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Sound within aircraft engines can be 120dB-160dB, pushing the validity of linearized
governing equations. Moreover, some components of sound within a visco-thermal mean flow
boundary layer over an acoustic lining may be amplified by a factor of ~ 100 (~ 40 dB) in a
typical aircraft engine compared with the sound outside the boundary layer, which may be
expected to trigger nonlinear effects within the boundary layer. This is in addition to the
well-known nonlinear effects within the holes of the perforated lining facing sheet. This paper
presents a mathematical investigation into the effects of weak nonlinearity on the acoustics
within a thin parallel mean flow boundary layer in flow over an acoustic lining in a cylindrical
duct. (This is the first investigation of nonlinear acoustics in a boundary layer flow over a
non-rigid surface, to our knowledge.) In certain cases, a surprisingly large acoustic streaming
effect is found that escapes the mean flow boundary layer and pervades well out into the interior
of the duct.

I. Introduction

cousTic liners are an essential part of civilian aircraft engines, enabling them to meet ever stricter noise require-

ments. Sound within aircraft engines is loud, potentially 120dB—160dB or more, pushing the validity of the
usual assumption of linearised sound over a steady mean background flow. Moreover, a thin visco-thermal mean flow
boundary layer of thickness §* over an acoustic lining was recently predicted [1] to give an amplification by a factor of
order 1*/6* to certain elements of the acoustic solution, where 1* is a typical wavelength. Since typically 1%/6* ~ 100
for aeroengine intakes, even when the sound within the intake may validly be considered linear, nonlinear effects would
be expected within the mean flow boundary layers over acoustic linings owing to this amplification. Experimental
evidence also suggests nonlinearity becomes important at lower amplitudes than might otherwise be expected for flow
over an acoustic lining [2]. This is a separate effect to the nonlinearities that occur within acoustic linings [e.g. 3].
Here, the effects of nonlinearities within thin mean flow boundary layers are investigated by mathematically modelling
weakly nonlinear acoustics in a visco-thermal boundary layer flow over an acoustic lining in a cylindrical duct.

Acoustic linings are typically modelled as an array of Helmholtz resonators. Assuming a linear response, the effect
of the acoustic lining is reduced to an impedance boundary condition, which is a linear relation between the acoustic
pressure Re(p exp{iwt — ikx — im6}) and the acoustic normal velocity Re (9 exp{iw? — ikx — im@}) at the boundary,
p = ZV, where Z is typically a function of the frequency w. Singh and Rienstra [3] showed that nonlinearity is generally
unimportant for frequencies away from the resonant frequencies of the resonators, but that near the resonant frequencies
the impedance needs to be modified to include a nonlinear term due to the inertia of the fluid in the resonator necks.
Other authors have considered introducing nonlinearity by making the impedance Z depend on the wave amplitude as
well as the frequency [e.g.!4]. It is again emphasized that the current study investigates the effects of nonlinearity in
the mean flow boundary layer above the lining, not in the lining itself, and so is complementary to these other studies.

Much of the work on acoustics in flow over acoustic linings uses the Myers [5] boundary condition, ‘v—? =Zeg = w‘:’LZ]k s
where Z is the actual boundary impedance and Z.g is the effective boundary impedance seen by the acoustics in a
uniform mean flow of velocity U within the duct. This comes from matching the normal fluid displacement at the
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boundary, and is correct for thin mean flow boundary layers, either at high frequencies [[1, 6] or for inviscid flows [7, [8].
Rienstra [9] showed that the Myers boundary condition leads not only to the expected acoustic modes, but also to surface
modes that exist predominantly near the wall of the duct, one of which he categorized as a hydrodynamic instability;
the presence of instabilities which grow in amplitude is another reason to consider nonlinear effects. However, the
Myers boundary condition implies an infinitely thin mean flow boundary layer at the lining, and not only do boundary
layers need to be extremely thin for this to be accurate [7, 18], but it also causes the Myers boundary condition to be
ill-posed [10]. More recent work [11] gave a modified Myers boundary condition which accounted for the thin boundary
layer of the mean flow, but still ignored the effect of viscosity. However, Renou and Auregan [[12] demonstrated that to
correlate mathematical and numerical results with the results of experiments, the effect of viscosity within the mean
flow boundary layer must be included, and Khamis and Brambley [[13, [14] demonstrated that the effects of viscosity
on the acoustics are of a comparable magnitude to the effects of shear, and thus both should be taken into account.
Viscosity within the mean flow boundary layer was investigated by Aurégan, Starobinski, and Pagneux [€]] for thin
low-velocity mean flow boundary layers, and by Brambley [1] for thin mean flow boundary layers of arbitrary subsonic
velocity, while investigations taking into account both shear and viscosity within the mean flow boundary layer have
recently been performed by Khamis and Brambley [15, [16]. This approach agrees most closely with results from
solving the linearised Navier Stokes equations (LNSE) for the entire duct. The aim of all this work has been to derive
a new boundary condition in terms of an effective impedance Z.g as a function of the actual wall impedance Z. This
is the impedance that sound in an inviscid uniform mean flow would observe at the boundary, and includes the effects
of the viscous mean flow boundary layer. None of these studies have considered nonlinearity of the acoustics within
the fluid.

Several studies have considered nonlinearity within mean flow boundary layers over rigid non-deformable sur-
face [e.g.17-19], or surfaces where the motion of the surface is known a priori and does not react to the acoustics [e.g.
20]. For example, Dong and Wu [18] considered free stream vortical disturbances to the Orr-Sommerfeld/Squire
equations for an incompressible mean flow boundary layer and also found an amplification in the streamwise velocity;
however, they deemed such solutions to be non-physical due to “entanglement of Fourier components”. This work has
subsequently been generalized to compressible flows [21]]. Wu [20] derived effective impedances accounting for the
effect of the mean flow boundary layer on perturbations to several non-reacting surfaces, where the behaviour of the
surface is given a priori and does not react to the perturbation. However, the asymptotic scaling is significantly different
between these non-reacting walls and the reacting lined walls considered here, and in particular the amplification by a
factor of 1%/ mentioned above does not occur with non-reacting walls.

In this paper, the effect of nonlinearity in sound in a mean flow boundary layer above a non-rigid lined wall is
considered. We restrict ourselves to the weakly nonlinear regime |7|/w < 6" < €*, where £* is the duct radius; that is,
the acoustic displacement is much smaller than the mean flow boundary layer thickness, and the mean flow boundary
layer thickness is much smaller than the duct radius. In this regime, the linearised results are reproduced at leading
order, while nonlinear effects occur as higher order corrections. This is compatible with nonlinear impedance models,
and is a similar scaling to that used by Singh and Rienstra [3] away from resonance. We will not look at the stability
and nonlinear effects of surface modes, however the analysis presented here could be used in the future to carry out
such an investigation. After setting out the governing equations and nondimensionalization used here in section[[land
the mean flow used in section[III the asymptotic expansion used for weakly nonlinear perturbations to a thin mean flow
boundary layer is presented in section [Vl This is then solved, first for the linear acoustics in section [V.Al and then
for the next order nonlinear perturbation in section Plots of the results of this analysis, compared with solutions
to the Weakly Non-Linear Navier-Stokes Equations (WNLNSE), are given in section[V] after which conclusions and
opportunities for further research are discussed in section[VI}

I1. Governing Equations
We consider the acoustics in a compressible viscous perfect gas inside a cylindrical duct, as depicted in figure [T
We non-dimensionalise all quantities as shown in table[I] giving the governing equations [22]



Fig. 1 Diagram of the duct

Density P = prp Pressure p’= c;}zp;p
Velocity u* = cpu Viscosity H=cpl ppu
Distance X' ={"x Thermal Conductivity K" = cpl" ppepk
Time 1" =" [cpt Temperature T =ci2/c;,T

Table 1 Dimensional and non-dimensional variables where = denotes a dimensional variable, with reference
lengthscale ¢, reference velocity cy,, reference density pj,, and specific heat at constant pressure c),.

% +V-(pu)=0 (1a)

p% =-Vp+V.o (1b)
o-ijzy(g—z+%)+(p]3—%y)6ijv-u (1c)
pBE = B+ V- (VT + 0y G (1d)

T = b (le)

where D/Dt = 9/dt +u -V and y = ¢, /c; is the ratio of specific heats. We assume that the viscosities and thermal
conductivity depend linearly on the temperature and are independent of pressure [23],
T s T up T
— , = S K = 5
M= TrRe K7 TrRe 1t TrPrRe

(@)

where Re = ¢, {"p}, / 11, is the Reynolds number based on the sound speed ¢y, and Pr = pj,c;, /K, is the Prandtl number.
In the duct we use cylindrical coordinates (r*, 6, x*). We assume that the mean flow is uniform and time-independent
and has a boundary layer thickness 6*. We then take the reference values ¢y, pg, Tx> Hg» ,ug* and « to be those
of the uniform mean flow outside the boundary layer, and the reference lengthscale £* to be the duct radius. In
non-dimensional terms, this gives the reference temperature Tg = 1/(y — 1) and the reference pressure pg = 1/y, while
the duct wall is at » = 1; the non-dimensionalised uniform mean flow velocity Ur = M is the Mach number. For air at
sea level, pj ~ 1.225kgm™, ¢ ~ 340ms™", i  2Xx 107Pa - s, ¢}, ~ 10°’m?s ™K™', and y = 1.4. Taking £* ~ Im
and a thin (perhaps laminar) boundary layer of 6* ~ 1mm then gives the order of magnitude estimates Re ~ 107 and
§*/t* = 6 ~ 1073, while a thicker (perhaps turbulent) boundary layer of * ~ lcm would give § ~ 1072.

An acoustic perturbation is a small amplitude perturbation of magnitude € to an otherwise steady mean flow. Here
we specify & explicitly as the nondimensionalized root mean square pressure oscillation, py.s = px c}fs. This is often
given as a Sound Pressure Levels in deciBels, which at sea level is given by

2% 1075 Pa

For sound pressure levels between 120dB and 160dB, we find & has an order of magnitude varying between 1.4 x 10~
and 1.4 x 1072, For the subsequent weakly nonlinear approximation to be valid, we will require & < &.
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Fig. 2 Boundary Layer Profile (u left, T right) for M = 0.7,Pr = 0.7, = land 6 = 1073

II1. Mean Flow

At the duct wall r = 1 we consider a steady thin boundary layer of thickness §. Since the boundary layer is
characterised by balancing viscous shear with inertia, inside the boundary layer we use the scalings

r=1-06y, £6% = 1/Re )

where ¢ is a parameter adjusting how well developed the boundary layer is, and we assume here & ~ O(1). The mean
flow boundary layer is then given by

u = ug(y)ex, T =To(y), o= po(y), and p=1/y. ©)

Any parallel non-swirling boundary layer profile could be used for what follows, provided it is independent of 7, x and
0 and is in thermal equilibrium with the boundary, meaning d7y/dy = 0 at y = 0. Examples common in aeroacoustics
include parabolic, 1/7th power law, logarithmic and exponential boundary layer profiles. For the results given here, a
parallel non-developing compressible Blasius boundary layer is used, as was used in [1]. This profile is given by

df 1 1 1, 1 g (y-1 . ,
up = M—, ———=Ty=——+=M"1(), = — 1+ M~=1(q)dq, 6
where
e [C 2-P
f17+21" =0, = =2Pr (f) /O (f"(q)y""da, )
with boundary conditions
f(0)=f(0)=0, ff—>1 as ¢ — oo, 7T—>0 as ¢ — co. ()

These equations are solved numerically, and an example is plotted in figure 2l As was pointed out in [[1], it is only
physically justifiable to take this Blasius boundary layer profile as being parallel (i.e. not spatially developing in x)
if the region under consideration is far downstream for the duct entrance, which would correspond to ¢ < 1 in the
scalings above. Notwithstanding this, and since the analysis which follows is valid for an arbitrary parallel boundary
layer profile, we shall not limit ourselves here to ¢ < 1 but shall consider the general case & = O(1).

IV. Acoustic Perturbations
Outside the mean flow boundary layer (i.e. within the duct away from the walls) we assume gradients are not large,
so that the viscous terms, which are O(1/Re) = O(6?) from @), can be neglected. Writing all variables as O(g) time
dependent perturbations to the steady mean flow,

u= (M + giip, eV, eWo), p=1/y+¢&po, p=1+¢po, and T=1/(y-1)+&To, (9)



the governing equations (I)) become, with subscripts denoting differentiation,

Poi + Mpox +iiox + $(rio), + yWoe = —&[(Poiio)x + $(rpo¥o), + 1 (Powo)s] (10a)
iior + Miiox + pox = —&|poiior + PoMiiox + iioiiox + Volior + %Woﬁoe] +0(&?) (10b)
or + MVox + Por = —€[PoVor + PoMPox + lioVox + FoVor + 2WoToe — 1woiwo| + 0(£?)

(10¢)
Wor + MWwox + %ﬁoe = —&[poWwor + PoMWox + iioWox + FoWwor + 1oWwoe + Liowo| + O(e?)
(10d)
Tor + MTox — por — Mpox = —€[poTor + poMTox + iioTox + VoTor + 1WwoToe
— iioPox — VoPor — 1Wopoe]| + O(e?) (10e)
yPo — o — (y = Do = &y - DTopo (10f)

where we have used that the mean flow is constant withug = M, pp = 1, pg = 1/y and Ty = 1/(y—1). Equation (I0f) may
be used to eliminate jo from the other governing equations, o = ypo—(y—1)To—ey(y—1)Topo+&(y—1*T5+0(?),
leaving five equation (I0a)-(1Q¢) in the five unknowns po, To, iip, ¥o and Wwo. The order of magnitude of the terms
in (I0) suggest the asymptotic expansion

To = T01 + 8TO2 + 0(82) = T=Ty+ 8T01 + 82T02 + 0(83), (11)

and similarly for the other variables. The quantities labelled ‘1’ are the leading order (linear) perturbations, while the
quantities labelled ‘2° are the first order nonlinear corrections. Note that it will turn out later that some quantities
labelled “2’, for example 72, will be O(1/8) from matching with the inner solution within the boundary layer, and will
therefore give rise to an overall effect of magnitude O(£%/6), larger than would otherwise be expected from ordinary
weak nonlinearity. We will return to solving these equation in section

Inside the mean flow boundary layer, we rescale using (@) and the leading order scaling from [1]], giving
T. 12)

u:(u()+ i, —&V, eW), p=1/y+ep p=po+ 3P0 and T=Ty+

£ £
5 5
Note that i, p and T give contributions that are a factor 1/ larger than in the outer scaling; this is in order to balance
at leading order once we rescale into the boundary layer [see, e.g. 1], as will be seen below. The additional minus sign
in front of ¥ in (I2) is for convenience, meaning that ¥ is positive in the positive y-direction, while ¥ is positive in the

positive r-direction. Substituting this into the governing equations (I}) and expanding in powers of € and ¢ leads to

& . . . e i . _ g2
5P+ uops + poitx + (po?)y | + 5 [(piD)x + (B7)y | + €[ poWwe — po¥]| = O (3, 86) (13a)
E ~
g [p()ﬂ, + pouplix + pou()yﬁ —&(y - 1)(Tu0y + T()ﬂy)y]
2
P — - _— o — ~
t 3 [ i, + puoiix + puoy + poitiiy + povity — E(y — 1)(Tiiy)y |
~ 83 82

+&|é(y = D[Tuoy + Toity] + pi | =0(§, g,aé) (13b)
& . pE 2
gﬁy =¢ —p()(\"}, +ugvy) + E(y — 1)[Tu0y + Toﬁy]x + &(y - 1) 2T0\7y + (/l(_)* - 5) T()(f/y + fly)

0
y
83 82
+0 (g, 3,85) (130)
83 82

& [poWr + pouoWx + po — £(y — D(Towy)y| = O (ﬁ ?,85) (13d)



e - =~ . -1 - - -
5 [PoTz + pouoTx + povToy — )(TOT)yy &y - 1)(Tuéy + 2Touoyiy)
g’ o - o ~ f()’ 1) ~2 7o
+ - poitly + po¥Ty + pT; + puoTy + pvToy — (TT )y — E(y = D(Toity + 2T uoyidy) (13e)

8 I SR g g &
- € [Pt —uopx + Pr (TOT)y] =0 (E, 3,85

2
& - ~ E” ~ Y -
—\|Top+T +=Tp- =0 13f
5[0;0 ol kv (13f)

As before, (I31) may be used to eliminate g from the other governing equations,

- £o Y € PO 2 Y = 2
=——T+5— +==T?—e—"——Tp+ 05, 14
p G-’ 512 G-I p+0(57) (14)

leaving five equation (I3a)—(I3¢) in the five unknowns p, T, ii, ¥ and w. The order of magnitude of the terms in (I3)
suggest the expansion

£ - ) e. £, - g g2
T= T1+6T2+6T3+O ?S"S s = T:T()+ET1+§T2+5T3+O 5,?,56 (15a)
2 2 3 .2
=i +§u2+5u3+0(% ) = u~eX=uo+§ﬁ1+%ﬂ2+sﬂ3+0(%,%,35) (15b)
S—5 42 &’ 52 &2 g 5, 5
V=7 +gV2+5V3+O 6_ = u-e. = —svl—?vz—85V3+O ﬁg,sé (15¢)
. € _ - 2 - & _ - &’ 2 2
W=W1+5W2+(5W3+0 62,8,(5 = u-eg = 8W1+EW2+8(5W3+O ﬁ,a,aé (154d)
£ ’ 1 & & )
p= p1+5p2+6p3+0 62,8(5 , = p—;+8p1+€p2+£6pg+0 62,8,86 (15e)

The quantities labelled ‘1’ are the leading order (linear) perturbations, quantities labelled ‘2’ are the first order nonlinear
correction, and quantities labelled ‘3’ are the first order in ¢ linear correction (i.e. the first terms to involve mean flow
shear). Note that we make no assumption about the relative size of £/6 compared with §, and so quantities labelled
‘3’ should not be thought of as giving a smaller contribution than terms labelled ‘2’, although both contributions are
smaller than those from terms labelled ‘1°.

A. Linear acoustics

In this section we describe the process for solving the governing equations (I0) and with the asymptotic
expansions (IT) and (I3) for the leading order linear terms (quantities labelled ‘1), reproducing the results of [1]. A
similar procedure can be used for the first order linear correction terms (quantities labelled ‘3”), as was done in [15].
We consider monochromatic perturbations, so that

poi(x,r,0,1) = Re(ﬁm(r) exp{iwt —ikx — im@}), (16)

and similarly for the other linear variables. Here, w is the frequency and £ is the axial wavenumber, both of which will
in general be complex, while m is the azimuthal wavenumber and is necessarily an integer. Since the equations we are
working with here are linear, we do not have to take the real parts of the complex exponentials when substituting for
the perturbations, and may instead work directly with the complex exponentials, as is usual in acoustics.

1. Outer solution in the duct interior
At leading order the governing equations (I0) reduce to the standard Bessel equation for acoustics in a cylindrical
duct. Applying the boundary condition that the solution is regular at » = 0, the solution for the pressure is given by

po1 = Cly(ar) where @ = (w - Mk)* - k2%, a7



and C is an arbitrary constant. The other quantities are then given in terms of po; by

i(w - Mo - ikpor =0, (18a)
i(w - Mk)bo1 + po1r =0, (18b)
i(w—- MkyWoy —impo1/r =0, (18¢)
To1 = por. (18d)

Since this solution is not valid within the mean flow boundary layer close to the wall, an inner solution that is valid in
the mean flow boundary layer is needed.

2. Inner solution in the boundary layer
Inside the mean flow boundary layer, the expansion of the governing equations (I3) at leading order, using the

scalings in (I3), gives

i(w — ugk)T) + Toy V1 — Tobry + ikToly

L, 01, T 0, k) = i(w — uok)ity + Pruoy — £(y — 1)*To(Todry + Tiuoy)y =0 (192)
i(w — upk)Ty + 91Toy — €@y — 1T [ 4= (T1To)yy + T1(uoy)* + 2Tougy sy |
Py =0 (19b)

where a subscript y denotes d/dy, giving a system of linear homogeneous ODEs in y. The boundary conditions at the
wall (y = 0) are those of no slip (#; = 0), thermal equilibrium (77 = 0, obtained by assuming that the wall has a far
higher thermal capacity than the fluid), and the impedance boundary condition p; = Z¥;, where Z(w) is the known
impedance of the boundary and is unrestricted apart from the assumption that it is independent of the wavenumbers
k and m. Note that p1, = 0 implies that p; is constant through the boundary layer, and so p1(0) = po1(1). Since the
system of equations £ is second order in 7 and 7', one further boundary condition on each of & and 7" is needed, which
is obtained by requiring the inner solution to be compatible with an outer solution as y — oco. Finding a compatible
outer solution to match to the inner solution is considered next.

3. Matching the outer and inner solutions
Sufficiently far outside the mean flow boundary layer for y > Y > 1, the gradients of the mean flow quantities
vanish and the mean flow quantities attain their uniform mean flow values. Hence, for y > Y the system of ODEs (19)
decouples and becomes:
’Igoffl - (y+1)‘,>ly + (ylfl)ﬁl
Ly, 0, Ty w,k) = nadn — fiyy =0 (20

1A LA
NeT1 0.2ley

where o> = Pr is the Prandtl number and 72 = i(w — Mk)/& with Re(1) > 0. This can now be solved analytically.
The second and third equations have solutions which exponentially grow or decay as y — oo, and in order to match
to an outer solution in the main part of the duct, only the decaying solutions are allowed. This leads to the boundary
conditionsaty =Y

Moy —DEs ik

T - —iy, Tiy + oneTy =0 aty =Y, (21)

1y + Mool = 0, P1 = V1o
o oo

where ¥1. = Po1(1) is the radial velocity from the outer solution at the wall that the inner solution should match to.
In conclusion, solving subject to the boundary conditions 7; = 0 and 7#; = 0 at y = 0 and aty =Y,
where V1. is given by and (I8) yields a unique solution. Requiring also the impedance boundary condition
poi(l) = p1(0) = Z91(0) at y = 0 gives a dispersion relation relating allowable values of k and w. This gives the
results of Brambley [1]]. From the above, and the scalings given in (IT)) and (I3), we note that the O(e) perturbations
outside the boundary layer force O(g/8) perturbations within the mean flow boundary layer, but that these O(g/9)
perturbations within the mean flow boundary layer do not propagate out of the mean flow boundary layer into the centre
of the duct, where all terms remain O(g). This is because both i, and f‘l decay to zero outside the mean flow boundary
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Fig. 3 Contour plot of |1 — ﬁ| in the k-plane for v = 31, M = 0.7,6 = 103, Pr = 0.7 and ¢ = 1,

corresponding to Re = 10%. The lighter shades are where the Myers condition agrees fairly closely with the
viscous asymptotics whereas the darker shades are where the two schemes disagree.

layer. It should be noted that taking the decaying solution in (20) involves taking the correct branch of the square root
of n2,, so that Re(1.,) > 0. This leads to a branch cut in the complex k-plane, with the branch point at k = w/M and the
branch cut extending vertically downwards towards —ico. This branch cut can be seen prominently in figure Bl which
plots |1 — (1 — Mk/w)Z.s/Z| in the k-plane for the leading order viscous asymptotics. Here, Zeg = po1(1)/P01(1) is
the impedance the outer solution would see at the wall if it were not for the mean flow boundary layer, and therefore
Z.g includes the effect of both the liner and the mean flow boundary layer. Figure 3] therefore compares this effective
impedance with the impedance from the Myers boundary condition, Z/(1 — Mk/w).

For further details, including various asymptotic solutions of (T9) in high- and low-frequency limits, the reader
is referred to [[1]. The same procedure as given here may be used to calculate the first order linear correction terms
(quantities labelled ‘3’ above), and such an analysis is given in [15]. Since these first order linear correction terms are
not needed for calculating the nonlinear correction terms below, we do not reproduce this argument here. We now turn
our attention to the nonlinear correction terms.

B. Nonlinear acoustics

We now solve for the nonlinear correction terms (quantities labelled ‘2” in equation[I3). Substituting the asymptotic
ansatz (I3) into the governing equations (I3) and taking terms quadratic in € results in a set of linear ODEs to solve
for the nonlinear correction terms, forced by terms quadratic in the leading order linear solution. Since these forcing
terms are nonlinear, we must take care with the monochromatic assumption, by taking the real parts of the perturbed
leading order quantities before multiplying. (Note that, in general, both w and k£ may be complex, while m is an integer
and so is necessarily real.) For example, the multiple of ii; and d¥ /dx is

a5
it % = Re(iis expfiwt — ikx — im0}) Re( — ik, expfiwt — ikx — im0})
1
- ERe( — ikity 9y exp{2iwr — 2ikx — 2im8} +ik* iy expli(w — w*)t — i(k — k*)x}), (22)
where a star denotes the complex conjugate. This therefore results in two different Fourier components: one of

double the frequency Q = 2w and double the axial wavenumber K = 2k and azimuthal wavenumber M = 2m of the
leading order acoustics; and a ‘zero’ frequency component that has the purely imaginary frequency Q = w — w* and



wavenumber K = k — k* and M = 0. In either case, we write, e.g.,

Poa(x.,6,1) = Re(poa(r) exp{i€t — iKx — iM6}), (23)
and similarly for the other nonlinear variables.
1. Inner solution in the boundary layer

Substituting the scaling (I3) into the governing equations (I3) and equating terms of order £%/5> gives the system
of equations

L(da, 02, To; Q K) = Qi 01, T1; 87, 07, T w, k), (24a)
pay =0, (24b)

where L is as given in (I9). In the double frequency case, Q = 2w, K = 2k and the * is ignored. In the ‘zero’ frequency
case, Q = w — w*, K = k — k* and the % denotes the complex conjugate. The forcing Q has the following form:

Toy 4 sk Lo sk (Q-ugK) A g | 1igrn i
T(]Tlvl - E(Tlvl )y + T, TlTl + EIKMITI

. ) . 12T A
1(w21%0k) N T %ﬁlﬁr + uﬂTl\?* _ %\7112* 4+ 21) T (Tlufy)y
Q= (25)

i A sk * 1(w Mok) * T[)\
zulTl 2V1T 7T, TT + Tl

1 1
+§(72P3 Do (757, + S92 )T‘)(T N +2uoyT1M1 )

Similarly to the linear case, when the extrapolation outside the mean flow boundary layer at y = Y > 1 is carried
out we get exponential terms o exp(+Ny) where N2 = i(Q — MK)/£. The equations for large y are:

2 ~ i A N . 14 4 s A
NZéTs = Ghhoy + i —3(@0F)y +i(Q - MK) =TT + JiKin T
N2 iy — Elinyy = i(w— MY T+ Sayar - 3oy, + £ (Rag),
A A ik Ak 14 1
N2ETy - 5Ty, Karh - 30Ty +iw - MO + fg,r>(T*T1y)y + Sy iy,

(26)
We have already shown that, for large y, 7i; and 7; decay exponentially, so we find the right hand side of (26) decays
exponentially, and so we get similar boundary conditions to the leading order case:
ﬁzy + Neoily = 0, Vo = P00 — WYE - ﬁﬁz, sz + O'NOOTZ =0 aty =Y. 27
The double frequency solution behaves similarly to the leading order acoustics. The branch cut for N, is the same
as for 77.,, and we can take the decaying solution and rewrite the equations to ensure only this solution is admitted.
However, unlike the leading order case where the boundary condition on ¥ was matching to the outer solution as
y — oo through V;, here the boundary condition on 7, is the impedance boundary condition at y = 0, since we do not
have any freedom to chose Q2 and K to match this boundary condition later. The outer solution must still match with
V100, and therefore V1, provides a boundary condition to the outer solution, calculated below.

The situation is potentially very different for the ‘zero’ frequency case, however, since necessarily N2, is always
real, and the resulting behaviour depends on the sign of N2. For downstream decaying modes, N2 < 0, and both
exponentials have purely imaginary argument and oscillate without decaying. In effect, this is because in this case the
whole lower-half k-plane is mapped to the branch cut under the transformation Q = w — w*, K = k — k*. This means
that the O(£%/6?) ‘zero’ frequency amplification will propagate out of the mean flow boundary layer and into the centre
of the duct. For upstream decaying modes, N2, > 0, and the decaying solution may be taken similarly to the double
frequency case. It is worth noting that the impedance boundary condition in the ‘zero’ frequency case is necessarily
vp = 0 aty = 0, since an oscillating wall at zero frequency is necessarily rigid.



2. Outer solution in the duct interior

Applying the asymptotic expansion (L) to the governing equations (I0) and equating terms of order &2, the
resulting equations may be rearranged into a Bessel equation forced by the linear outer solution,

) 1, Mm? (y-DEMRNE , » (y- 1)62

Poarr + —Poor + Q- MK)* -K* - ) Po2 = fPBITl - == p% Tor
KENG o . ENG Por . ENG . sz
TP& o1+ —(T + Von)PBl + 2 V01P61r - Twomm

2 Ak A s Ak A Ak A imA*A
+ 7[577001701”01 - 1ku01’401 + Vo ioir — TW01’401]

1 2k n ok A S im _, . 1., .
2—[ fﬂmpglvm + lkuglvm - Vélvon + —W21V01 + —W51W01]
1 im 1
5[ NS Vo1 + ik, Po1 — 935, Doty + —W01V01 + W01W01]r
i . . ok A . im I

+ g[—l’gmié“wm +ikig, Wor — V55 Worr + 7W61W01 - ;VBIWm], (28)
where, as before, in the double-frequency case Q = 2w, K = 2k, M = 2m and the % is ignored, while in the
‘zero’-frequency case Q = w — w*, K = k — k*, M = 0 and the x denotes the complex conjugate.

The boundary conditions to be applied to (28) are regularity at » = 0, as for the linear case, and matching to the
inner solution as r — 1, implying pop2(1) = p2/8 and Ppa(1) = Pre/d. Since these terms are O(1/6), so too is por
and consequently the other outer nonlinear variables, and so the forcing on the right hand side of (28)), which gives an
O(1) effect, is relatively unimportant and is dominated by the O(1/6) effect of the inner solution. Here , these terms
are nonetheless included, and equation (28) is solved numerically.

Note that for the ‘zero’ frequency inner solution in the case Nfo < 0, the inner solution does not tend to a constant,
and so cannot be matched to this outer solution; this is considered separately in section [V.B.3]below.

3. Outer solution for self-interaction nonlinear components with N2, < 0

In the case N2, < 0, the inner solution remains highly oscillatory outside the mean flow boundary layer, and does
not match with the outer solution (28). This is because, as the wavelength of the oscillations is short, of O(5), the
gradients outside the mean flow boundary layer become large and the viscous terms cannot be ignored. By including
the viscous terms and rapid oscillation, an asymptotic solution to the outer equations at O(s?) may be found using
the method of multiple scales, capable of matching with the inner solution within the mean flow boundary layer. The
derivation of this solution is given in appendix[Al The result from equation is that, away from the duct centreline

r=0,
on = ‘;—ETZT‘:’ cos (ﬁ%r - %) +0 (%2) (292)
e2ipn = Z—z%’ cos (%gr - %) +0 (%2) (29b)
Poor = & [% sin (Er - %) - /35(2_7\/1;)5‘” sin (%‘T - %) + DJJ(;(;(([X))} +0(?) (29¢)
e%por = ——Dl(ij,?g) Jo(Ar) + O(&2), (29d)

where 8% = —i(Q — MK)/&, A® = (Q — MK)? — K2, and the constants The, fi2e and D are to be matched to the inner
solution within the mean flow boundary layer. At y =Y > 1, the inner solution is governed by (26). Matching i, and
T, at y =Y > 1 therefore gives two boundary conditions on the inner solution within the boundary layer,

oy = i3 tan (,By - § + %) aty = Y, (30a)
A A po =«
T3y = —=T>Bo tan | Boy — ~ + 1 aty =7, (30b)
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and sets the two constants fixe and The in the outer solution,

1 o aisrz

figos = %elﬁy—lﬁ/éﬂx(iﬁﬁz ) aty =7, (31)
i

. 1 . . x PO

Treo = '_elﬁcry—lﬁff/dﬂx(i'go-]“z —Tyy) aty =Y. (32)
iBo

Similarly, matching 7, and P2 at y =Y > 1 leads to

D=7+ —iKZZOO sin (ﬁy - é + E) - '876(7 ;_DTZOO sin (ﬁo-y - & + E)

5t =+ aty =Y. (33)

Since the contribution from the inner solutions are 0(82/ 62) and do not decay, the constants ily., and Theo, ONCE
matched, are both O(1). These outer solutions therefore contribute an O(¢%/6%) amplified acoustic streaming, stronger
than the O(&?) acoustic streaming that would be expected, that is caused by the viscous mean flow boundary layer over
the acoustic lining. An example of this behaviour is given later in figure[7l

Also from equation (A.23) in appendix [A] the leading order behaviour of fips and Tp, near the duct centreline

r = 0is given as
2ty = £ P70 (B 0 (€ 34
£ Oz—m 200\[ 50 77’ + R (34a)

2 2
2 & B, (B &
81402—65/21,!200 2]0(6V)+0(6), (34b)

showing that near the centreline » = 0 the oscillatory solutions grow from O(£%/62) to O(g%°/%). This will also be
seen later in figure[7l

4. Interaction of multiple modes
We might also consider the nonlinear effect due to two different frequency leading order modes interacting. We
now take the leading order acoustics as a superposition of two waves,

ﬁl - Re (ﬁ1u€i<w“t_k“x_m“9)) + Re (ﬁlbei(a)bt—kbx—mbe)) , (35)

We finally obtain two pairs of nonlinear self-interaction Fourier components, as described above, as well as two
cross-interaction components. These cross-interactions components will have the forms

T Re(ﬁ2+ei[(w“ +wb)t_(ka+kb)x_(ma+mb)9])’ i = Re(ﬁz_ei[(w“ —wp)t=(ka=kp)x—(mq —mb)(ﬂ) . (36)

The system of equations we now have to solve are:
L4, V24, To43 Q K) = Qll1as V14 T1as B1ps Vb, T1ps Was ka) + QUi1p, V16, T1b3 105 V1as Tras wp, kp) - (37)
with Q from 23), Q = w, + wp and K = k, + kp, and
L(’QZ—, ‘,}2—’ TZ—; Q’ K) = Q(ﬁllh ‘,}la, Tlu; ﬁfb’ ‘/)l*ba Tﬁ,7 Q)a, ku) + Q(ﬁfb’ ‘/)1*]77 Tﬁ,9 ﬁlav ‘,}la, Tlu; _a);:a _kZ) (38)
with Q = w, — w} and K = k, — k};.
The magnitude of the matching outer solution depends on N2 in the same way as the self-interaction solutions. For
N2, real and negative the outer solution is O(£%/6%), and for all other values of N2, it is O(£%/6). However, for N2 to be
real and negative a rather particular choice of w,, wp, ks and k;, is needed, and the usual case will be of 0(82/ 6) and

therefore the amplification is expected to remain contained within the mean flow boundary layer for most nonlinear
wave interactions.

11
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Fig. 4 Inner solutions of 122+/62 (left) and ﬁg_/62 (right) for w, = 5, k, = 10, mg; = 10, wp = 31 + 5i, kp = 12,
myp, = 12 for asymptotics (real part dark blue, imaginary part green) compared to the WNLNSE (real part light
blue, imaginary part red), with 6 = 1073, M = 0.7, Pr = 0.7 and ¢ = 0.8, giving Re = 1.25 x 10°.

V. Numerical Results

In what follows, a number of examples are computed and described. The parameters for these examples are chosen
to illustrate the range of different behaviours achievable. The examples are not intended to represent realistic choices of
parameters for any particular practical application. In particular, the values of w and k chosen would only correspond
to modes if the impedance at the duct wall at » = 1 takes the particular value Z = p1(1)/91(1).

While asymptotic approximate solutions to equations are possible [see, e.g.[1,[16], here these equations
are solved numerically using 4th order finite differences. The resulting 3N X 3N banded matrix system of equations
is solved using the LAPACK_ZGBSYV routine. To solve for the first order nonlinear inner, the same matrix is used,
now forced by terms nonlinear in the leading order quantities. The system of equations is solved fromy =0toy =Y,
where Y is chosen large enough so that the mean flow terms are approximately their uniform mean flow values, and the
extrapolation condition (20) is used as the boundary condition.

By way of comparison, we also produce numerical solutions to the Weakly Non-Linear Navier Stokes Equations
(WNLNSE), formed by expanding the full Navier Stokes equations to leading and first order in &, without any of the
asymptotic assumptions in ¢ and the matching needed above. The WNLNSE are solved numerically using a 4th order
finite difference scheme for the O(&) and O(&?) equations thus obtained. In this case we get a SN x SN banded matrix
equation that is homogeneous in the leading order case and forced by leading order terms in the first order case. In
order to accurately resolve the details in the mean flow boundary layer while still solving across the whole duct, the
numerical points are equally spaced in a stretched coordinates ry = tanh(Sr)/tanh(S), where S is the stretching factor.
This concentrates the grid points about » = 1 so that the rapid variations there due to the thin mean flow boundary
layer are properly resolved. For the results below a stretching factor of § = 2.0 is used. Before solving, the matrix is
balanced so that the largest value in each row is 1; this ensures that the solution remains stable near the origin, where
terms involving 1/r can become large.

The boundary conditions at the origin for the WNLNSE are found by assuming all quantities have a regular series
expansion near the origin and matching powers of 1/r. This eliminates the possibility of any non-regular terms in the
acoustic quantities and gives boundary conditions that are consistent with the expected Bessel function solutions.

Presented below in figures are plots of the weakly nonlinear axial velocity, scaled such that the contribution to
the overall axial velocity is £ times what is plotted; this scaling means that the results are independent of the actual
amplitude & chosen. From the outer scaling (IT) this means plotting fip; as the solution outside the mean flow boundary
layer, while from the inner scaling (I3b) this means plotting i>/52 as the solution inside the mean flow boundary layer.

Figure[]shows plots of the axial velocity for both types of cross-interaction solutions. The asymptotic solution can
be seen to be in good agreement with the WNLNSE, calculated without assumptions about thin mean flow boundary
layers and matching. Note that these solutions are normalized so that p; = 1 at the wall.
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Fig. 5 Inner (ii,/62, left) and outer (iio», right) profiles of the double frequency solution, comparing the
asymptotics (real part dark blue, imaginary part green) to the first term from the WNLNSE (real part light
blue, imaginary part red). Parameters are w = 5,k =5+i,m =2,Pr=0.7, M =0.7,6 = 1073, and ¢ = 0.8,
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Fig. 6 Inner (ii,/6%, left) and outer (iip,, right) profiles of the ‘zero’ frequency nonlinear component for w = 5,
k =5 +iand m = 2 for asymptotics (real part dark blue, imaginary part green) compared to the first term from
the WNLNSE (real part light blue, imaginary part red). Other parameters are M = 0.7,6 = 1073, Pr = 0.7 and
& = 0.8, corresponding to Re = 1.25 x 10°.

A typical profile of the double-frequency nonlinear solution is given in figure[3l The nonlinear asymptotic solution
is shown to be in good agreement with the first term from the WNLNSE, giving confidence in the asymptotic method
applied. Moreover, both solutions are localized within the mean flow boundary layer (§ = 1073 in this case), confirming
the prediction that the O(1/§) amplification within the mean flow boundary layer [1] does indeed trigger significantly
more nonlinearity than would otherwise have been expected, but that, for the double frequency solution, it does not
bleed out into the rest of the duct.

The comparable ‘zero’ frequency nonlinear solution, for the case upstream decaying case N2 > 0, is plotted in
figure This shows a similar trend to figure [l in that the predicted O(1/5) amplification within the mean flow
boundary layer is seen, but does not bleed out into the rest of the duct; the acoustic streaming in the centre of the duct
remains the classical magnitude of O(£%6°). Figure[Scould be compared to Rayleigh streaming [e.g. [24], since there
is acoustic streaming (motion at zero frequency) in one direction within the mean flow boundary layer and in the other
direction outside the mean flow boundary layer. However, this differs from classical Rayleigh streaming in a number
of ways, including that the boundary layer concerned is the mean flow boundary layer and not the acoustic boundary
layer, that the effect in figure[3is inviscid while Rayleigh streaming is viscous, and that the effect in figure[Qlis axially
uniform instead of consisting axially of cells as it would with Rayleigh streaming.
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Fig.8 Plot of snapshots of the total perturbation for k = 5 —i,w = 31, m = 10 and 6 = 10 for different initial
amplitudes. The amplitudes are: £ = 5 x 10719, giving 11 dB (left); and £ = 10~%, giving 117 dB (right).

In contrast, however, figure [7] shows the profiles in the case of a downstream decaying mode, for which N2 < 0.
The solution is seen to oscillate rapidly in r with the predicted wavelength of order O(6) from (29). This amplified
rapid oscillation does not decay away from the mean flow boundary layer and is present throughout the duct, with
an amplitude of O(£%/6?), growing to O(s%/5°/?) towards r = 0 as predicted in (34). This shows that, in this case,
the amplification within the mean flow boundary layer by a factor of 1/6 previously predicted [1] does indeed lead to
significant nonlinearity beyond what would have been expected within the duct, and that this nonlinearity is not in this
case confined to within the mean flow boundary layer but bleeds out into the rest of the duct.

Figure [8] shows the total sum of these effects, by plotting the overall perturbation to the streamwise velocity i at
different acoustic amplitudes. Figure [§] picks a single linear mode &ii; introduced on the left of the plots at x = 0
with the given amplitudes, and plots the sum of this mode and its induced double-frequency and ‘zero’-frequency
nonlinear contributions from ii;. The effect of the nonlinear streaming is easily seen by the hairy appearance of the
louder plot, although this nonlinear perturbation decays faster in the x direction than the damped acoustics, since the
axial wavenumber has twice the decay rate of the linear acoustics.
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Fig.9 Diagram of the routes by which the linear amplification within the boundary layer and nonlinear interactions within
the boundary layer lead to larger than expected nonlinear acoustics outside the boundary layer.

VI. Conclusion

In this paper, we have investigated how the previously predicted [[I]] amplification by a factor of 1/6 of acoustics
within a thin visco-thermal mean flow boundary layer of thickness ¢ over an acoustic lining leads to nonlinear effects
becoming apparent at lower sound amplitudes than might have otherwise been expected. It is emphasized that the
nonlinearity presented here is nonlinearity within the mean flow boundary layer, and is separate to the nonlinear
behaviour of the actual boundary, such as the nonlinear behaviour of Helmholtz resonators near resonance [3]. A
schematic diagram of the routes leading to this amplification is given in figure[9 The mechanism is that sound of
amplitude & enters the mean flow boundary layer of thickness § and is amplified to order £/8. Nonlinear interactions
then result in new acoustics with an amplitude of order £%/62. These new acoustics have either double the frequency
of the incoming sound, or ‘zero’ times the frequency, the latter corresponding to acoustic streaming. The double
frequency amplified sound within the boundary layer leads to double frequency sound in the rest of the duct of order
£%/6, a factor of 1/ larger than would have been expected from nonlinear interactions within the duct itself. By
contrast, for downstream decaying sound the ‘zero’ frequency nonlinear component bleed into the rest of the duct and
show an order £%/62 amplitude throughout the duct and a rapid radial oscillation with a wavelength of order 6. This
amplification is a factor of 1/6> times the magnitude that would be created by ordinary nonlinear interactions within
the duct itself.

This is an unexpected result as one would not expect such highly oscillatory solutions in the centre of the duct.
However this behaviour is present in both our asymptotic solution and in the numerical results from the weakly
nonlinear Navier Stokes equations (WNLNSE). Since these solutions have only been identified mathematically, it
would be interesting to look for their signature in existing experimental results, such as those of Aurégan and Leroux
[2], for example. It is also possible that this behaviour is a consequence of one of our assumptions. It would therefore
be interesting in future to investigate the effect of weakening some of our assumptions, in particular that of uniform
mean flow, as in real aircraft engines we would expect to have a developing mean flow boundary layer profile.

Also derived here are equations governing the nonlinear interactions of two modes of differing frequencies. As for
the self-interacting case, nonlinearity becomes important at lower amplitudes than expected due to the 1/ amplification
within the mean flow boundary layer. Such interactions may well be important when two well-damped high azimuthal
order spinning modes (for example, corresponding to the number of rotor and stator blades respectively) interact
to produce a poorly-damped low azimuthal order nonlinear solution. Another such case might be a pair of helical
modes (w, k, £m) interacting, giving a “zero-frequency” component with an azimuthal wavenumber 2m, although in
aeroacoustics applications such symmetry would usually be broken by the direction of rotation of the rotor blades.

So far, this analysis has not been applied to investigate nonlinearity within surface modes [9, 25]. Since surface
modes are localized close to the boundary, and since one of them might be an instability which might lead to large
amplitudes, investigating the impact of nonlinearity on such modes in combination with the 1/ amplification would
prove interesting. For example, it may be that the nonlinearity enhances certain surface modes and restrains others.

The analysis presented here has assumed a thin mean flow boundary layer of width 6, and a small acoustic
perturbation of amplitude &, with & < § < 1. In practice this is expected to be applicable to aircraft engines up to
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about 150dB, depending on the boundary layer thickness, and at such amplitudes nonlinear effects are expected to
become important everywhere and not just confined to the mean flow boundary layers. While the use of the asymptotics
simplifies the governing equations, numerical solutions are still needed. In the linear case, other additional methods
have been used [, [15, [16] to derive approximate solutions and an effective impedance Z.g that accounts for the
behaviour within the mean flow boundary layer without having to numerically solve differential equations, and such
techniques may well be applicable here.

Finally, the analysis presented here is valid for arbitrary parallel mean flow boundary layer profiles, and not just
the Blasius boundary layer profile used for the numerical examples here, provided that the mean flow boundary layer
is parallel and not axially developing. The authors hope to study weak nonlinearity in a slowly developing mean flow
boundary layer in a future publication.
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A. Outer Solution for Oscillating Nonlinear Self-interaction

This appendix gives the derivation of the nonlinear self-interaction outer solutions in the oscillatory case N2 < 0.
From (I3) we know that the weakly-nonlinear solution within the boundary layer contributes to both ii and T at order
0O(&?/6%), while contributing to ¥, p and w only at O(¢%/5). In the case we consider here, N2 < 0, equation (26)
shows that the weakly nonlinear solutions i, 7> and 9 do not decay away from the mean flow boundary layer, but
instead rapidly oscillate on the length scale y = O(1), r = O(1/6); because of this, they cannot match to the outer
solution given in (28), since this outer solution was derived from governing equations (IQ) which neglect such rapid
oscillations. Note that the weakly-nonlinear component of pressure, p», is also 0(82/6), like ¥», but unlike ¥, it is
constant over the boundary layer and so is not rapidly oscillating. Our task, therefore, is to find a new outer solution
which matches to these highly-oscillatory inner solutions. To do this we allow for rapid oscillations in the outer solution
by using the Method of Multiple Scales, introducing a fast scale y and a slow scale R such that r = R — ¢y, and hence
0/0r = 3/0R—6"'9/0y. Evaluating this solution along R = r and y = —r/ gives the Multiple Scales solution in the
original variable r. We then consider the full governing equations outside the mean flow boundary layer, so that
To = 1/(y = 1), po = 1/y, and po = 1, but retain the viscous terms that were dropped when deriving (I0). We then
expand using the asymptotic expansion (ITJ), but in order to match with the inner solution we further expand the O(&?)
weakly-nonlinear terms in powers of J,

Ton = Re(6—12 (oo + 671 + 6*Tor + O(5%)] exp {10 - iKx}), (A.1a)
oy = Re(i (00 + i1 + 802 + O(6™)] exp {iQs - iKx} ), (A.1b)

( Po0 + dber + 02Pen + O(6%)] exp {iQt — in}), (A.1c)
Woo = Re( Yoo + 0o + 6% Wen + O(5%)] exp {iQ — in}), (A.1d)
por = Re( Poo + Sper + 6%Pe + O(6%)] exp {iQ — in}), (A.le)

where it is emphasized that To» and iipy are one order of magnitude in ¢ larger than the other variables. In what
follows, the shorthand Tg = Ty + 01@1 + 62f‘@2 + - -+ will be used, and similarly for the other variables. At 0(82) this
leads to the following equations

2[-i(Q - MK)(y - DIo - iKiig — Yoy | + 67" [i(Q — MK)ypo + £ (RVe)r]| = Prus + O(6), (A.2a)
2 Q- MK)iip — Eiloyy | + 07" [2€00Ry + élioy — iKpo|
+ &2+ DK e —iKE(L + )Py — € (rlior) x = Urns + O(9),
—6 2poy + 6 [i(Q — MK)be + por — £(2 + Dbeyy —iKE(L + Doy
+2(2+ DéDory + (2 + DéDay +iK(1 + D)éior = Vrus + O(5),

(A.2b)

(A.2¢)
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§Hi(Q - MK)We — Eeyy | +2EWery + 5EWey = Wrus + O(9), (A.2d)
572 [i(g — MK)Teo - ifgyy] + 5—1[ Q= MK)po + 25 Tory + iT@y]
o2 o2 Ro? (A2¢)
_£ [Torr + xTor — K*To| = Trus + O(9)
0-2

where o2 = Pris the Prandtl number, A = (u®/u—2/3), and we have used that pg = —(y — 1)Tg +ype — 6> @f‘mﬁgl
(from equations[Tel P22l and [A.J). The right hand side terms are the forcing terms that arise from terms quadratic in the
linear acoustics. They are given by:

1 A ke A JUR
Prus = 3 (Nfof(y — 1)p5 Do +iKpyy ol — %(RPBIVOOR) (A.3a)
U _l _ 2 A Ak -kA* A _ 8k A iﬁ/\* A A3b
RHS = 5 Neoélo1Py, +ikiy, o — 95 lo1r + 7 Woitor (A.3b)
V _l _2 ~ Ak .kA* ~ S PN iﬁA*A 1 A% A A3
Ris = 5 N%€V0100, +ikiy 901 — V5 P01r + 7 Worvo1 + gWoWoi (A.3¢)
1% _ 1 2 gon Ak 'kA* A Ak A im Ak A 1 ax A~ A3d
RHS = 5 —NeéWo1D, +ikily Wo1 — V5 Wo1r + & Worvor — ghorior (A.3d)
1 N
Trus = 5 (~n2é5019%,) (A3e)

where we have used that To; = po1 = po1 (from equation [I8).
First of all, expanding pg and equating powers of § in the radial the radial momentum equation (A.2d) gives

0(6™%):  peoy =0, (A.4a)
O(6™Y):  Poly = Peor + EN2Deo — £(2 + Ddeoyy — iKE(L + Dileoy, (A.4b)
O(1):  poery = Poir + EN2 o1 — EQ2 + Dbty —iKE(L + Diery (A.4c)

+2(2 + D)éDeory + % (2 + DéDeoy +iK(1 + A)éeor — Vras.

The O(672) equation implies that pg = p(R) is only a function of the slow variable R and is not rapidly oscillating,
which agrees with the solution within the mean flow boundary layer. We will return to the high order equations below.
Next, equating powers of § in the streamwise momentum equation (A.2b) gives

0(67%):  Niieo - fieoyy = 0 (A.5)
- . . . deoy iK

O0(67"):  Niier - flelyy = —2fe0yr — Ry + g Peo (A.5b)
R R R fely iK

0(1) . Nozougz —Ue2yy = —2u@1Ry - Ry + ?P@l (ASC)

— (2 + D)K?igo + iK(1 + A)Peoy + fieorr + xieor + Urms
We may solve the leading order O(6~2) equation for figo, giving
feo = A1(R)e®Y + Ax(R)e™#Y where > = -N2 (A.6)
Substituting this into the next order equation (A.3b)), we find

. A . A iK
fe1yy — N2iier = iBeP” (2A1R + 71) —iBe Py (2A2R + 72) + l?ﬁ@)o(R)- (A7)

To avoid a secular term that grows rapidly on the short lengthscale y, we require that both exponential terms on the
right hand side vanish. This implies that 2A;g + A;/R = 0, meaning that A;(R) = a; R™12 for some constant a;, and
similarly for A,. Hence,

oo = R™'? (a1 + aze™). (A.8)
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Evaluating this solution along R = r and y = —r/§ gives the Multiple Scales solution. However, this solution is
generally singular at » = 0 due to the 1/R terms, and so enforcing regularity at » = O provides one of the two constants
on a; and ap. To formulate this constraint, we need to solve for iip(r) about r = 0 where the 1/r terms become large.
To do this we set r = g and expand the governing equations (1)) to leading order in §; this may also be accomplished
by setting R = 6¢q in (A.2b). Either way, we arrive at

N2 dlo — £liongg — gﬁ@)oq _0 R fioo = AJo(Ba). (A9)

for some constant A. For large g this solution can be approximated by the standard Bessel function asymptotics:

[2
o ~ Ay cos (ﬁq - %) (A.10)

This now has to match with our outer solution in terms of R and y, which means that the outer must be:

oo = 2= cos (g + and A=y, (A1)

where >, is an arbitrary constant that will be set by matching with the solution inside the mean flow boundary layer.
This also means that we may form a uniformly valid solution for figg outside the mean flow boundary layer,

floo = \/‘;—gﬁwo (%) (A.12)

which agrees with both (A.9) and (A.11). Note also that, since A = O(6'/?), this outer solution acquires the largest
amplitude, giving an overall contribution of O(€?/6°/?), near the centreline axis of the duct, a feature that can be seen
in Fig.[7l

A similar argument may be followed for the temperature perturbation 7. Equating equal power of § in the energy
equation gives

0(672):  *NiTeo —Tooyy =0 (A.132)
o) : o?N2iTo1 — Toryy = 02 N2 peo — 2Teory — xTo0y (A.13b)
2
A A N A A A A A o
o(1) : 0?NETer — Toryy = 0> N2 per — 2To1ry — xTo1y + Toorr + wTeor — K*Teo + ?TRHS (A.13¢)

with the leading order solution regular at the origin given by

. |Bom . Bor Nono T
Ton = \| 5 Tas (=57 = = cos (,80'y+4). (A.14)

The last of the leading order solutions, ¥gg, may be found from equating equal powers in ¢ in the mass equation (A.24d),
giving

0(67%) : b0y + iKileo + ENZ(y — 1)Teo = 0 (A.152)
0(67"): Doy +iKier + ENL(y = o1 = ENZypeo + (Rbeo)r (A.15b)
o(1): Doy +iKiley + ENS(y — DNTes = ENZyPer + x(Rbe1)r — Prus. (A.15¢)

At leading order, O(6~2), we may solve for Pgg to get

iK 2o — Do
bop = _ Ktz sin(ﬁy+z)+’8é:(y )15

BVR 4 oVR

where ¥(R) is a slowly varying non-oscillatory term, similar in nature to p(R).

sin (ﬁo-y + %) +7(R), (A.16)
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We now move on to the next order solutions from the O(6~!) equations. Equation may be solved to give
le1 = Bi(R)e? + By(R)e ™ +ii(R) where EN2i(R) = iKp(R). (A.17)
Using the same argument, equation (| may be solved to find
Tor = C1(R)eP7Y + C2(R)e P7Y + T(R) where T(R) = p(R). (A.18)

Substituting in the now known solutions for ¥ and figo into the radial velocity equation at O(6~"), equation (A.4B)
gives

1 T T
A — 2 = 2 a2 200 .
Poty = pr +ENZT — (y — EIN2 (2 +A- p) 7B sin (Bory + Z) (A.19)
with solution R
Por = y[Pr + ENZV| + p1 + (y = DENZ (24 2 - ) B (ﬁo-y + E) (A.20)
(o] (o] 0_2 '—R 4 2 .

where p1(R) is another non-oscillatory function of R independent of y. Avoiding the secular term y|[- - - | which grows
rapidly (i.e. linearly in y = r/¢) implies that
Pr+EN2T = 0. (A21)

Finally, the O(6") mass equation gives the solution for g;. Similarly to the equation for pei, in order to
avoid a secular term in Vg that grows linearly in y, the terms in independent of y must identically vanish. This
leads to

L(RV)g —iKit — ENZ(y = )T + ENSyp =0 (A22)

Combining the derived equations for the non-oscillatory functions i, T, p and ¥ from (A.17), (A-18), (A21) and (A22)
gives the governing equation for p

PrRR + %PR + [(Q - MK)* - K?*|p =0, (A.23)
which is exactly the wave equation expected in a uniform flow, with solution

i(Q - MK)
p=-p2_ M)

Jo(AR), h A% =(Q - MK)* - K?, A24
A AR where (@ - MK) (A24)
where D is an arbitrary constant, and where p has been normalized so that ¥(1) = D

A. Summary

By using the Method of Multiple Scales, we have derived the leading order behaviour of the O(?) solution outside
the mean flow boundary layer needed to match to the highly oscillatory solution within the boundary layer from
section [V.B.Ilwhen N2 < 0 as r — 1 and that satisfies the regularity conditions at the duct centreline r = 0. This
solution is given by

Tos = 5‘5/2@00\/?10 (ﬁ(S ) +0(671) ~ 5—2?/;" cos (ﬁ%r - %) +0(57") (A.25a)

o2 = 6 iy %10 (%gr) +0(67") ~ 6—2”3; cos (%gr - Z) +0(67") (A.25b)

P02~ 6 % sin (gr - %) - ﬁ—f(yg_\/;ﬁz” i (%‘Tr - f) +D ,((IX))] +0(1) (A25¢)
Po2 = —6‘1D%10(Ar) +0(1) (A.25d)

where the approximations are valid away from r = 0. The constants 7., fi2e, and D are free to be matched to the inner
solution within the mean flow boundary layer, as described in section [[V.B.3|
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