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A numerical technique is proposed for synthesizing realizations of airfoil surface pressure
induced by incoming turbulence. In this approach, realization of the surface pressure field
is expressed as a set of uncorrelated wall plane waves. The amplitude of these plane waves
are determined from the power spectrum density function of the incoming upwash velocity
fluctuation and the airfoil aeroacoustic transfer function. The auto spectrum of the surface
pressure is obtained from an ensemble average of different realizations. The numerical
technique is computationally efficient as it rapidly converges using relatively small number
of realizations. The surface pressures for different airfoils excited by incoming turbulence
are numerically predicted and the results are compared with experimental data in literature.
Further, the unsteady force exerted on an airfoil due to the airfoil-turbulence interaction is

also computed and it is shown to be in very good agreement with analytical results.
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Simulation of Airfoil Surface Pressure

I. INTRODUCTION

The noise generated from interaction of incoming turbulence with an airfoil occur in many
industrial applications, and has been studied by many researchers in the literature. The interaction
between an airfoil and incoming turbulence induces lift fluctuations which radiates noise to the
far field as acoustic dipoles. A turbulent flow field can be formed upstream of an airfoil due to
the presence of inflow distortions and/or other aerodynamic elements. When there is also a steady
inflow, a turbulent flow can be produced by the development of a turbulent boundary layer over
the airfoil surface. These noise generation mechanism are respectively called as leading edge
noise (incoming turbulence noise) mechanism (Amiet, 1975, 1976b; Ayton and Chaitanya, 2017;
Ayton and Peake, 2016; Paterson and Amiet, 1976) and trailing edge noise (self noise) mechanism
(Amiet, 1976a, 1978; Brooks, 1981; Moreau et al., 2008). These two mechanisms can be present
at the same time. Nevertheless, if the turbulence intensity of incoming flow field is large enough,
the pressure fluctuations associated with boundary layer eddies will be small compared with the
unsteady pressure due to the incoming turbulence. In this case the turbulence ingestion noise

becomes the predominant noise (Moreau and Roger, 2007).

The leading edge noise has been extensively studied both numerically and experimentally
(Amiet, 1975; de Santana et al., 2015; Devenport et al., 2010; Glegg and Devenport, 2010; Hutch-
eson et al., 2012; Mish and Devenport, 2006a; Paterson and Amiet, 1976; Roger and Moreau,
2010). Paterson and Amiet (1976) theoretically and experimentally investigated the noise and un-
steady surface pressure of a NACAO0012 airfoil in a grid generated turbulence. They considered
a free stream Mach number range of 0.1 to 0.5. Unsteady airfoil surface pressure spectra and
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Simulation of Airfoil Surface Pressure

surface pressure cross-spectra were obtained in both spanwise and chordwise distribution in an
anechoic chamber that surrounded the tunnel open jet test section. A reasonable agreement be-
tween measured and predicted surface pressure spectra at zero angle of attack was achieved. A
good agreement between Amiet’s far-field predictions and far field measurements was also ob-
served (Amiet, 1975). Mish (2001); Mish and Devenport (2003) investigated the response of an
airfoil to the incoming turbulence. The mean loading effects on the response of the airfoil encoun-
tering turbulence was experimentally studied (Mish and Devenport, 2006a). Measured pressure on
the surface of a NACA 0015 immersed in grid turbulence indicated a reduction of up to 5 dB with
increasing angle of attack for reduced frequencies less than 5. It was demonstrated that Amiet’s
method not only works for zero angle of attack but also it can be used for predicting the airfoil

response at small angle of attack.

A detailed measurements of turbulent flow generated by either a grid or a rod interacting with
NACA 0012 airfoil was conducted by a de Santana et al. (2015). They used stereoscopic particle
image velocimetry as well as hot wire anemometry in the experiment. The focus of the study was
on quantification of turbulence distortion. This was done by measuring the turbulence properties
in the vicinity of the leading edge. It was found that even when the flow in the spanwise direc-
tion is almost homogenous, in order to improve the sound prediction small variations have to be
considered. Hutcheson er al. (2012) experimentally studied the radiated leading edge noise of an
airfoil immersed in nearly isotropic turbulence. It was shown that at zero angle of attack, the air-
foil’s thickness and chord play an important role in controlling the spectral peak level. Further, an
increase in turbulence intensity and integral scale resulted in a uniform increase of the noise levels.
Previously proposed analytical models in the literature to predict the broadband noise generated
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Simulation of Airfoil Surface Pressure

by thin airfoils in a turbulent flow were reviewed by Roger and Moreau (2010). Three generat-
ing mechanisms were examined, the turbulence-interaction noise (leading edge noise), turbulent
boundary layer noise (trailing edge noise), and vortex shedding noise (near wake of a thick trailing
edge). The models for noise prediction in all these cases were experimentally validated for thin

airfoils and the limitations and assumptions behind the development of the models were discussed.

Most of the previous studies focused on noise prediction of a rigid airfoil in turbulent flow dis-
regarding elasticity of the structure (Amiet, 1975; de Santana et al., 2015; Mish, 2001). However,
in practice airfoils are made of elastic materials, therefore the surface pressure jump can excite the
airfoil and cause vibration and this vibration radiates noise to the far field. Neglecting this radiated
noise might be justifiable in air, as the aeroelastic coupling between the airfoil and air is quite
weak. However, for an airfoil in water, where the fluid-structure coupling is strong, vibroacous-
tic contribution to the radiated noise can be significant. To study this vibroacoustic contribution,
element-based vibroacoustic models can be employed to estimate the radiated noise by the elas-
tic structure under incoming turbulence excitation. The main challenge of this framework is that
the element-based models require deterministic loads whereas the incoming turbulence is non-
deterministic by its nature and described by stochastic models. In other words, due to the random
nature of incoming turbulence, the surface pressure can be characterized by statistical parameters
such as auto spectrum density (ASD) or cross spectrum density (CSD) that can be obtained using
stochastic models. However, in an element-based model such as the finite element model, air-
foil surface is discretized by finite elements and deterministic nodal forces are required to obtain
the vibroacoustic response. To overcome this challenge, we have proposed an efficient numeri-
cal technique to synthesize realizations of deterministic surface pressure produced by incoming
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Simulation of Airfoil Surface Pressure

turbulence. The proposed technique can be easily implemented in any finite element or boundary

element software.

The uncorrelated wall plane wave (UWPW) technique has recently been used to synthesize the
wall pressure field underneath a turbulent boundary layer by some of the authors (Karimi ef al.,
2020, 2019a,b; Maxit, 2016). This method which is based on representing a stochastic field by
superposition of uncorrelated wall plane waves is extended here to synthesize the surface pressure
from incoming turbulence. This approach is conceptually similar to stochastic noise generation
and radiation (SNGR) method (Bechara ef al., 1994; Kraichnan, 1970) which is one of the promis-
ing approaches often applied in synthetic turbulence modeling. The SNGR method expresses the
turbulence velocity field as a superposition of time-harmonic plane waves (Fourier modes), where
mode amplitudes and random phases are chosen in such a way to match the properties of the tur-
bulent flow. Employing the same concept herein, a formulation has been proposed to simulate the
pressure fluctuations on an airfoil interacting with an incoming turbulent flow. Realizations of the
unsteady surface pressure jump from incoming turbulence are expressed as a set of uncorrelated
plane waves traveling in the spanwise direction. The amplitudes of the waves are defined such that
the CSD of the UWPWs approximates the CSD of the pressure field induced by the turbulence in-
gestion. Therefore, the amplitudes of the waves become dependent on the power spectrum density
function of the incoming upwash velocity fluctuation and the airfoil aeroacoustic transfer func-
tion. To generate uncorrelated waves, the phases of the plane waves are randomly chosen from
a uniform distribution between 0 and 2 7. The predicted auto spectrum of the surface pressure
jump is then obtained by ensemble average over different realizations. The effect of the number

of realizations and cut-off wavenumber on the predicted surface pressure jump is investigated.

5
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Simulation of Airfoil Surface Pressure

Numerical results are compared with available experimental data from literature, showing very
good agreement. Although the focus of the current study is on simulation of the surface pressure
jump and demonstration of validity of the proposed method, to show how the deterministic surface
pressure jump can be employed to perform further analysis, the unsteady force acting on an airfoil
is also predicted using the UWPW technique, and numerical results are verified against analytical
results. To the best knowledge of the authors, this is the first time that the surface pressure jump

induced by airfoil-turbulence interaction is deterministically synthesized.

II. AIRFOIL-TURBULENCE INTERACTION MODEL

Amiet (1975) developed a model to describe airfoil-turbulence interaction and the resulting
noise production. Amiet’s model is based on linearized thin-airfoil theory, and the airfoil is repre-
sented by a flat plate of a zero thickness and assumed to be at zero angle of attack (Lysak, 2001).

The model is based on several assumptions:

e The incoming turbulence fluctuation is considered to be small compared to the mean flow
velocity. This enables us to employ the small perturbation theory and to linearize the aero-

dynamic response.

e The turbulent flow is assumed to be inviscid so that the problem is reduced to solving lin-

earized Euler equations.

e The turbulence is frozen so that turbulent gust properties are not altered when it is convected

by the mean flow.
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Simulation of Airfoil Surface Pressure

Amiet’s formulation is summarized in this section for an airfoil of chord 2b and span 2d in a turbu-
lent flow with a mean flow U, in the z-direction, as shown in Figure 1. The airfoil is located in the
plane z = 0. The y-coordinate extends in the spanwise direction, and the origin of the coordinate

system is at the leading edge of the airfoil. To analyze the gust-airfoil problem, the Helmholtz

FIG. 1. (color online) Schematic diagram of airfoil-gust interaction.

equation along with three boundary conditions need to be solved. To deal with this problem, an
iterative procedure was proposed by Amiet (Amiet, 1975, 1976b). In this three-step procedure
each boundary equation is solved in each iteration. First, the Helmholtz equation is solved for the
aerodynamic gust interacting with an infinite flat plate with a non-penetration boundary condition.
The non-penetration boundary condition and a zero flow potential condition are then imposed up-
stream of the leading edge and the problem is solved using the Schwarzschild theorem. In the final
iteration, this theorem is used to find a solution for the problem by considering a zero pressure
jump and the Kutta conditions as well as non-penetration boundary equation downstream of the

trailing edge.
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The upwash velocity perturbation is convected with the uniform velocity U, and can thus be

written as a spatial Fourier decomposition as follows (Amiet, 1975; de Santana et al., 2015)

w(z,y,t) / / (K, by )&=Vttt gl d,, (1)

—00 —O0
where i = /—1 is the imaginary unit, and %, k, are the wavevector components in the streamwise

and spanwise directions, respectively. The Fourier components w(k,, k,) are defined as:

X R

korky) = —

w( 47r2/
“R-

the turbulence was assumed to be extended in the area of —R < {z,y} < R. R is not set equal to

w(z,y)eF=sHry) dady, (2)

B — =

infinity because of convergence difficulties if w(x, y) does not go to zero as x and y go to infinity.
The pressure jump at a given point on the airfoil due to all wavenumber components is given

by (Amiet, 1975; de Santana et al., 2015; Santana et al., 2016)

Ap(z,y,t) = 2mpUs / / W(ky, ky)g(2, kg, ky)e' e @V e 3)

where p is fluid density and g(z, k,, k) is the transfer function between the incoming gust velocity
perturbation w(k,, k,) and the airfoil pressure jump at the chordwise coordinate x. The Fourier
transform with respect to time of Equation (3) yields (Amiet, 1975; de Santana et al., 2015)

(e 9]

Ap(z,y,w) = 2mp / W( Ky, ky) gz, Ky, ky) e B9 dk,, (4)

—0o0
where K, = w/U, is the convective wavenumber and w = 27 f is the angular frequency. For

broadband noise problems, W(k,, k) is considered as a non-deterministic quantity (Amiet, 1975,
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1978). The single-sided CSD of the pressure jump at two points on the airfoil surface is given by

(de Santana et al., 2015; Mish and Devenport, 2006a)

Sapap(x, 'y, g f) = 167r(7rp)2Uoo/¢ww(Kx, k) g (x, Ko, k) g(2', Ky, ky)el @9 dg,
0
5)
dww 18 the single-sided power spectrum density of the incoming upwash velocity fluctuation and

based on the von Karman isotropic model can be written as (Amiet, 1975; de Santana et al., 2015)

w? o KL+ k
OmkZ (14 K2+ BT

Puww( Kz ky) (6)

where «' is turbulence intensity, k = k/k., k. = (v/7/Af)I'(5/6)/T'(1/3), Ay is the turbulence
integral length scale and [ represents the Gamma function. It has been reported that depending on
the distance to the leading edge, the turbulence spectrum shows two different decay slopes at high
frequencies. For long distances, one can apply von Karman isotropic model given by Equation (6)
(for more details please see Christophe (2011); de Santana et al. (2015)). However, for short
distances a modified von Karman spectrum applies which is based on the rapid distortion theory

and is given by (de Santana et al., 2015; Hunt, 1973)

91u'? K2+ K
o (K ko) = —= W 7
(b ( y) 367T]€2 (1 _’_Kg +E§)19/6 ( )

Amiet (1976b) derived solutions for the pressure and lift of a flat plat in incident turbulence by
modifying Filotas’ work (Filotas, 1969). This complete solution consists of two solution regions.
One region is valid for small spanwise wavenumbers £, (super-critical gust) and the other re-

gion for large spanwise wavenumbers (sub-critical gust) giving essentially a complete low to high
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frequency solution to the problem of a flat-plate airfoil encountering a skewed gust. The airfoil
transfer function g associated with these two solution regions was derived by Mish (Mish, 2001;

Mish and Devenport, 2006a) as follows

1 1 ) 1
=(z, K. k2 2 * Mozl o2\
9(z, Ky, ky) = _% (71’1’ ((—y — ,uz) +1(uM + Kx)>> M (ﬁ2 g ) 7

®)

if ky > (M/B) K,

=(2, Koy k) = 1 — (%)1 1 — erf (25 (2 _ %) (Z_% _ ;ﬂ);) 5 , 9)

if k, < (M/B)K,

E(:,;,Kx,ky):1—(2%)é 1-(1-)F 2i<%(2—%><—2—§+u2)§>2 . (10)

In these equations, M is the Mach number, 3 = 1 — M2, u = MK,/$3?, erf( ) is the Error

function, and §( ) is a combination of Fresnel integrals function and are given by

erf(z) = %/e‘ﬁdt, (11)
0

§(z) = C(2) +15(2), (12)

where C'(z) and S(z) are respectively Fresnel cosine and sine integral functions

z z

C(z) = / cos(th)dt, and  S(z) = / sin(th)dt, (13)

0 0

10
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m assuming z = 2(2(2 — %)(—Z—é + p2)2)2, the Fresnel integrals in Equation (10) can be written as
12 follows
S(z)+i C(z) if 2>0,
S(iz) = , (14)
-S(z)-1 C(2) it 2<0,

173 'To reduce the computation time, one can avoid evaluating the integrals in the Fresnel functions by
17 exploiting approximate functions. C'(z) and S(z) can be rewritten in terms of auxiliary functions

s W(2) and ®(z) (Abramowitz and Stegun, 1948)
1
C(z) = 5+ \I/(z)sin(gz2) - @(z)cos(gZQ), (15)

176

S(z) == — \I/(z)cos(gzz) - @(z)sin(gzz), (16)

177 where the auxiliary functions can be approximated by

1+ 0.9262
U = <9 1 -3 17
(=) 2117922 + 310422 | €(2), le(2)] <2 %1077, (17)
178
) 1 +e(2) le(z)| <2x107° (18)
z - p
2+ 4.142z + 3.49222 + 6.6702% V) €(z)] = ,

o €(z) represents the error in using these approximate functions.

10 III. UNCORRELATED WALL PLANE WAVE TECHNIQUE

181 The uncorrelated wall plane wave technique was initially introduced by Maxit (2016) to sim-
1.2 ulate the pressure field beneath a turbulent boundary layer using realizations of UWPWs. This

11
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technique has been extended to simulate the pressure jump on the airfoil, which can be expressed
as a set of uncorrelated wall plane waves traveling in the y-direction for the n'" realization as

follows

(AP (2,9, ) uwew ZA x ki, f)eltmted), (19)

where A’ are the stochastic amplitudes of the UWPWs, N represents the number of UWPWs and
¢ is a random phase uniformly distributed in [0 27]. It should be noted that these wall plane
waves are surface waves as they are only defined at the surface of the structure. Further, unlike
the original version of the UWPW technique which was developed to synthesize wall pressure
underneath a turbulent boundary layer (Maxit, 2016), the plane waves here are only traveling in
the y-direction and their amplitudes varies along the x-direction. It can be shown that the cross

spectrum of the surface pressure jump is given by

N

N
(Sapap(@: ", y,9', ))ywew = E Z Az, /{:;, e bl Z A Ky, fe Uy +e3) ;
i=1

j=1
(20)

where E[ | represents the ensemble average over the realizations and the upper bar denotes the

complex conjugate of the complex number. Equation (20) can be rewritten as follows

(Sapap(@, 24,9 ) owew ZZE x,k;, A*(x,ki/,f)] i(kyy— ky)E[ i(p w?)],

=1 j=1

3y

where

| 1 i—
E [61(“’?_9";)} _ , (22)

0 otherwise

12
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therefore

(SApAp UWPW Z E I kZ A*(ZL' ) kgl/a f)] kl =y )) (23)

Revisiting Equation (5), the improper integral can be approximated using the rectangular rule by

truncating and regularly sampling the wavenumber space as follows

Sapap = 167(7p) Oongww Ko k) g" (2, Ky k) g(a! Ky, KD B0y Dsgl - (24)

LE?y Z"y

comparing equations (23) and (24), it can be concluded that the CSD of the pressure field by the
turbulence ingestion is approximately equal to the CSD of the UWPWs if the amplitudes of the

UWPWs in Equation (19) are defined by

Az, K, f) = dmpg(z, K. kz)\/onoqbww(K K)ok (25)

» Py way .’E?y

In fact, the amplitude of each wall pressure plane wave is defined such that the whole set can repre-
sent the statistical properties of a pressure jump generated by incoming gust. The final expression
of the n'" realization of surface pressure jump on the airfoil using the UWPW technique can be

obtained by

N
A" (.9, f) = 47p Y g0, Ko, ki)\ TV (B, Kk 55740, (26)
=1

i(kyy) while its variation

The surface pressure jump is varying spatially in the spanwise direction as e
in the streamwise direction is governed by the transfer function. The auto spectrum density (ASD)

of the surface pressure jump Sapa, due to the incident turbulence is then calculated from the

13
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ensemble average of different realizations by

Sapap(@,y, f) = E[Ap"(z,y, f)Ap™ (z,y, f)], (27)

This process is repeated for each frequency to obtain the spectra of the surface pressure jump.
Once the surface pressure jump is available, realizations of unsteady force acting on the airfoil
surface can also be obtained by integrating the pressure jump over the airfoil surface (represented

by a flat plate) as follows
d 2b

Fr(f) = / / A" (2, y, f)dady, 28)

—d 0

Accordingly, the ASD of the unsteady force Sgp is calculated from the ensemble average of

different realizations by

Sre(f) = E[F"())F™(f)]. (29)

It should be noted the surface pressure (p;) is related to pressure jump by |ps| = |Ap| /2. The tech-
nique developed in this work is based on the assumption that the surface pressure field induced by
incoming turbulence is not altered by the vibration of the airfoil. The proposed method enables us
to estimate the unsteady surface pressure jump (loads) on an airfoil due to turbulence interaction
as deterministic excitations, these excitations can then be applied to element-based vibroacoustic
analysis techniques. The proposed technique allows that the statistical model to describe the sur-
face pressure fluctuations to be coupled with deterministic and element-based numerical methods
such as the finite element and boundary element methods to investigate the vibroacoustic behavior

of airfoils in turbulent flow.

14
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IV. NUMERICAL RESULTS

In this section the UWPW technique has been implemented in Matlab to synthesize the surface
pressure jump for two different airfoil models of varying chord length and flow speed as listed
in Table 1. The first airfoil (Case 1) corresponds to the experiments performed at the Virginia
Tech Stability Wind Tunnel (Mish and Devenport, 2006a,b). The unsteady surface pressure jump
was measured on a NACAO0015 airfoil with 0.610 m chord and 1.83 m span at flow speed of 30
m/s. This airfoil is used for all the numerical investigations in this work unless stated otherwise.
The second airfoil (Case 2) is a NACA0012 with a chord of 0.230 m and span of 0.530 m which
was tested by Paterson and Amiet (1976) and it has been used in this work to further validate the

proposed method.

TABLE I. Input parameters used in the prediction code for each case study

o Integral length scale Turbulence intensity
Case Airfoil Flow speed (m/s)

Ay (m) U /Uy

1 NACAO0015 30 0.0818 0.0398
2 NACA0012 40 0.0302 0.0453
60 0.0301 0.0392

90 0.0294 0.0482

120 and 165 0.0305 0.0414

A. Cutoff wavenumber and wavenumber resolution

To correctly approximate the improper integral in Equation (5), criteria for choosing the cut-
off wavenumber and wavenumber resolution need to be defined in the spanwise direction. Fig-

15
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ure 2 (a) presents the square of the transfer function modulus in the wavenumber domain. The
dashed line corresponds to k, = (M /f3)K, which splits the wavenumber domain into two re-
gions. The region where k, < (M/f)K, is associated with super-critical gust while the re-
gion where k, > (M/B)K, contains the sub-critical gusts. According to Figure 2 (a) when
the convective wavenumber is almost below 4000 m™!, the highest values of the transfer func-
tion occurs for spanwise wavenumbers &, <200 m~' and the contributions of both sub-critical
or super-critical gusts are significant. At higher convective wavenumbers (or higher frequencies)
only those wavenumbers corresponding to the super-critical gusts are important and the effect of
sub-critical gust can be neglected. Figure 2 (b) shows the color map of the modified von Karman
spectrum. The values of the function ¢, (K, k,) is insignificant for convective wavenumbers

L. Below this convective wavenumber, the values of the function is consider-

larger than 700 m™
able for spanwise wavenumbers &, <900 m~. It should be noted that to find the effective range
of wavenumbers for calculation of surface pressure jump we need to inspect the integrand of the
integral in Equation (5). Determination of the cutoff wavenumber can be achieved by plotting
the integrand which is the product of the square of the transfer function modulus (Figure 2 (a))
and von Karman spectrum (Figure 2 (b)). Figure 2 (c) presents the color map of the integrand.
As illustrated in this figure, the Graham’s parameter (© = M K, /(Sk,)) of less than or greater
than unity corresponds respectively to sub-critical or super-critical gusts (Karimi et al., 2019a).
Figure 2 (c) reveals that at very low frequencies, contributions of sub-critical wavenumbers are

dominant. However, as frequency increases, the super-critical gusts have an increasing contribu-

tion to the incoming turbulence pressure to the point where above K, ~ 400 m ! they become the

16
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dominant contribution. The significance of these contributions to the predicted surface pressure
jump over frequency range is further investigated in Section [V D.

To take into account the significant contributions of the integrand, the following cut-off
wavenumber is selected: k{°=70m™" for K, <700 m~" and k° = M K,/ when K, > 700 m".
This criterion for cut-off wavenumber was achieved by ensuring that the maximum estimated error
in the calculation of the surface pressure jump associated with the wavenumber domain truncation
was less than 1 dB for the frequency range. A trial and error process was also conducted to find
a wavenumber resolution which correctly represent the spatial variations of the integrand in the
wavenumber space. It was found that a constant wavenumber resolution of 0k,=0.1 m~! is a good

choice.

B. Number of realizations

The effect of the number of realizations on the accuracy of the UWPW technique was evalu-
ated as follows. The result obtained using 500 realizations was selected as a converged solution
and used as a reference to compute the discrepancy (A) between results obtained with different
numbers of realizations. The discrepancy is shown in Figure 3 for 10, 30, 50, 80 and 100 real-
izations. For the current case study, the maximum error using 10, 30, 50, 80 and 100 realizations
over the frequency range are approximately 5.2 dB, 2.1 dB, 1.7 dB. 1.5 dB and 1.4 dB. A suitable
number of realizations can be selected depending on the required accuracy. In this work, for all
the calculations 50 realizations have been considered in the UWPW technique. Figure 4 shows
the ASD of the surface pressure jump as a function of reduced frequency (w, = wb/U.,) at 6%
chord. The spectral level predicted using 50 different realizations is shown in gray lines and the
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FIG. 2. (color online) Color maps of the (a) airfoil transfer function |g(x, K, k) ]2 (dB, ref. 1), (b) modified
von Karman spectrum ¢y, (K, ky) (dB, ref. 1 m?s~2Hz 1), and (c) integrand obtained by the product of
(a) and (b) normalized by the maximum value at each convective wavenumber (dB, ref. 1 m2s~2Hz 1.
The dashed line in (a) and (c) corresponds to the Graham’s parameter showing critical gusts © = 1, which

separates sub-critical gusts (© < 1) from super—critlgal gusts (© > 1).
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23 black line represents the predicted results by averaging of 50 realizations. It can be observed from
2« Figures 3 and 4 that the numerical results become smoother and converge quickly by increasing

285 the number of realizations.
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FIG. 3. (color online) Difference in the spectral level of the surface pressure jump for different numbers
of realizations using the results obtained with 500 realizations as the reference solution, (dB, ref. 4 x

10~1°Pa? /Hz).
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FIG. 4. ASD of the surface pressure jump predicted numerically using the UWPW technique for 50 re-

alizations (gray lines), as well as predicted using the average of 50 realizations (black line), (dB, ref.

4 x 10~ 10Pa? /Hz).
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C. Statistics of the synthesized surface pressure jump

As stated in Section III, the surface pressure jump can be obtained using the UWPW technique
from summation of uncorrelated plane waves with a random phase uniformly distributed in [0 27]
as given by Equation (19). If the amplitudes of the waves were independent of k,, each plane wave
would be an independent and identically distributed random variable. In such a case, according
to the central limit theorem (CLT) as /N approaches infinity the sum of these independent random
variables tends toward a normal distribution. Moreover, since E [ei("g?)] = 0 (see Equation (19)),
the mean value of the plane wave contributions would be zero. However, in the present case,
the wave amplitudes are a function of £, and the CLT may not be rigorously valid. Figure 5
presents the probability density function (PDF) of the real and imaginary parts of synthesized
surface pressure jump using 500 realizations at w,. = 1. In spite of the fact that the wave amplitudes
are dependent on k,, it can be observed that the PDF of the real and imaginary parts of the pressure
jump generated by the UWPW technique follows the normal distribution with a mean value of
zero. Further, variance of the synthesized pressures equals the sum of the variances of the real and
imaginary part of these pressures which corresponds to the targeted ASD of the pressure jump.
Targeted ASD can be obtained from Equation (24) by considering = 2’ and y = 3. For the
current case shown in Figure 5, variances of the real and imaginary parts of the pressures are
respectively 22.52 Pa? and 22.35 Pa?®. Therefore, variance of the complex synthesized pressures
is 44.87 Pa? which corresponds to the targeted ASD of the pressure jump with a value of 45.42
Pa?/Hz. It should be noted that the estimated ASD of the pressure jump using 500 realizations is
45.53 Pa? /Hz which is very close to the targeted ASD.
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FIG. 5. (color online) Probability density function of the real and imaginary parts of synthesized surface

pressure jump using 500 realizations at w, = 1.

Figure 6 shows the averaged ASD distribution and its standard deviation based on 1000 calcu-
lations for a given number of realization at w, = 1. It is evident from Figure 6 that dispersion of
the averaged ASD of the synthesized pressure decreases as the number of realization increases. A
similar trend can be seen for the standard deviation where the higher number of realizations results
in a lower standard deviation. Above 50 realizations, the standard deviation of the ASD level is
lower than 0.6 dB. Assuming a normal distribution for ASD of synthesized pressures, we have
95% confidence interval of +1.2 dB which indicates that for 95% of the samples, mean value lies

within two standard deviations of the mean.
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FIG. 6. Averaged ASD distribution (top) and its standard deviation (bottom) as a function of number of
realization for 1000 samples (dB, ref. 4 x 1071°Pa? /Hz).

D. Sub-critical and super-critical gusts contribution

Gusts can be classified as sub- or super-critical, respectively corresponding to subsonic and
supersonic phase speeds of their trace along the leading/trailing edge with respect to the in-
cident mean flow (Amiet, 1975). For a given flow condition, the Graham’s parameter of less
than or greater than unity corresponds respectively to sub-critical or super-critical pressure gusts.
Figure 7 highlights the contributions of sub-critical and super-critical gusts to the surface pres-
sure jump. It can be observed that at low frequencies (w, < 4) the super-critical gust have al-
most no contribution to the surface pressure jump and it is sufficient to only consider the sub-
critical gust contribution. This fact can also be seen in Figure 2 (c) where at low frequency
(w, < 4or K, < 13 m™ ) contribution of super-critical gust is confined to the triangular re-
gion Ry = {(K,,k,) |0 <K, <13, 0<k, <(MK,/B)} while this region accounts only for
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s a small portion of the total contribution at this low frequency range in the entire region of R =
s {(Kky) |0 <K, <13, 0 <k, <10} where most of the wavenumbers are located in the sub-

33 critical region.

334 According to Figure 2 (c), contributions of both sub-critical and super-critical gusts are equally
35 important in the frequency range of 4 < w, < 100. At w, ~ 30 or K, ~ 100 m~! they have the
136 same contributions to the surface pressure field. For w,. > 100 the super-critical gust contributions
537 dominate and there is no need to include sub-critical gust. This is consistent with the results in
13z Figure 2 (c) where above this reduced frequency (corresponding to K, ~ 328 m~!) the wavenum-
;39 bers located above the dashed line in the region of ©® < 1 have almost zero contribution to the

s0  predicted surface pressure jump.
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FIG. 7. (color online) Contributions of sub- and super-critical gusts to the surface pressure jump as a

function of reduced frequency, (dB, ref. 4 x 101°Pa? /Hz).
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E. Verification and validation

To validate the surface pressure jump produced by the proposed method, the predicted pressure
difference spectra at chordwise locations, /b = 0.05, /b = 0.08 and z/b = 0.12 are compared
with experimental data measured by Mish and Devenport (2006a) in Figure 8. A NACA0015
with a chord of 0.610 m and span of 1.83 m at zero angle of attack has been considered with the
turbulence parameters given in Table 1. Gapa, is the ASD of the surface pressure jump. It should
be noted that in the work by Mish and Devenport (2006a), G'apa, Was normalized by q*, where
q is the free-stream dynamic pressure (¢ = 1/2pU2). Due to the proximity of the measurement
locations to the leading edge, the modified von Karman spectrum has been implemented. Figure 8
shows that the present results are in excellent agreement with the measured shape and level of
the spectra for w, < 20. It can be observed that at low frequencies (w, < 2) the spectrum level is
almost constant and has its highest value over the entire frequency range. At these low frequencies,
the sub-critical wavenumbers dominate the surface pressure response (as shown in Figure 2 (c)).
Although sub-critical wavenumbers are often neglected in aeroacoustics, these results demonstrate
that these wavenumbers must be considered when examining the force and vibroacoustic response

of airfoils in turbulent flow.

The slope of the measured data decreases for w,, > 20. The divergence of the predicted results
from the experimental data at high frequencies could be attributed to the pressure signatures of the
large scale eddies convecting past the leading edge. This can be explained by the inner-outer scale
interaction model developed by Mathis ez al. (2009) that demonstrates large scale fluctuations in
the outer region of the boundary layer have an amplitude and phase modulating effect on the inner
scale fluctuations, wall shear stress and pressures. This modulation effect was also demonstrated
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by Dogan et al. (2016) to occur for free stream turbulence convecting over turbulent boundary
layers. Further, when the turbulent boundary layer develops over the airfoil surface, it induces
pressure fluctuations which affect the high frequency response. As the boundary layer thickness
increases by moving away from the leading edge, this affect is more profound at larger chordwise
locations as shown in Figure 8. The spike in the measured data at high frequency was reported to

be related to resonance within the microphone mounting hole (Mish and Devenport, 2006a).
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FIG. 8. (color online) Comparison between measured and predicted pressure difference spectral level for

NACA0015 at (a) /b = 0.05, (b) /b = 0.08 and (c) /b = 0.12 (dB, ref. 4 x 10~ 0Pa?/Hz).

To further validate the proposed method, the NACA0012 airfoil with a chord of 0.230 m and
span of 0.530 m, which was tested by Paterson and Amiet (1976), has been considered. Figure 9
shows a comparison between numerical results using the UWPW technique and experimental
data for the airfoil chordwise unsteady surface pressure distribution at zero angle of attack. The
prediction has been performed for different flow speeds at 400 Hz and 2000 Hz. The von Karman
spectrum along with the turbulence parameters given in Table 1 were implemented. As can be seen,
numerical results are in very good agreement with experimental data. The theoretical predictions
using Amiet’s theory is also included (Paterson and Amiet, 1976). The results indicate a strong
increase in unsteady pressure near the leading edge. The surface pressure decreases moving away
from the leading edge. It can also be observed that the spectrum level increases with an increase
in flow speed. Figures 8 and 9 show that the proposed method can accurately predict the surface
pressure at different location on the airfoil surface as well as at different frequencies.
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FIG. 9. (color online) Comparison between measured and predicted auto spectrum density of surface pres-

sure for a NACA0012 at (a) 400 Hz and (b) 2000 Hz. Present results (solid line), analytical results (dashed

line) and experiment (Paterson and Amiet, 1976) (solid circle), (dB, ref. 4 x 10~10Pa? /Hz).

F. Unsteady

386

The unsteady

387

force calculation

force caused by turbulence ingestion has been studied by several investigators in

;s the past (Anderson et al., 2015; Jiang et al., 1994). In this section unsteady force acting on the
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NACAO015 airfoil (Case 1) due to the incoming turbulence is computed. A flat plate representing
the airfoil was meshed with more grid points close to the leading edge to capture the variation of
the surface pressure jump at the locations close to the leading edge. To estimate the unsteady force,
realizations of surface pressure jump were initially obtained at each node on the surface. Figure 10
shows color maps of a realization of the surface pressure jump at frequencies of 10 Hz, 100 Hz,
300 Hz and 500 Hz. As expected, the highest values of the surface pressure occur at the leading
edge and the pressure level monotonically decreases for the locations further away from leading
edge, this was also observed in Figure 9. Moreover, it can be seen from these color maps that the
pressure level reduces as frequency increases. This is also consistent with the results in Figure 8.
Once enough realizations of the surface pressure jump are generated, Equation 28 can be used to
calculate realizations of unsteady force by integrating the corresponding realization of pressure
jump over the surface area. Finally, the unsteady force was computed from ensemble average
over different realizations. The predicted force using the UWPW technique is compared with
an analytical prediction described in the Appendix. Figure 11 shows that the present prediction is
very close to the analytical results. Different realizations of the force are also included in the figure
(in gray lines) which shows how a single realization of the response differs significantly from the

final response obtained by ensemble average of all the realizations as shown by solid blue line.
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FIG. 10. (color online) A realization of the surface pressure jump on a flat plate representing the NACA0015
airfoil (flow direction is from left to right) at four distinct frequencies of (a) 10 Hz, (b) 100 Hz, (c) 300 Hz
and (d) 500 Hz, (dB ref. 2 x 10~° Pa).
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FIG. 11. (color online) ASD of unsteady force predicted using the UWPW technique for 50 realizations
(gray lines), using the average of 50 realizations (blue solid line) as well as predicted analytically (red

dashed line) for the NACAO0O015, (dB, ref. 1 N/Hz).
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V.  CONCLUSIONS

In this work, we proposed a numerical technique to simulate the surface pressure induced by
incoming turbulence. The surface pressure jump was expressed as a set of uncorrelated wall pres-
sure plane waves with their amplitudes determined by the incoming upwash velocity spectrum
and the airfoil aeroacoustic transfer function. To achieve a good estimation of the surface pressure
jump, criteria for cut-off wavenumber and wavenumber resolution were established. Contributions
of sub- and super-critical gust to the surface pressure were examined. It was found that the sub-
critical gust contribution is dominant at low frequency while the super-critical gust contribution
dominates at high frequencies. The surface pressure jump predicted from an ensemble average
of the different realizations was compared with numerical and experimental results, showing very
good agreement. To demonstrate an application of the proposed technique, the unsteady force due
to incoming turbulence excitation on an airfoil was calculated. The numerical prediction agreed
well with analytical results. One of the main advantages of the proposed technique is that the sur-
face pressures simulated by the UWPW technique are deterministic and they can be applied as load
to an element-based vibroacoustic solver to obtain structural and acoustic responses of airfoils. In
the future study this advantage of the proposed method will be exploited to predict and analyze
vibroacoustic response of a structure due to stochastic excitation (incident turbulence) using de-
terministic element-based methods such as the finite element and boundary element methods.
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APPENDIX

The analytical model used to estimate the force produced on an airfoil in turbulent flow is
presented here. The analytical model is based on the aeroacoustic scattering model originally
presented by Amiet (Amiet, 1975) and later extended by Roger and Moreau to include trailing
edge backscatter (Roger and Moreau, 2010). The turbulence ingestion noise model derived by

Roger and Moreau is given by:

2
dk, (30)

where S, (x,w) is the power spectral density of the far-field sound at angular frequency w and
field point x. k, is the acoustic wavenumber and p, is the speed of sound and density of the
fluid at rest. x; is the ™ component of the far-field position vector x. SZ = z3 + (% (23 + 23)
is the distance from the coordinate system origin at the leading edge to the far-field location x,
with 32 = 1 — M?, M being the Mach number. The airfoil span and chord length are given

respectively by 2d and 2b. P, (ﬁ, k;y> is the upwash spectrum and is a function of convective

w

wavenumber k., = o
c

where U, is the convection velocity of the upwash disturbance, and the
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spanwise wavenumber k,. Lty is the aeroacoustic transfer function. The present analytical work
uses the von Karman spectrum modified to account for rapid distortion of turbulence structures by

the leading edge to approximate the upwash spectrum.

The airfoil can be discretised into a number of strips, IV, with the total far-field sound over all

strips given by:

o~ | ((Rapobza\? [ w
Spp (X, w):Z T Uso P U_kay

where the subscript s denotes the strip-wise value, with d, representing the half strip span. Equa-

2
d ks (31)

tion (31) is referred to as the direct strip-wise approach and was found by Christophe et al.
(Christophe et al., 2009) to diverge from the correct result as strip size decreases. Christophe
et al. (Christophe er al., 2009) proposed an alternate strategy for strip-wise turbulence ingestion
noise modelling that they called the ’inverse’ strip-wise method. The inverse strip-wise technique
calculates the sound from each strip by representing the strip-wise half span d; as the difference

of two large span values d; = d;, — (dy, — ds), d >> d; to give:

N 0o
z! ) v v (i)
s=1 s —o0 s
sm2 k“%? —k )) - sin? ((dL —dy) (% - ky>>

2
‘CTI (1'517 Usoa ky) d ky] (32)

In the current work, dj, is set equal to the total half span d. The inverse strip-wise technique

is often combined with the large aspect ratio approximation to equation (31). For infinite span
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airfoils, only gusts which are parallel to the leading edge generates pressure waves that radiate to
the far-field as sound. However, the current application is to estimate the total force on the airfoil
and hence evanescent components may be significant. For this reason, equation (32) retains the

integral over spanwise wavenumbers.

As the application of this technique is focused on force prediction, the radiation of pressure
waves to the far-field is not required. Propagation of pressure waves from the leading edge to the
far-field is included in equation (32) via a dipole radiation function and by propagation terms in
the transfer function Lr;. The first step in removing the far-field radiation terms from equation
(32) is to extract the dipole radiation function. The far-field sound produced by a unit harmonic

point force oriented in the wall-normal, =43 direction, can be expressed as:

koXs 2
Spp (X, w) = ( 47TS§) (33)

Removing this radiation component and aeroacoustic transfer function propagation terms from
equation(32) gives the following expression for the total force on the airfoil due to interaction with

the turbulence stream:

Str(x,w) Z 47r,00b /00 D (Uio,k:y>
s=1 —o 5
sin? k“‘rﬂ — ky>> sin? ((d —dy) (% — k:y>>
2 B 2
x | Ly < i ky) Qdky] (34)

The transfer function L1y = £, + Lo, where L, represents the principal scattering from the airfoil
leading edge and L+ accounts for back-scattering from the airfoil trailing edge. The transfer func-
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a2 tions for supercritical wavenumbers derived by Roger and Moreau, with the far-field propagation

a3 terms removed, are given by:

1/ 2
w\| (K + B2R)R
e—i@g
TR/ 27 (K% + 32R)
X (i (1— %) — (1+1) (s [47] — 2% /25 [2 (r@)]>) (36)

L) =— e 192 F[2R] (35)

Ly =

*2 *
as where K = Kb, k = \/i? — kﬁ%, = % = K%QJU, ©y = My — 7 and k, = k,b. The transfer

a5 functions for subcritical wavenumbers are given by:

1 2 o
= — — —192 2 4
o w\/(K;‘+iB2R’)i,g/e F[2i#] (37)
E B efi@z
L rR2m (KL +10%R)
x (1 — e _erf (\/4/%’) 12 VTig 2 r-@’)]) (38)
ws  Where &' = 1;;22 — p?
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