating conditions for a  50  m-radius HAWT with the 
aid of the BEM method [40], allowed conclusion that the 
Reynolds number at the outer 1/3 span of the rotor blades 
is in the range 1.5 × 106 ≤ ReC ≤ 3.8× 106 and hence 
operates in the same turbulent regime and not far from the 
experimental Reynolds number of data from which it was 
derived. This suggested that the boundary-layer integral 
parameter correlations provided with the model, derived 
specifically for the NACA 0012 airfoil were possibly its 
most critical limitation, especially considering the high 

camber, high adverse pressure gradient found in airfoils 
currently employed in WT design [41, 42]. For considera-
tions on the model limitation concerning Reynolds number 
range applicability see [12], for instance.

Thus, it was concluded, in line with other authors [18, 
36], that a successful effort to broaden the model applica-
bility should involve substitution of a TBL flow field solver 
that could handle generic airfoil geometry operating in any 
AOA below the stall regime, for the original TBL fixed-
geometry correlations provided by the model.

2.1 � The BPM TE airfoil self‑noise prediction model

Among noise relations for modeling all self-noise sources, 
the BPM model report [10] formulates three semi empiri-
cal relations for predicting the TBL TE noise based on flow 
measurements involving seven NACA 0012 airfoil models. 
The data for noise scaling were gathered within the very 
low turbulence (TU ≈ 0.05 % at the center line) potential 
core of a jet flow discharging inside an external, anechoic 
chamber [9], and the general expression shape was based 
on the edge-scatter theoretical formulation of Ffowcs Wil-
liams and Hall [16]. The three semi empirical relations dis-
play the same general dependence on flow parameters as 
illustrated by Eq. (1).

It may be seen from Eq. (1) that the noise pressure level 
at each 1/3 octave band depends logarithmically upon the 
TBL displacement thickness, δ*, which, for incompressible 
flow, is directly affected by Reynolds number and angle of 
attack,1 δ∗ = δ∗(α, Re). The displacement thickness is 
employed as a record of the development history of the tur-
bulence over the airfoil. The relations 
St1 = 0.02M0.6,K1 = K1(ReC) and �K1 = �K1(α, ReC) , 
are three empirical expressions that determine the peak 
Strouhal number, the peak SPL1/3 level and a correction 
factor for the SPL level, respectively. A is an empirical 
spectral shape based on ReC.

By observing the typical plots of noise spectra of the origi-
nal report [10], the method SPL1/3 prediction accuracy may be 
deduced to be within ±1 dB, from corrected measurements, 
at regions far from the peak frequency (depending upon flow 
speed), and a systematic +3 dB for frequencies in the vicinity 
of the peak frequency, for the range of velocities considered 
and zero α angle. For the OASPL prediction, the method and 
its variations are considered consistent: according to [27, p. 
47], “these [BPM-based] models are quite popular, and the 

(1)
SPLp,1/3 = 10 log

(

δ∗pM
5
LD̄h/r

2
e

)

+ A
(

Stp/St1
)

+ (K1 − 3)+�K1

1  δ* is also affected by the freestream turbulence level, which deter-
mines transition, but the concern here is with airfoil self-noise only.



388	 J Braz. Soc. Mech. Sci. Eng. (2016) 38:385–394

1 3

predictions of such models are in good agreement with meas-
urements with a few decibel difference”. Also [36], reported 
that the correlations kept within 3 dB from measured levels 
for lightly tripped boundary cases.

3 � Developing a criterion for δ∗ evaluation methods

3.1 � Sensitivity analysis

By analyzing individual terms of the basic TE noise model, 
Eq.  (1), it might seem at first that the displacement thick-
ness variation would affect the first and second terms of the 
basic TE noise model equation, as shown in Eq. (2):

However, the Strouhal number ratio Stp/St1 is calculated 
at the same physical location and also becomes independ-
ent of δ*. The role of the second term on the right side of 
Eq.  (2) is to identify the shift of the specific 1/3 octave 
band under analysis in respect to the peak frequency, and to 
apply the appropriate roll-off. Thus, for a reference geome-
try and flow, a fixed 1/3 octave frequency band and a fixed-
position observer (microphone) in relation to the airfoil TE, 
the relation may be further reduced to

where constant C1 includes all the case, band and observer 
position (distance and angles for directivity function) fixed 
parameters.

The log dependence of SPLp,1/3 on δ∗p, Eq.  (3), shows 
that the sound pressure level will change arithmetically as 
the displacement thickness value changes geometrically, 
ceteris paribus. This relative insensitivity might explain 
why no studies were found in the literature about the 
quality of the TBL length scale estimation for BPM-type 
models, while for the ST models on the other hand, many 
authors have stressed the importance of the quality of the 
TBL parameters used in the models [25, 26, 31, 35]. Some 
of the most frequent approaches for TBL parameter calcu-
lation found in a broad bibliographical review of ST and 
SE noise prediction models are listed below in the order of 
increasing geometric flexibility and decreasing computa-
tional efficiency.

•	 TBL–flat plate correlation [21, 30].
•	 Experimental correlations developed by BPM [19, 36, 

43].
•	 XFoil [2, 34, 46].
•	 CFD-RANS [21, 24, 29].

(2)

∂SPLp/∂δ
∗
= ∂/∂δ∗

[

10 log
(

δ∗pM
5LD̄h/r

2
e

)

+ A
(

Stp/St1
)

]

(3)SPLp,1/3 = 10 log δ∗p + C1,

3.2 � Quality criterion proposition

Although environmental certification of a WT siting 
requires a noise measurement procedure based on spe-
cific standards (e.g., IEC 61400-11, 2012), using appro-
priate, calibrated equipment and comparison with levels 
allowed by local regulations, it is reasonable to expect 
that during the preliminary design phase of a WT blade, 
the engineer would be willing to trade-off some accuracy 
in WTN prediction for speed, since the industry is inter-
ested in how small modifications of a given blade geom-
etry will influence noise generation [44] and a large num-
ber of combination cases for testing is easily achieved. 
As a starting point aimed at the initial iterative design 
process, it is proposed as a discriminating criterion for 
evaluating δ* calculation methods that the resultant 
departure of the displacement thickness from a reference 
value should not lead to an OASPL deviation of more 
than ±3 dB, estimated at a fixed (distance and angle) ref-
erence point, when applied to a BPM-type, TE noise pre-
diction method. As mentioned, this criterion is not based 
on measurement equipment resolution, but rather on the 
time–accuracy tradeoff and also on psychoacoustic con-
siderations, since this amount of SPL variation is consid-
ered “just perceptible” by a human being [4, p. 85], and 
prompts only a “marginal” increase in estimated public 
reaction to noise [4, 5]. Figure 1 is a plot of Eq. (3) and 
displays ∆SPL1/3 (or ∆OASPL) with δ* relative value 
fluctuation, for this type of TE noise prediction method. 
It translates the proposed noise criterion into practical 
limits for Δδ*/δ*.

It may be seen from Fig.  1 that an underprediction 
by up to 50 % or overprediction by up to 100 % of the 
δ*, in respect to a reference value, would return OASPL 
within the limits required to meet this criterion (±3 dB).  
Notice that, because the function is logarithmic, the 
upper and lower limits for δ* % variation are not sym-
metrical and each doubling of the displacement thick-
ness will increase the SPL by 3  dB. This is a typical 
SPL behavior perceived in the far-field from a com-
pact noise source [4], making the displacement thick-
ness analogous to a compact noise source in this model, 
which justifies the proposal of limits for its calculation 
process.

The criterion may be adjusted to match specific 
needs, e.g., an airfoil designer working on the con-
servative side could choose to work only on the OASPL 
overprediction side, i.e., up to +3 dB, for safe-design 
reasons. In this case, the designer should employ a dis-
placement thickness estimation tool capable of reliably 
delivering values between exact and 100 % Δδ*/δ* over-
prediction only.
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4 � Application of the proposed δ∗ quality criterion

The aim of the intended modification to the original 
BPM TE noise prediction method, as briefly discussed, 
would be to extend its capability to any airfoil geometry 
by replacing a generic flow field solver for the original 
δ* correlations. Any suitable flow field solver should be 
computationally efficient for intense iteration in the early 
design phase while meeting the proposed criteria of max-
imum SPL deviation for both fully turbulent and natural 
transition regimes. Although a geometric generalization 
is sought, the initial test of candidate methods is made 
against NACA 0012 data in zero AOA and chord-based 
Reynolds numbers for which experimental data are avail-
able from [8] and [10]. The two methods preselected for 
performance review, in light of geometric flexibility and 
popularity, were the XFoil (XFLR5 version) and incom-
pressible CFD-RANS.

In the XFoil code, the steady Euler equations are 
employed in integral form to represent the inviscid flow 
and a compressible, integral method is used to represent 
the boundary layer and the wake. The viscous and inviscid 
flows are fully coupled through the displacement thickness 
[13]. The entire set of non-linear equations is solved simul-
taneously as a fully coupled system by the use of a global 
Newton–Raphson method. The software has been exten-
sively validated for low and high α angles, e.g., [13, 17, 23] 
and has been quoted as the “standard tool” for the calcula-
tion of airfoil drag polar in the WT industry [33].

The airfoil chord was normalized for the different cases 
tested, and the resultant adjusted flow data for the reference 
experiments are displayed in Table 1.

4.1 � XFoil modeling details

Because of the efficient computational approach and high fre-
quency of referral found during the review of the noise pre-
diction methods, the XFoil was tested first. The NACA 0012 
airfoil surface was discretized into 300 panels, with larger 
panel concentration towards the TE and the LE. In the XFoil 
integral method, the skin friction and velocity profile formu-
las of Swafford [13] are employed in the turbulent regime and 
the en criteria is employed for modeling transition flows, with 
n = 9 as default. The convergence was generally achieved in 
a few seconds for each operating point calculated.

Fig. 1   SPL1/3 prediction varia-
tion with relative δ∗ prediction 
variation, in a BPM-type noise 
model
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-100% -50% 0% 50% 100% 150%

∆SPL 1/3 [dB]

∆δ*/δ*

Table 1   Flow parameters for the reference cases tested in XFoil and 
CFD-RANS simulations, with a one-meter airfoil chord, zero α angle 
and TU of 0.05 % for all cases. Mach numbers are for dynamic TBL 
simulation purpose only and do not replace the original flow mach 
numbers in the BPM model

a  Letter “A” is reserved for a case of the main research text and was 
suppressed in this partial study because it refers to measurements 
accomplished at 96 % of the airfoil chord length [7] while all other 
cases listed had the measurements made at 100.13  % of the airfoil 
chord length

Casea U∞ (m/s) Reynolds_C Mach References

B 21.74 1.5E + 06 0.06 [8, 10]

C 16.93 1.2E + 06 0.05

D 12.08 8.3E + 05 0.04

E 9.67 6.6E + 05 0.03

F 16.31 1.1E + 06 0.05

G 10.87 7.5E + 05 0.03

H 7.25 5.0E + 05 0.02
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Both the original blunt TE NACA 0012 geometry [1] 
and a modified version with a sharp TE were initially 
tested. The displacement thickness results were linearly 
interpolated into the desired chord station from the clos-
est neighboring discretization stations. The results for both 
TE configurations were similar, with the sharp TE values 
closer to experimental reference data.

4.2 � CFD Modeling details

The flow around the NACA 0012 airfoil was modeled as a 
turbulent, incompressible, 2-D, steady flow, since the inter-
est rests in integral TBL parameters and also a relatively 
swift method for deployment during the development phase 
of the airfoil.

The sharp TE NACA 0012 geometry was selected for the 
CFD simulation because it is also planned to be employed 
in future CAA aeroacoustic simulations, without the risk of 

including a tonal noise known as airfoil singing [6], which 
depends upon the TE bluntness parameter. This will preserve 
the same baseline geometry (but certainly not the discretiza-
tion) for direct comparison of all the methods in the future.

Finite volume software ANSYS Fluent® was used through-
out the simulations. The 2-D mesh architecture developed 
was an external D-grid with two internal stages of C-grids for 
progressive refinement. The far field defined was 12.5 chords 
long, aft and forward of the airfoil, with no less than 10 chords 
on the sides. The mesh was created with quadrilateral ele-
ments only and was refined until the first element was set at 
Y+ < 1 from the airfoil surface and around 80 elements were 
embedded within the BL, resulting in 272,000 cell elements. 
The transition of elements was made smooth and the distor-
tion of the elements controlled. The classical velocity inlet and 
pressure outlet boundary conditions were applied. After testing 
of some turbulence models, the SST, k - ω model, plus γ - Reθ 
transition equations, when applicable, were selected [40].

Fig. 2   XFoil results for δ*, 
calculated for tripped and 
transition TBL, for the sharp 
TE NACA 0012 at sta-
tion 1.0013C, in the range 
5 × 105 ≤ ReC ≤ 2.6 × 106

0.0E+00

2.0E-03

4.0E-03
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1.8E-02
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XFOIL_Tripped_02C

Exp_B&M,1985_Tripped_02C

Xfoil_Transi�on

Exp_B&M,1985_Transi�on

ReC

* [m]

Table 2   Relative error comparison for the XFoil results (tripped and transition TBL), for the sharp-TE NACA 0012 airfoil, in the range 
5 × 105 ≤ ReC ≤ 1.5 × 106

XFoil validation and quality assessment–tripped and transition regimes

Experimental XFoil Quality assessment

Brooks and Marco-
lini [8]

Heavily 
tripped

Natural  
transition

Sharp TE,  
tripped @ 0.2C

Sharp TE,  
e^9 transition

Heavy  
tripping

e^9 transi-
tion

Heavy tripping e^9 transition

Case Reynolds_C δ* @ 1.3 mm downstream 
of TE

δ* @ 1.0013C ∆δ*/δ* @ 1.0013C ∆SPL = 10Log(1 + ∆δ*/δ*) 
(dB)

B 1.5E+06 8.7E−03 3.5E−03 1.2E−02 7.9E−03 41 % 123 % 1.50 3.48

C 1.2E+06 9.3E−03 3.8E−03 1.3E−02 8.0E−03 39 % 113 % 1.43 3.27

D 8.3E+05 1.0E−02 4.1E−03 1.5E−02 9.5E−03 47 % 129 % 1.68 3.60

E 6.6E+05 1.1E−02 4.4E−03 1.5E−02 8.5E−03 35 % 93 % 1.30 2.86

F 1.1E+06 9.4E−03 3.8E−03 1.3E−02 8.1E−03 40 % 112 % 1.47 3.26

G 7.5E+05 1.0E−02 4.3E−03 1.4E−02 8.3E−03 36 % 96 % 1.33 2.92

H 5.0E+05 1.2E−02 4.8E−03 1.6E−02 9.1E−03 31 % 89 % 1.17 2.77
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5 � Results and discussion

5.1 � XFoil results

Figure 2 displays the XFoil results for the tripped (at 0.2C) 
and transition TBL displacement thickness calculations, for 
Reynolds numbers in the range 5 × 105 ≤ ReC ≤ 2.6 × 106, 
for the sharp TE NACA 0012 airfoil, measured downstream 
of the chord (1.0013C), plotted against experimental refer-
ence data.

The XFoil calculation results display physical behavior 
for both tripped and transition regimes, but there is a sys-
tematic overprediction of the displacement thickness when 
compared with the experimental reference data. This sys-
tematic shift behaves like an additional noise source and 
constitutes a typical situation for which the results should 
be first subjected to a quality evaluation, for example with 
the aid of the criterion laid out in this research, prior to 
being fed into a BPM-type TE noise prediction method.

From Table 2 it is possible to see that the XFoil results 
comply partially with the proposed criteria, when the cal-
culation is done for station 1.0013C. The values for the 
heavy tripping situation are all acceptable in the Reynolds 
number range calculated, but those for transition TBL with 
relative deviations above 100  % would induce artificial 
noise sources in excess of 3  dB per 1/3 octave band in a 
BPM-type TE noise model.

5.2 � CFD Results

The CFD simulation results for the range 
5 × 105 ≤ ReC ≤ 2.6 × 106 are shown in Fig. 3, along with 
the reference experimental results from [8]. The results 
also display physical behavior for both tripped and transi-
tion regimes and there is also a systematic shift when com-
pared with experimental reference data. However, the shift 

is towards overprediction for points of the transition regime 
with low Reynolds numbers and towards underprediction in 
the fully turbulent regime cases, which are compared with 
experimental heavy tripping cases.

Once more this shifting prediction patterns require a cri-
terion for acceptance and eventual use into a BPM-type TE 
noise prediction method.

Table 3 shows the quality assessment for all CFD cases, 
based on the criterion proposed in Sect. 3, for the calcula-
tions made for chord station 1.0013C. All displacement 
thickness results comply with the quality criteria proposed 
for further use in a BPM-type TE noise prediction model, 
i.e., all values are within ∆δ*/δ* proposed limits from 
+100 to −50 %. However, the run time necessary to solve 
all 16 plotted operating points and 4 error-study additional 
cases was close to 48 core-hours in a 3-GHz machine, or 
2.4 core-hours per operating point.2 The time necessary to 
develop and refine the mesh is an important additional con-
cern for airfoil design iterative use and would be recurrent 
for every new airfoil geometry tested.

5.3 � Discussion

Experimental data used in [10] are from [8] and have an 
associated uncertainty of less than ±5  % for the tripped 
cases and less than  ±10  % for the natural transition 
cases. In order to formally compare the CFD results with 
experimental data, the quantifiable uncertainties associ-
ated with each of the flow types was considered. For this 
purpose, a study of the discretization error, based on the 
Richardson extrapolation [15], called the grid convergence 
method [11], was applied to the fully turbulent and tran-
sition solutions for one selected operating point, case F 

2  Average of 36 min per point in a four processor 3 GHz machine.

Fig. 3   CFD simulations results 
for fully turbulent and transition 
cases, compared with experi-
mental data of Brooks and 
Marcolini [8]
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(ReC = 1.1 × 106). Two progressively refined meshes, with 
grid refinement factors of 1.51 and 1.33, were generated 
for this evaluation. After the CFD simulation was run again 
for operating point F on the new meshes, the displacement 
thickness at 1.0013C was re-evaluated and the discretiza-
tion relative error computed was estimated at −3.2 % for 
the turbulent SSTk,ω case and +0.8  % for the transition 
SSTk,ω case, based on the finest mesh. However, since the 
simulations for the other operational points were carried 
out with the coarser grid, a −4.8 % error for the turbulent 
and a −7.5 % error for the transition cases were evaluated, 
based on the Richardson extrapolation reference value.

Since the discretization relative error associated with the 
CFD data is smaller than the relative error for the experimen-
tal points, the analysis of the quality of the method would not 
be worsened by incorporating the uncertainty involved.

Although no formal error study was accomplished for 
the XFoil simulation, it is safe to assume that an integral 
method has a larger uncertainty associated with it than a 
second-order finite volume CFD method and it also became 
clear that the quality of the integral method was inconsist-
ent for evaluating δ* for subsequent use in a BPM-type TE 
noise prediction method. However, the computational effi-
ciency and geometric flexibility advantages evidenced by 
the methodic simulations accomplished in XFoil were so 
overwhelming that it was deemed worthwhile to give the 
method a deeper look at.

As further simulations were accomplished, it was 
noticed that by making the calculations at stations further 
upstream, the systematic error displayed for the transition 
case, of +2.6 dB (±1 dB), could be partially offset. By 
moving the calculation from the wake (1.0013C) to the TE 

Table 4   Relative error comparison for the XFoil results (tripped and transition TBL), measured at station 0.98C, for the sharp-TE NACA 0012 
airfoil, in the range 5 × 105 ≤ ReC ≤ 1.5 × 106

XFoil validation and quality assessment–tripped and transition conditions

Experimental XFoil Quality assessment

Brooks and Marco-
lini [8]

Heavily  
tripped

Natural  
transition

Sharp TE,  
tripped @ 0.2C

Sharp TE, e^9 
transition

Heavy  
tripping

e^9 transi-
tion

Heavy tripping e^9 transition

Case Reynolds_C δ* @ 1.3 mm downstream 
of TE

δ* @ 0.98C ∆δ*/δ* @ 0.98C ∆SPL = 10Log(1 + ∆δ*/δ*) 
(dB)

B 1.5E+06 8.7E−03 3.5E−03 4.9E−03 2.7E−03 −44 % −23 % −2.53 −1.13

C 1.2E+06 9.3E−03 3.8E−03 5.1E−03 2.9E−03 −45 % −23 % −2.57 −1.12

D 8.3E+05 1.0E−02 4.1E−03 6.1E−03 3.5E−03 −40 % −14 % −2.24 −0.67

E 6.6E+05 1.1E−02 4.4E−03 5.9E−03 3.1E−03 −45 % −29 % −2.62 −1.47

F 1.1E+06 9.4E−03 3.8E−03 5.3E−03 2.9E−03 −44 % −23 % −2.52 −1.13

G 7.5E+05 1.0E−02 4.3E−03 5.8E−03 3.1E−03 −45 % −28 % −2.60 −1.43

H 5.0E+05 1.2E−02 4.8E−03 6.4E−03 3.4E−03 −46 % −29 % −2.71 −1.47

Table 3   Relative error comparison for the CFD results (turbulent and transition TBL), for the sharp-TE NACA 0012 airfoil, in the range 
5 × 105 ≤ ReC ≤ 1.5 × 106

CFD validation and quality assessment–fully turbulent and transition regimes

Experimental CFD Quality assessment

Brooks and 
Marcolini [8]

Heavily tripped Natural trans. Sharp TE,  
fully  
turbulent

Sharp TE,  
re-theta  
transition

Turb. Trans. Turb. Trans.

Case Reynolds_C δ* @ 1.3 mm downstream of TE δ* @ 1.0013C ∆δ*/δ* @  
1.0013C

∆SPL = 10Log(1 + 
∆δ*/δ*) (Db)

B 1.5E+06 8.7E−03 3.5E−03 8.3E−03 6.2E−03 −5 % 76 % −0.22 2.44

C 1.2E+06 9.3E−03 3.8E−03 8.6E−03 4.4E−03 −8 % 18 % −0.35 0.72

D 8.3E+05 1.0E−02 4.1E−03 9.0E−03 4.9E−03 −11 % 19 % −0.53 0.76

E 6.6E+05 1.1E−02 4.4E−03 9.3E−03 5.7E−03 −15 % 30 % −0.69 1.12

F 1.1E+06 9.4E−03 3.8E−03 8.7E−03 4.5E−03 −7 % 19 % −0.33 0.77

G 7.5E+05 1.0E−02 4.3E−03 9.1E−03 5.1E−03 −13 % 19 % −0.60 0.76

H 5.0E+05 1.2E−02 4.8E−03 9.7E−03 5.5E−03 −18 % 13 % −0.88 0.54
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position (1C) and then gradually towards the LE position 
(0.98C, 0.96C), the XFoil predictions of δ* values initially 
approached the experimental values and then departed from 
them again. At station 0.98C, less than 3  % of the chord 
upstream of the experimental measuring point, the calcu-
lated values were closer to the experimental reference data 
and acceptable by the proposed criteria for all cases and 
both type of flows, as shown in Table 4. This is a procedure 
analogue to correcting the SPL obtained from data at the 
original 1.0013C station, by approximately −4dB to verify 
the proposed quality criterion.

This correction, however, is not generalized at this point 
for other airfoil geometries or AOA.

6 � Conclusions

The basic BPM TE noise model equations were selected 
to try to compose another practical airfoil noise prediction 
tool that will be coupled with an aerodynamic performance 
analysis tool. However, the original δ* correlations were 
discarded while pursuing higher geometry and flow inde-
pendence. This resulted in the need to couple the model to 
a generic flow solver, compatible with the original model 
accuracy and also with some additional requirements 
imposed by the intended end-user, the WT industry.

At first, the typical BPM TE noise equation behavior 
was found to be quite insensitive to displacement thickness 
evaluation techniques, since the spectral peak and shape 
are determined by the model empirical functions. How-
ever, by proposing a ±3 dB OASPL as allowable prediction 
variation as a direct consequence of displacement thick-
ness evaluation error, the criterion imposes restrictions with 
discriminating potential. The techniques best suited for the 
displacement thickness estimation task must be capable of 
producing δ∗ values in the range from −50 to +100 % of 
the experimental reference values. The criterion may be 
easily adjusted to match specific needs.

In order to illustrate the application of the concept, 
detailed displacement thickness calculations were accom-
plished with the XFoil and CFD-RANS to evaluate fitness 
of the tools for the task. For the ranges of ReC tested, the 
displacement thickness estimated by CFD-RANS could be 
input into BPM-type SE airfoil TE noise with no signifi-
cant impact on its original quality of prediction, for zero α 
angle, whether the simulated airfoil flow is fully turbulent 
or of the natural transition type. However, the computa-
tional efficiency demonstrated was not enough for highly 
iterative early design and also new meshes must be tailored 
for each new airfoil geometry variation conceived.

When uniform criteria were initially adopted and 
the interpolation of the calculated data was consist-
ently made at station 1.0013C for both the XFoil and 

CFD-RANS tools, the XFoil method did not show con-
sistency for predicting results by the defined criterion: 
although the calculations were acceptable for the heavy 
tripped case, they were out of proposed limits for the 
transition cases. However, the XFoil is known to be very 
efficient for flow field calculations and if the 0.98C sta-
tion was chosen for interpolation, the excessive system-
atic prediction shift observed in downstream stations 
would collapse into the acceptable region for the cases 
and flow types tested.

With the procedure of reading TBL data upstream of the 
original station, equivalent to applying a suitable SPL cor-
rection, the XFoil deviation in predicting TE noise for each 
1/3 octave band through a BPM-type model would be of 
the same order of magnitude of the CFD-RANS predictions 
but with a solution time three orders of magnitude smaller 
(2160 s for CFD against <5 s for XFoil, per point).

The error-limiting concept proposed is suitable for sort-
ing between flow field tools, in the specific flow conditions 
described, and it is also capable of suggesting techniques 
for compensating systematic model shifts, thus allowing 
deployment of tools of large computational efficiency but 
that would seem otherwise unfit to the task, based on the 
proposed criterion.

This is an ongoing research that will be further expanded 
by verifying if the proposed criterion will hold for angles 
below and above the “switching angle”, and also through 
validation of the airfoil TE noise spectra predicted for air-
foils other than the NACA 0012, at various AOA, against 
experimental data.
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