Under consideration for publication in J. Fluid Mech. 1

Interaction of turbulence with the leading-edge
stagnation point of a thin aerofoil

LORNA J. AYTON tand N. PEAKE

Department of Applied Mathematics and Theoretical Physics, University of Cambridge,
Wilberforce Road, CB3 OWA, UK

(Received 6 May 2016)

An asymptotic model is constructed to analyse the interaction of turbulence generated
far upstream with a thin elliptic-nosed solid body in uniform flow. The leading-edge stag-
nation point causes significant deformation of incident vorticity, and hence our analysis
focuses on the region of size scaling with the nose radius close to the stagnation point.
Rapid distortion theory is used to separate the flow field generated by a single unsteady
gust perturbation into a convective non-acoustic part, containing the evolution of the
upstream vortical disturbance, and an acoustic part generated by the interaction of the
vorticity with the solid surface, as is typical in gust-aerofoil interaction theory. Using
single-frequency gust response solutions, along with a von Karman energy spectrum, we
find the turbulent pressure spectrum generated by homogeneous isotropic turbulence in-
cident from far upstream. Both high- and low-frequency gusts are considered to allow
approximations to be found for the turbulent pressure spectra close to the leading edge,
and far from the body close to the incident stagnation streamline. Good agreement is
shown between the asymptotic results for the near- and far-field leading-edge turbulent
pressure spectra and recent experimental findings.

1. Introduction

The problem of unsteady vorticity-aerofoil interaction in steady uniform flow has been
considered analytically (Myers & Kerschen 1997; Tsai 1992; Goldstein & Atassi 1976),
computationally (Hixon et al. 2006; Allampalli et al. 2009) and experimentally (Geyer
et al. 2012; Mish & Devenport 2006), since understanding this process is key to predicting
the noise generated by blade rows within aeroengines. Computational methods can obtain
results for realistic situations at moderate frequency, but are difficult for high-frequency
incident perturbations, and hence analytic results are sought for high-frequency gust-
aerofoil interactions. Analytic methods, however, require significant assumptions before
progress can be made; typically the aerofoil is assumed to be either a flat plate or to
have small (but non-zero) thickness, camber and angle of attack, all scaling with a small
asymptotic shape parameter, 7 < 1. The scaled frequency of an incident gust, k, is
assumed to either be large, k > 1, such that 7k = O(1) as done by Myers & Kerschen
(1997), or is assumed to be small, ¥ < 1 (Amiet 1974).

In practice both the far-field sound and the unsteady surface pressure are of interest.
For aerofoils with O(7) camber angle and thickness, the stagnation point of the steady
flow is typically an O(7?) distance from the aerofoil nose (Van Dyke 1975) which is
negligible during asymptotic analysis. Within the limits of standard thin-aerofoil theory
(analytic and numeric), there is a singularity in the analytic surface perturbation pressure
at the stagnation point, which violates the assumption that the unsteady perturbation
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pressure is small, however it can be shown that the unsteady pressure calculated along
the rest of the aerofoil surface and in the far-field agree with experimental findings.
This leading-edge singularity is an anomaly that requires closer attention in order to
understand the turbulent interactions close to the stagnation point.

In this paper we attempt to correct the leading-edge singularity and investigate the
true behaviour of turbulence at the stagnation point by considering the evolution and
interaction of an arbitrary gust in a steady uniform flow past a thin elliptic cylinder
(extending infinitely in the spanwise direction), specifically concentrating on the region
close to the leading edge of the body, and in the far field at small angles away from
the incident stagnation-point streamline (which shall also be referred to as the zero-
streamline). The thickness of the ellipse is parametrised by 7 < 1, and the frequency
of the gust is parameterised by k& which we permit to either be large, k£ > 1, or small,
k < 1. The leading-order contribution to the acoustic solution can be dependent on a
multiplicative combination of thickness and frequency, which ensures that the thickness
parameter can remain present in the analysis even to leading order, which is not the case
in previous analytic solutions (Myers & Kerschen 1997; Tsai 1992). We use the solution for
single-frequency gust interactions to investigate the effects of the leading-edge stagnation
point on weak homogeneous isotropic turbulence in uniform flow, and obtain an analytic
prediction for the inviscid far-field and surface pressure spectra close to the stagnation
streamline.

Hunt (1973) calculates the surface pressure spectrum of a circular cylinder. Later
Durbin & Hunt (1980) generalise Hunt’s result for a bluff two-dimensional body, e.g. an
elliptic cylinder; their work however does not allow for an asymptotic scaling in thick-
ness, and instead the only asymptotic parameter used in Durbin & Hunt (1980) relates
to the integral lengthscale of the turbulence far upstream and the incident frequency.
By assuming the ellipse has O(1) thickness (or more precisely has an O(1) aspect ratio)
and calculating just the leading-order pressure spectrum, Durbin & Hunt (1980) have
ignored the possibility of an asymptotic reordering of terms due to small ellipse thick-
ness. Likewise, Durbin & Hunt (1980) do not restrict attention to a small region close
to the stagnation point and instead assume O(1) values of polar angle as measured from
the upstream direction (except for calculations at the stagnation point itself). It is these
new allowable scalings that we permit in this paper, and present a leading-order ap-
proximation for the turbulent pressure spectrum that accounts for high or low turbulent
frequency, large or small integral lengthscale of turbulence, and a thin body as is appli-
cable for aeroacoustics. We specifically focus on a small region close to the stagnation
point. We therefore anticipate finding a different leading-order result for the pressure
spectrum than that found in Durbin & Hunt (1980).

In Section 2 we discuss the interaction of a single-frequency gust with the nose of
a thin ellipse, obtaining the acoustic response in both high- and low-frequency cases.
In Section 3 we use the single-frequency solutions to determine the one-dimensional
turbulent pressure spectra close to the leading-edge stagnation point, and in the far
field near the zero streamline. Section 3.1 discusses the far-field spectra at high reduced
frequency (kl, where [ is the integral lengthscale of the turbulence), whilst Section 3.2
considers high and low reduced frequency surface spectra. Section 4 contains results and
comparison with experimental data, and we discuss conclusions in Section 5.

2. Acoustic Response for a Single Frequency Gust

We begin by considering the interaction of an unsteady gust with a thin ellipse of
minor axis R*(1 — b*) and major axis R*(1 + b?) in steady low Mach number uniform
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Figure 1: Diagram of the coordinate system at the leading edge.

flow, U = UZ e, far upstream, at zero angle of attack. We non-dimensionalise velocities
by UZ, and lengths by R*, and define thickness parameter, 7 = (1 —b%)(1 +b%)~!, which
we take to be small. In (cylindrical) polar coordinates, r measures the radial distance
from the centre of the ellipse and € measures the angle clockwise from the upstream
direction, as illustrated in Figure 1. We label the stagnation streamline of the steady
flow ¥ = 0, and a streamline formally bounding our analysis away from the stagnation
streamline as W = 7, where n < 1. The constant 6° provides a lower limit of 8 values,
formally bounding our analysis away from # = 0, and denotes the angle at which the 7
streamline first deviates from the horizontal.

2.1. Gowverning Equations for the Acoustic Response

We write an unsteady harmonic disturbance upstream as a Fourier integral
Uoo (T — €51) /A el @=htp, (2.1)

where u., is solenoidal so A -k =0 Vk. We write k = kk' = (K1, ka, ks), where k is
our asymptotic frequency parameter. We initially consider just one Fourier mode given
by

Uoo (T — &,1) = A(k)e!lF1 (@t Fhaythaz] (2.2)

far upstream. It follows from Goldstein (1978) that the vortical components of the velocity
are

I) = (A1A + Ay— > ei[kl(AitHkﬂ”rk?’Z], (2.3a)
(I) A 1% +A 167\1} i[k1 (A—t)+k2U+k;3z] 2.3
( o0 %00 )¢ ’ (2:35)

UzI) = Agellkal *t)+k2‘1’+ksz]’ (2.3¢)

where A is the drift function of the steady flow (non-dimensionalised by U*/R*), which
was first discussed by Darwin (1953), then later defined by Lighthill (1956) as

A:x+/; (;I—l) da. (2.4)



4 L. J. Ayton & N. Peake

This function is the difference between the time taken for a fluid particle to travel from
far upstream to position x along a streamline in the given flow, compared to the time
taken to reach the same position in uniform flow.

When the total unsteady velocity field, u, is written as

u=Vo¢+ul), (2.5)

¢ contains the acoustic response to the incident gust and satisfies the acoustic equation
arising from rapid distortion theory,

D0<1D0

Do (1Doy 1 Iy (u®
D CQDt>¢ V-0V =7V (pul), (2.6a)

subject to the condition of zero normal velocity,
Vo-n=—-ul).n, (2.6b)

on the solid surface. We have deﬁned by 5; + U - V. The steady density, p = 1 +
M?p; + O(M*), and ¢, the speed of sound given by

= ]\;2 [1 - —M2 (U - )] = M72(1 + M) + O(M?), (2.7)

are expanded as an asymptotic series in the uniform flow Mach number at infinity, M,
since we restrict attention to low Mach number flows only. The constant « is the ratio of
specific heats.

Using Eq. (2.3) we can write the source term in (2.6a) as

1 .
;V . (pu(I)) = (Ho + iHl)e‘[kl(A_'E)Jrk?q""]%z]7 (2.8)

where Hj; are defined by
A1 OA A2 ov A1 PN Ay 0T

Bo= o T o T el T2 e
o (Bas w>%ﬂ1+i%@l<f%@+%§>}
= [(R2Y L 288 (Y o]
S (R I S T

We wish to solve (2.6a) to leading order in both high- and low-frequency regimes.

We restrict the bounding streamline, ¥ = n, Mach number, M, and region of interest
near the leading edge (i.e. range of ) as follows; n = O(7%), M = O(7), and 0 = O(1),
where 7 is the asymptotic thickness parameter. This restriction of # creates an asymptotic
region around the leading edge which differs from regions used in previous asymptotic
gust-aerofoil analysis such as Tsai (1992) and Myers & Kerschen (1997); in these problems
the leading-edge inner regions scale on blade thickness, e.g. 7 — (1 + b?) = O(7), but 6
was assumed to be O(1). For our problem, since r measures the radial distance from the
centre of the ellipse, we suppose r = O(1).

In both high- and low-frequency cases, we set

¢ — e*ikliH’ik?SZq;? (210)
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and expand ¢ = ¢y + M2¢,. Retaining terms in (2.6a) up to O(M?), we obtain
M2 (—quéo 2k Uy - Vo + (Ug - V)(Ug - Vqﬁo))
= V20 = M* (V261 + V. (01 Vo) = p1 V200 ) = (Ho +iHy) ™ 470Y - (2.11)

where we have assumed the steady velocity can be written as U = U + O(M?), with
Uy the incompressible steady flow around the ellipse, whose components are O(1) under
the given § = O(7) scaling.

For high frequencies, k > 1, assuming k > 7! and retaining only the leading-order
terms yields
1 9%¢y
r2 002
where the forcing terms, Hy ; are taken to leading order only.

For low frequencies k < 1, the convective terms are negligible compared to the Lapla-
cian, therefore we obtain

—M?k2hy — + k2do = (Ho + iH,) e*18+ik2? (2.12)

1 0%¢y _ . iky Atiks ¥
—EW—(HO'FIHl)e y (213)
where once again the forcing terms, Hy ; are taken to leading order only.

We see from equations (2.12) and (2.13), that to obtain a leading-order approximation
for ¢, we need only calculate Hy; to leading order, which will be given by the in-
compressible steady flow solutions for A and W. In particular we require these functions
approximated in the small 6 limit. We obtain them by conformal mapping incompressible
steady uniform flow around a circular cylinder of radius 1 to our required elliptic cylinder
using the Joukowski transformation. Relevant calculations can be found in Appendix A.

We now proceed to solve (2.12) and (2.13) in our high- and low-frequency regimes
respectively.

2.2. High-Frequency Solution
We rewrite (2.12) as

92¢

202 + k2w?r?p = —r2 f(r,0), (2.14)
where w? = k{*M?2 — k12 and
f(r,0) = (Ho(r,0) 4 iH,(r, 0)) k1A @) ik (r0) (2.15)

We retain k3 in the governing equation so that we may discuss three-dimensional turbu-
lence, however we impose k3 = O(k; M) and suppose w? > 0. The small § scalings of the
source terms Hy i are

Ay Ak
Hy~O | ——= H ~0| 5= 2.16
0 (a102r2) ’ ! (G%GQTQ) ’ ( )

when constrained to the n-streamline, hence terms in (2.14) balance if k = O(772), and
¢ = O(k~1). The constant a; is given in Appendix A.
We solve (2.14) using a Green’s function satisfying
0*G

W(a, 0 r, ")+ k2Q(r)2G(0,0',r,r") = 6(0 — 0")5(r — '), (2.17)

where Q(r) = wr and ¢ is the Dirac delta function.
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To determine appropriate boundary conditions for (2.17), we consider the results from
Durbin & Hunt (1980, eq. 36) for turbulent interactions along the stagnation stream-
line, # = 0. They found that the pressure decayed exponentially with k on approach to
the stagnation point. By asymptotically matching this exponentially small result with
an inner limit of our small 6 region, § — 6¢, we find we must impose the boundary
conditions;

¢o=0 at 6=106° (2-180)
-
0¢ — — ¢°. Nl

0 at =20 (2.18b)

For Q2 > 0 the Green’s function in (2.17) is oscillatory. If Q2 < 0 we would obtain
an exponentially decaying solution, which would be negligible, thus we only consider
the case |ks| < M|k;|, which corresponds to sound waves with phase vector (k1, ko, k3)
propagating to infinity rather than being evanescent. The Green’s function is then

0 if <6

G(6,0%m,r) = { e sin[Q()R(O — 0)]5(r — 1) if >0 (219)

kQ(r)

The solution of Eq. (2.14) comprises a particular solution, PP, which takes care of the
source term on the right hand side, and a homogeneous solution, ¢* that then ensures
zero normal velocity on the rigid surface. Using our Green’s function, (2.19), we find

P =
ken/ k2 M2 — k12
(2.20)

where € is the the upper limit of validity of the small  solution (defined by (A 19)). In
the small § approximation ¥ = O(n), and hence we can neglect it compared to A. Since
k is large we can apply the method of stationary phase to (2.20) (Bender & Orszag 1978).
The phase functions in (2.20) are g+ (r,0') = kIA(#") + Q(r)(0 — #'), which have points
of stationary phase ' = ¢/, given by

/ (Ho + iHy)(r, 0')eFFIAO) RV (M00) gin (kQ(0 — 0')) d/,
0

g o EOH D)k
s Q@l ’
We require 0 < 0 < 0, < €, hence on noting that a; < 0 (given in Appendix A) we see

that only g_(r,8’) yields a point of stationary phase within the allowed range, and hence

(2.21)

~ — 2 . .
P~ 4 fo(r,07) 79,,(:00)6”/46”“9(95_9). (2.22)
2ik3/24 /K12 M2 — k1 Vs

Evaluating g4 at an end point (which would yield the dominant contribution to its
integral) would result in a term of O(k~'/2) smaller than the leading-order term given
in (2.22).

The homogeneous solution of (2.17) requires evaluation of the Green’s function on the
surface,

7h ‘ / ’ aéh ’
¢ (r,0)=— [ G,0,r", 1) -~ 9. (2.23)
n on 7":\/(1+b2)2 cos? 0/4(1—b2)2 sin? ¢/

The integration in (2.23) should be evaluated over the entire surface of the ellipse, however

the greatest contribution to the integral arises from the region where 6 is small since %
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is O(k~'/2) smaller when 6 > € compared to when 6 < e. Also, uD).n is largest in
a region where the steady flow is slowed most significantly by the solid surface, which
occurs in the region around the leading edge, therefore u(!).m is also larger for 6 < e
compared to when 6 > e. Evaluating the integral in (2.23) yields

99"

sin [kR(0";r)w(0 — 0" (r))] o , (2.24a)

- B 1
¢ (r,0) = ER(0M;m)w

where

1— 662 + bt — 12 + dby /72 — (1 — 02)2
0" (r) = 2arctan \/ i i r—( ) (2.24b)

(1 + 62)2 — 2 ’
R(O":r) = /(14 62)2 cos? 0% 4 (1 - 12)2sin’ 0%, (2:240)
aqgh B o 3¢~,p

The single high-frequency gust response, ¢ = ¢" 4+ ¢P derived here is non-singular as the
stagnation point is approached, 8,7 — 0, r — 1 + b2.

2.2.1. Far Field Implications and Comparison with Previous Work

We can match this inner solution to a large r solution whilst remaining within the
small 0 region. We note from (2.21) that for large enough r the point of stationary
phase, 6, = O(r~!), falls outside the region of integration for the leading-order particular
solution, hence the magnitude of the particular solution would drop by O(k‘l/ 2). This is
negligible to the orders retained in our calculations, so we are therefore left with ¢ = ¢"
as r — oo. We notice that 6" — 7/2 for 7 — oo, and hence 0" is also out of range of the
limits of integration in (2.23), thus ¢" — 0 also. At first sight this prediction that the
far-field sound directly upstream is negligible to the orders retained in our calculations
seems incorrect, given that Tsai (1992) predicts the pressure to be O(k~3/2). However,
we recall that our far-field solution is restricted to # = O(7), which if incorporated
into the result from Tsai (1992) (who has 8 = O(1)) also gives a reduction of the far-
field magnitude by O(7) (equivalent to O(k~'/?)). It is also evident that this prediction
of negligible pressure far upstream is consistent with Fig. 4.25 of Tsai (1992), which
shows visually that directly upstream the far-field acoustic pressure is much smaller than
elsewhere. We attribute this zero upstream far-field noise to distortion of the acoustic
waves generated near the surface directly upstream; due to the steady flow any acoustic
waves are diffracted away from the upstream direction by the time they approach the far
field.

We can further extend our inner solution ¢” into the region outside of our predefined
small 6 region, and thereby asymptotically extend our solution into the leading-edge
outer region as described by Tsai (1992). We once again use the method of stationary
phase, but this time do not approximate the drift function, A, since we have moved out
of the region where (A 16) is valid. Further, A is now seen as a function of both r and
6 and we take § = O(1) but 6 < 7/2. The stationary phase point, (2.21), now occurs at
kIA’(r, 0s) = Q ~ r, hence A ~ r at the point of stationary phase. Thus

f(r,0,) eikwr(0s—0) (2.25)

T
P J\Ts)
¢ k \/EAN (r,0,)
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for large k. As we take r > 1, we see that f(r,0s) ~ T,% ~ 1 which yields

1
TN

for # = O(1) and large 7, which has the same order of magnitude in both k and r as
the symmetric Joukowski aerofoil solutions in Tsai (1992) for high-frequency gusts. The
contribution from ¢" is negligible, since when r is large, 6" — 7/2. We have therefore
confirmed that our analytic solution in the small region close to the stagnation streamline
is consistent with previous analytic solutions for high-frequency gust-aerofoil interactions.

P (2.26)

2.3. Low-Frequency Solution

We now investigate the low-frequency limit, k¥ < 1, of (2.6a). The wavelength of the gust
is now much larger than the thickness of the ellipse, hence we expect that, to leading
order, the solution resembles that of the flat plate, and is independent of the thickness
of the ellipse. The governing equation for the low-frequency solution is given by (2.13)
which we write as
0%

% = —r2f(r,0), (2.27)
where f(r,0) is still given by (2.15), and the scalings (2.16) still hold albeit k& is now
small, so H; < Hy. The conditions (2.18) still hold, and we also still require zero normal
velocity on the surface of the ellipse. We assume 7 is O(1) in deducing (2.27), thus we
have neglected terms of O((kr)?). We therefore cannot consider far-field low-frequency
results (r > k~1), however due to the wavelength being large we would expect the far-
field results to be a dipole that could be modelled by flat-plate interaction theory, which
is well understood (Amiet 1975). Instead we are more interested in the low-frequency
limit of the unsteady surface pressure spectrum.

The low-frequency particular solution to (2.27) satisfying (2.18) is

9 !
P =r? / do’ [ f(r,6")de". (2.28)
c 9c

The homogeneous solution, satisfying the zero normal velocity requirement on the bound-
ary of the ellipse, is

o = A(r)(6 - 6,), (2.29)

where A is an as yet undetermined function of r. On the surface for small 0, to leading
order,

u o = A;r = 0(1), (2.30)
and
ogh 1 , o 20A(r)
= AT A'(r) (1 —b?) e | (2.31)

hence on the surface of the ellipse we require A(r) = O((1 —b2)6~1). It will be sufficient
to know just the order of magnitude to deduce the effects of turbulence at leading order
close to the stagnation point, therefore we do not explicitly solve for ¢".

3. Effect of Turbulence and the Turbulent Spectra

We now use our results for a single gust from the previous section to consider the
effect of homogeneous weak turbulence from upstream interacting with the leading-edge
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stagnation point of the ellipse (see Goldstein (1978) and Hunt (1973) for early work on this

topic). We assume the three-dimensional upstream turbulent spectrum, @g:’f)(kl, ko, k3),
is known. The one-dimensional turbulent velocity spectrum is defined by

Oy u(x, k1) = / R, . (z,T)e* 7 dr, (3.1)

where v and p are r, 0 or z.
Rl/,,u(qu) = <UV($at)uH(wut+T)> (32)

is the one-point turbulent velocity correlation tensor, where the angle brackets denote
time averaging. It relates to the known upstream turbulent spectrum via the equation

O (. ki) / / M, M, 0@ (k) dkadks, (3.3)
where the over bar denotes complex conjugation, and the M, ; are given in Goldstein
(1978) via

u, = A;jM, j(r,0)e*1(A-OFR iRz for ) — g o (3.4)
We choose the von Karman spectrum far upstream, as done by Goldstein (1978),

o) — o (KL + K3 + k3)djn — kjkn

3.5
(92/12 + kf + k3 + k3)17/67 (3:5)
where
55g1 (ul,)
T 36wl (3.6)

the g; are constants to be determined from experimental data, and [ denotes the integral
lengthscale of the upstream turbulence. The magnitude of the unsteady flow far upstream
is given by .

We define the one-dimensional turbulent pressure spectrum analogously to the velocity
spectrum as

Opp(@, k1) / / NiN; @\ (K)dkadks, (3.7)
where the N; are given via

p_ 4 (r, Q)Ajeikl(A—t)-irikz\lq-ikgz7 (3.8)
p

and the perturbation pressure can be found from the solutions for the unsteady velocity
potential determined in Section 2 using

D0¢

. (3.9)

= —PopH,
We calculate ©p, in Appendix B.

3.1. High-Frequency Pressure Spectrum in the Far Field

In a similar manner to Section 2.2.1 we can extend our solution for ©,,, into the far field
for = O(1) (recall, in Section 2.2 we found that in the far field for § = O(7) the solution
was negligible). This yields

291 (use) VA T (3)

% 74/3
3r r(2)

kil <1
(ki)=8/3  kyl>1

Opp ~ cosfsin* 01 M{ (3.10)
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in the high and low reduced frequency limits.
These two expressions can be combined to give a composite function for ©,,;

2 (u2) VEg2MT (1) g5 ** cos O sin® 0
- 3rl 3 (k11)8 1/3 "
K (1 T )

Opp (3.11)

3.2. High- and Low-Frequency Surface Pressure Spectrum
The surface pressure spectrum can be found close to the leading-edge stagnation point
when 6 is small. We consider both the low- and high-frequency spectra.
3.2.1. Low-Frequency

The scattered pressure can be written as

p = —poet1 ke [ikli 1,20 D00

or r 00|’ (3.12)

where g?) = ggh + ¢~)p. Evaluating each term in (3.12) in the low-frequency regime and
within the small 6 region gives scalings

pP=001-0"), p"=0(1), (3.13)

where pP" are the contributions to the surface pressure due to the particular and homo-
geneous solutions respectively. Thus, in the thin ellipse limit, b — 1, the homogeneous
solution dominates the pressure on the surface of the ellipse near the nose. Hence, the
interaction between the boundary and the gust generates the majority of the unsteady
pressure. Since the solution does not depend on the thickness of the ellipse at leading
order, we can assume that the wavelength of the gust is so large that it does not see an
elliptical body in the steady flow, but rather a point source.

To compute 0, we therefore follow Mish (2001), who considers spectra for a NACA
0015 aerofoil, based on the work for a flat plate done by Amiet (1975), and writes the
pressure jump across a flat plate due to an incident gust as

Ap*(z,y,t) = 2mpiU b wig(x, ky, ks)elks? —kiU™t (3.14)

in dimensionalised form. Here g is the transfer function between the incident velocity
and aerofoil pressure jump, and wg is magnitude of the incident gust velocity. The cross
power spectral density at a given point is given by Mish (2001) as

oo oo
Syq(®,2,0,w%) = 4(27rp;§b*)2/ / l9(@, —w /U, k3) [P (—w* /U, k3, k3 ) dky ks,
—o0 J —oo

(3.15)
where w* is the circular frequency, U* is the steady free-stream velocity, and b* is the
semi-chord length of the flat plate. Mish (2001) provides us with the transfer function
for a thin aerofoil, which in our limit of small k] and small Mach number is

g(w, k1, k) = — (1 - \/g (1 - erf[ 202 — J:)k’g})) 7T3/2\/e§_j;7uﬁ' (3.16)

Using this expression we can integrate (3.15) numerically. We are careful to choose param-
eters that are consistent with our scalings of thickness and proximity to the leading-edge
stagnation point with respect to the frequency parameter k, and take values for U, w,
b and pg from Mish & Devenport (2006) for comparison later in Section 4. We do not
consider k1l > 1 in the low-frequency case because it would not be realistic to allow a
turbulent lengthscale to be so large, I > k=1, for k < 1.




Interaction of turbulence with the leading-edge stagnation point of a thin aerofoil 11

SPL
5x107 ¢
——— Experimental data
4|
37107\ Asymptotic
. approximation
1.25x107 |
109 10% 109 10t )

Figure 2: Sound pressure levels away from the leading edge of an SD7003 aerofoil mea-
sured experimentally, compared to the asymptotically obtained turbulent pressure spec-
trum. The horizontal axis measures (dimensional) frequency, w = kf. The vertical axis
measures the pressure level. Experimental data from (Geyer et al. 2012) comes courtesy
of Thomas Geyer (pers. comm.).

3.2.2. High-Frequency
We now cousider the behaviour of (B4) for k; > 1 to yield

o NUENTL (5) M [ g0/ kil < 1
Posr () -2 | (D)7 kil 1

(3.17)

in the high-frequency limit. A composite function can be constructed similarly to the
far-field high-frequency solution,

g2/l (N2 gt
5 :
30(2) (1—b?)? (1 n (k;?s)lﬂ

(3.18)

pp ™

The above result now sheds light on an even smaller inner region to that considered
by Tsai (1992), since here we are constrained to a narrow wedge around the stagnation
point as opposed to allowing O(1) values of #. This narrower region properly analyses
the effects of the stagnation point on high-frequency incident turbulence, which were
neglected in Tsai (1992).

4. Comparison with experimental data

Here we present comparisons of our asymptotic results, (3.11), (3.17) and (3.15) with
experimental data.

In Figure 2 we compare our far-field high-frequency spectra, (3.11) to experimental
sound pressure levels measured by Geyer et al. (2012). The parameters used are as follows;
U* = 35ms~ ', g1 = 02,90 = 0.56, M = 0.09,0 = /30,1 = 0.002. These match the
experimental setup, with g; o chosen following Goldstein (1978). We see a good agreement
for high frequencies, but at lower frequencies our asymptotic approximation no longer
matches the experimental results. This is because in the experiment the upstream integral
lengthscale of turbulence is fixed, while our high-frequency approximation has required
us to vary [ so that k1l remains very small whilst k; remains very large.
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(a) Small grid, I = 0.0078m. (b) Large grid, I = 0.0818m.

Figure 3: Asymptotically obtained pressure spectrum. Experimental data shows the sur-
face pressure spectra measured on a NACA 0015 aerofoil. Coherent Output Power (COP)
results give the inviscid spectra. Experimental results from (Mish & Devenport 2006) are
courtesy of William Devenport for two grid sizes yielding different integral lengthscales
of turbulence.

On the surface of the ellipse, for small 6, the low- and high-frequency limits of the tur-
bulent pressure spectrum are given by (3.15) and (3.17) respectively. We compare these
analytic solutions with the experimental data obtained by Mish & Devenport (2006) in
Figure 3. Mish & Devenport (2006) introduced grid-generated turbulence upstream of a
NACA 0015 aerofoil using a small or large grid to produce turbulence of different integral
lengthscales, [ = 0.0078 (small grid) and ! = 0.0818 (large grid). We assume this turbu-
lence is isotropic upstream, U = 30ms~1,b = 0.305m, M = 0.09, and g; = 0.2, g» = 0.56
again chosen following Goldstein (1978). The horizontal axis measures scaled frequency,
w, = 2k1bU 1, and the vertical axis measures the (dimensional) surface pressure spec-
trum (normalised by 47U). For the small grid, the turbulence is on the same lengthscale
as the viscous boundary layer, therefore the directly measured (viscous) surface pressure
is contaminated by boundary layer interactions, hence we only compare to the inviscid co-
herence output power (COP) measurements. The COP results, discussed in Mish (2001,
pp. 75-77), extract the inviscid surface response from the measured pressure spectra, re-
moving any turbulent boundary layer fluctuations. We see good agreement between the
asymptotic results and the COP measurements in Figure 3a at both low and high frequen-
cies. The large grid turbulence has a lengthscale much greater than that of the viscous
boundary layer, hence for w, < 10 we see good agreement between the directly measured,
COP, and asymptotic results in Figure 3b. For w, 2 10 the COP measurements diverge
from the direct measurements indicating an onset of some viscous behaviour and hydro-
dynamic effects discussed in Mish & Devenport (2006). The asymptotic result is still in
reasonable agreement with direct measurements, but has some distinct differences indi-
cating that alongside viscous interferences, we could also expect non-linear interactions
to begin to take effect.

5. Conclusions

We have considered the effects of homogeneous isotropic turbulence from far upstream
interacting with the leading-edge stagnation point of an aerofoil, by calculating analytic
approximations for the turbulent pressure spectrum, both on the aerofoil surface close to
the stagnation point, and in the far field close to the stagnation streamline. The analytic
solution we have found requires the Mach number and body thickness to be small. This
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allows simplifications to be made, and leading-order approximations to be found. We
identified the need to consider a new asymptotic region for the gust-aerofoil interaction
problem because current analytic methods based on thin aerofoil theory predict a sin-
gularity at the leading-edge stagnation point which invalidates asymptotic assumptions.
Our solution in a region close to the leading-edge stagnation point does not permit a
singularity, and has been shown to be compatible with previous asymptotic solutions
through a matching process in the high-frequency limit.

Both high- and low-frequency turbulent interactions were considered, and the resulting
turbulent pressure spectra on the surface and in the far field showed good agreement with
experimental data. For small scale turbulence, our analytic surface predictions agree well
with inviscid measured data for all frequency ranges, whilst for large scale turbulence we
have good agreement up to scaled frequency w, = 10, after which non-linear effects may
begin to be important. Below w, = 10, both the directly measured and inviscid COP
spectra of Mish & Devenport (2006) agree since the viscous boundary layer is on a much
smaller lengthscale than the upstream turbulence. We can conclude that the analytic
model presented in this paper accurately predicts the inviscid response to both small
and large scale upstream turbulence, provided viscous and non-linear effects are negligi-
ble. This approximation for the inviscid response can be used during post-processing of
measured data to establish the effects of boundary layer interactions, without requiring
additional data processing such as COP.

We have not provided results along the stagnation streamline itself, since these can
be recovered from Durbin (1978), who found that along a stagnation streamline the
turbulence pressure spectra decays exponentially due to piling up of eddies and strong
cancellation of the corresponding pressure contributions. This has more recently been
seen by Santana & Schram (2015), where the high-frequency decay rate of the turbulence
pressure spectrum increases with proximity to the stagnation point. Whilst the results
from Durbin (1978) are specifically for bluff bodies with O(1) thickness, the result along
the stagnation streamline would also hold for thin bodies such as those discussed in this
paper, since the stagnation streamline is unaffected by the conformal mapping from a
circular cylinder to a thin elliptic cylinder.

Acknowledgements

The work in this paper was funded by EPSRC under grant EP /1010440/1. We are very
grateful for this support.

Appendix A. Stream Function and Drift Function

Here we obtain the stream function, ¥, and drift function, A, for incompressible steady
uniform flow around a thin elliptic cylinder, as required in Section 2. We begin with steady
flow around a circular cylinder of radius R* which far upstream is uniform with velocity
U’ = UZé,. This is mapped via the Joukowski transformation to give the corresponding
flow around an elliptic cylinder. Velocities are non-dimensionalised with respect to UZ,,
and lengths with respect to R*.

The (non-dimensional) velocity potential of the flow around the circular cylinder is
given by

D(s,0) = (S + i) Ccos p, (A1)

where (s, ¢) are standard polar coordinates with origin at the centre of the cylinder. The
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velocity field is obtained from the potential, Uy = V&, and the streamfunction, ¥, is
then obtained as

¥(sp) = (51 )sine. (A2)

Since we wish to consider the flow around an elliptic cylinder, we apply the Joukowski
transformation,
2

Z:C+z7

to map from a circular to an elliptical cylinder, where ¢ = se'?, and z = re'’ define
the (r,0) polar coordinates for the elliptic geometry, centred on the centre of the ellipse,
with § = 0 corresponding to the upstream direction, and measured clockwise. The unit
circular cylinder is mapped to an elliptic cylinder of minor axis 1 — %> and major axis
1+ b2. The transformation of coordinates is given by

1
— 1 cosf — /72 cos2 O — 42 cos2 A
s 2COS@( rcosf — /12 cos? 0 — 4b2 cos <p), (A3a)

sin? ¢ =

402 —r2 1 \/(r2 —4b2)2 25?0 (A30)

%2 32 ot T

and close to the leading-edge stagnation streamline, § ~ 0, this is approximated by

1
~ = 2 _ Ap2
s 2( r2 —4b —l—r), (A3c)
rsin 6
V2 =42’
We obtain the streamfunction for the ellipse by applying the transform (A 3d) to (A 2).

The drift function is defined by (2.4). In order to evaluate A we march along a stream-
line by integrating the relation

sin p ~

(A3d)

rd0
dt = — A4
L3 (A4)
as done in Lighthill (1956). To do this we write r in terms of # along a given streamline
close to the leading-edge stagnation streamline, ¥ = 0. We choose

n=Y(r?0), (A5)
for n < 1 and solve (A 5) for r by expanding
r=ro+nr1+ 0(n?), (A6)

in a similar way to Lighthill (1956). Equating (A 5) at each order using (A 6) allows us
to solve for rq 1;

ro =1+ 0% (A7a)
(1-v?)°
= . A
r ST+ cscd (A7b)

We notice from (A7) that (A6) is in fact a series in n/siné so it is only valid if
1> 6 > n, hence our solution is bounded away from the stagnation streamline. To bound
0 values away from the stagnation point, we introduce 6¢ as the lower limit of allowable
small § values. As illustrated in Figure 1, the ¥ = 5 streamline in the region 6 < 6¢ is
approximately a straight line from upstream infinity, which arises from the uniform flow.
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Hence we can treat this region as Goldstein (1978) does, so when calculating the drift
we use a uniform flow approximation for § < ¢ and our expansion (A6) for 6 > 6°.
Specifically, the point on the 5 streamline, (r¢, 6¢), is approximated by

U]
¢ = — AR
7“6’ ( CL)
4(1 + b2)4
re = Ltb) +0(n%),
1+ 6b2 + 8b% + 266 — b8 + (1 + b2)2/50b% — 2466 — b8 — 8b2 — 1
~2—2(1-0b). (A 8b)

We later neglect terms of O(n) therefore our solution will be independent of 8¢, however
we define it here to specifically bound our region of interest away from the ¥ = 0
streamline.

We note that Durbin (1978) considered turbulent interactions with a bluff body along
¥ = 0 and found that close to the leading-edge stagnation point of the body, the turbulent
pressure spectrum decays exponentially with frequency. Since we anticipate an identical
result along ¥ = 0, we only consider ¥ =1 # 0.

Using (A 6) we can write the velocity component ug as

1
ue:alsin0+77(a2+a3f(9)+a400520)m, (A9a)
where
f(0) = \/(1 —b2)2 — (14 b2)2sin? 0. (A 9D)
We require 6 < 2arctan (%) to ensure that f is real.

The a; are constants given by

o 2(140%)
a; = —m7 (AlO)

2(b% — 6b* + 19)

T e (A11)

(60 +1)
@ A1) (A12)
Ay = —W. (A 13)
(A14)

Using (A 6) we obtain the asymptotic expression for uy for r close to the surface, in
the form
ro(1+0%)

—_—~

Ug ai

ar(1—=02)2 1402
200+02)  f(0)

1
csc +nesc? 0— (ag + a4 cos20 + a3 f(0))] .
at

(A15)
Finally, we insert (A 15) into (A 4) and integrate to obtain the drift function

U8y 4 3 (=

A(f) =~ const. — rcosf + I + 2\ ARy

Iy — (14 0?) [agly + agl3 + asfz]) ;
(A16)

ai
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where
I = /csc 0df = log [tan (0/2)] , (A17a)
I = /Csc2 0df = — cot 0, (A17b)
I = C;‘(:;)@ cos 20d6 =
g@)cotd 1 (b? + 1)2 (b* + 1)2
\/§(1 _ 62)2 (1 _ b2) [F (9 4(1 _ b2)2 > + E (9 4(1 — b2)2 >] ? (A 170)
csc? 0 1 9 2 00 22
Iy = 70) dé):ﬂ(l_bz)QQ(a){(b +1)"sin2 — 2 (1 — %) cot§
e )"\ s e (v +1)°
+v2(1-b )g(e)F<9 (1_b2)2> V2(1-b )g(o)E<9 (1—52)2>}’
(A17d)
with
g(0) = /b* + (b2 + 1)2 cos 20 — 6b% + 1. (A 18)

The quantity within the square root defined in ¢(#) is positive subject to the same
constraint as before,

6 < 2arctan (1—1—1)) =e. (A19)

We use (A 19) to define ¢, the upper limit of §. In (A17), F(z|m) and E(xz|m) denote
elliptic integrals of the first and second kind respectively (Abramowitz & Stegun 1964,
pp. 589). The constant in (A 16) depends on 7, r¢ and 6¢. For our calculations we only
require derivatives of A therefore we do not explicitly calculate the constant.

The integrals, (A 17), should be expanded for small 6 to obtain an expression for A
near the leading-edge stagnation point. These expansions are

L ~log |2 +9—2+0(93) (A 20a)
1~ log ol + 15 ; a
1 6 3

I~ —§+§+O(0 ), (A 200)
1 (7b* — 26 +7) 0

I3 ~ — - 3 A2

3 (1—b2)9 6(1—b2)3 +O(9 )7 ( OC)
1 (5b* +2b* +5) 0

I~ — 3). A2

4 =070 + L + 0(6°) (A 20d)

Appendix B. Turbulent Pressure Spectrum

The turbulent pressure spectrum is given by (3.7). We write the NN; (defined in (3.8))
as

Ny = (ng + ny\/k2M? — k2)e T VRIM=KS(0-00) 4 ) cos {R\/kaQ —k2(6 — Hh)}
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n3 .
™ Gnl|R k2M2—k29—9h}, Bla
e LGRS B10)
_ . 2272 _ 1.2(pn _ ph ns . 2972 _ 1.2(0 _ ph
Ny = ny cos {R\/klM k30 —0 )] + v sin [R\/klM k30 —0 )} ,

(B1b)
where
ikC U, [0C . OA(00) i ic
0= 9372 T a2 [87“ +ikC o ) ny = WUo,r + WUo,ev
F 9 F . Fy. OA(R,6"
ng = Uo,rfla [R(6" —69)] + 71U079, ng = 1UO,TE1]€1 7(5% ), (B2)
Fy, 0 F: . Fy OA(R,6"
na=Uor 222 [RO" — 69)] + 200, ns = 1U0,r§2k1%,
and
u(I)'n‘(R N ):AiFi(R7 R (B 30)
o = %eihA(r,92)+ik2‘1!(r,02)7im/k%]vﬂfkg(efeg)’ (B3b)
Uo = (Uo,r, Uo,p, Uo,z)- (B3c)
Therefore integrating (3.7) gives
0, ~ ZORMVAT () (BN, p 118 BEMEN)
PP 5 (D) go + k312 2322 g —kuz)) "
| P20l (3) o S PR U O T o Vi 2
_ - -2 n
B5L(5)  \g2 + kil P32 gk
L am?PL(g) (2 NP2l KM
0 (3) N\ +h32)  [7I\37277 g k32
113 KM
.y . R *
241 (372727 gz—k%l2 e(nonl)
Ayan/al (L ) )
5512‘F(2<)3) {8’“%52'”4'”1 + 13y + 2na(Re(n1 J5) + Re(no.J}))
2|n 812 nal?
+ ‘kf| (Im(nJ5) +Tm(noJ7)) + — [ns|*Jo + | ]:2' Jg], (B4)
1 1

where the function o F7 denotes a hypergeometric function (Abramowitz & Stegun 1964,
pp. 556), and Up is the velocity field due to uniform flow around an ellipse as calculated
in Appendix A. When integrating over k3 to obtain the pressure spectra, we take only
|ks| < M|k1| to ensure an oscillatory solution for ¢ rather than an exponentially decaying
one.

The J; in (B4) are defined by

M 2 7/3

l

h= /0 (1+5) <92 R0+ 52)z2> cos® [ Ry /M2 = 52(6 — 0") | ds, (B5a)
1
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M 2 7/3
T2 = / ( 2l 2) (392 + k7 (3 + 115%)1?) cos® {Rkl VM2 = s2(0 — 0")} ds,
0 g2 + ki )

(1+s2
(B5b)
M 12 7/3 ) yeio
_ M2 — g2 11
n= [ () (G e
cos {Rkl VM2 —s2(60 — Gh)} ik VME=S2(0-00) g (B5c¢)

I? e 2 2172\ .irkivVM2—s2(0—6°)
Jy = 392 + k1(3+ 11s%)17) '™ s
! /0 <92+k%(1 32)12> ( ” i +) )e

o 0 ] oo
M 1 l2
Js =
5 /0 \/m<92+k%(1+52
sin | Rk /M2 = 52(0 — 6)| ds, (B5e¢)
M 2 2 7/3
1+s l L, . : )
ME =7 <92 + R+ 82>z2) sin” | Rk /M2 = 20— 0")| ds. (B5)
Jr = /M 1 < 12 >7/3 (392 + k‘2l2(3 + 1182>) eirklm(g_gg)
o VMZ=3Z \g2+ki(1+ 522 i
37— -
M 1 12 7/3
- 212 11 2
Jg 0 M2 — g2 (gz+k%(1+s2)l2> (3g2 + kT1%(3 + 1157))

sin? [Rklx/MQ 20— 9’1)} ds. (B5h)

7/3
)12> (392 + k7 (3 + 115%)1?)

Js =

In the far-field, ©,, is dominated by the vortical source, i.e. terms arising from P,
hence only ng,; terms contribute. These are given by

V2me 1T/ 4k,
ng ~ Vcos fsin’ 6, B6a
O AR — Rk (B6a)

. cosh e im/4
ny ~iV2rw

kr o /M2k? — k2 (

On the surface, dominant terms arise due to horizontal blocking, hence nss ~ 0.
Remaining terms are

6 cosf —sinb). (B6b)

—/mieim/4
L ovme B7

no \/E(l ~2) (B7a)

% —im/4
o VT B7)

P (112

46

g~ T s (B7c¢)
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