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In this paper, we have found two new nonlinear travelling wave solutions in pipe
flows. We investigate possible asymptotic structures at large Reynolds number R
when wavenumber is independent of R and identify numerically calculated solutions
as finite R realizations of a nonlinear viscous core (NVC) state that collapses towards
the pipe centre with increasing R at a rate R~'/4. We also identify previous numerically
calculated states as finite R realizations of a vortex wave interacting (VWI) state with
an asymptotic structure similar to the ones in channel flows studied earlier by Hall
& Sherwin (J. Fluid Mech., vol. 661, 2010, pp. 178-205). In addition, asymptotics
suggests the possibility of a VWI state that collapses towards the pipe centre like
R~'/%, though this remains to be confirmed numerically.
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1. Introduction

Research on flows in pipes, channels and boundary-layer flows are areas of much
recent activity. Of particular interest are travelling wave (TW) states at large Reynolds
number R in channel (Nagata 1990; Waleffe 1995, 1997, 1998, 2001, 2003; Wang,
Gibson & Waleffe 2007; Gibson, Halcrow & Cvitanovic 2009; Blackburn, Hall &
Sherwin 2013) and pipe geometries (Faisst & Eckhardt 2003; Fitzerald 2004; Hof
et al. 2004; Wedin & Kerswell 2004; Kerswell & Tutty 2007; Pringle & Kerswell
2007; Viswanath 2007) with different degrees of symmetry. These states do not
arise from finite R bifurcation of plane Couette or Hagen—Poiseuille flow in a pipe,
though they come increasingly close as R — oo. Nonetheless, the existence and
stability of these states, and their connection in phase space, play important roles in
understanding both transition and large R behaviour of channel and pipe flows. There
is also some evidence to suggest that these vortex wave interacting (VWI) states are
edge states (Schneider & Eckhardt 2009) for large Reynolds numbers in the sense
that they separate the initial conditions in phase space between those that return
to laminar flow from those that do not. Furthermore, when the unstable manifold
of these states are low dimensional and slow, as suggested by earlier numerical
calculations (Viswanath & Cvitanovic 2009) of one of these states in pipe geometry,
they correspond to coherent flows that are experimentally observable (Hof et al
2004) in intermediate R turbulence with the flow drifting slowly from one TW state
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to another. These nonlinear TW states are also of potential technological importance
if suitable controls can be inserted to stabilize a coherent state with a significantly
smaller drag than an uncontrolled turbulent flow.

The physical mechanism to sustain such steady states for large Reynolds number is
now well understood. In the context of pipe flow, if we use cylindrical coordinates
(r, 0, z) with the cylinder axis aligned along the z-axis, and non-dimensionalization
with a domain corresponding to r < 1, the nonlinear states are Navier—Stokes travelling
wave solutions of the form

u=vp(r)+Ur 0)+v,(,0,z—-ct), (L.1)

where vp(r) = (1 — r?)z is Hagen—Poiseuille flow, and v, is 2w periodic in
both 6 and in 7 := a(z — ct), with zero axial average over a period, denoted by
(v,) =0. If we write U(r, ) = (U(r, 0), V(r, 8), W(r, 8)) in cylindrical coordinates,
(U(r,0),V(r,0),0) is referred to as the roll part of the flow and represents streamwise
vortices; (0,0, W(r, 0)) is termed the streak while v, (r, 6, 7 — ct) represents the wave
part of the flow. A similar decomposition is possible for Couette flow and indeed
for any predominantly unidirectional shear flow. In a boundary-layer study by Hall
& Smith (1991) for large Reynolds number R, it was for the first time recognized
in a general shear flow context that an O(R™') streamwise perturbation vorticity can
produce an O(1) streak, thereby significantly altering the linear stability features
of unperturbed flow, and that neutrally stable small-amplitude waves of the right
magnitude through Reynolds stresses can sustain O(R™') streamwise vortices, which
otherwise would have decayed in time. This is exactly the same self-sustaining
process (SSP) discovered numerically later for channel (Waleffe 1995, 1997) and
pipe flows (Faisst & Eckhardt 2003; Wedin & Kerswell 2004).

The amplitudes of the rolls, streaks and waves have to be of just the right size
to sustain this three way interaction between rolls, streaks and waves. This three
way interaction has been described completely for channel flows asymptotically by
Hall & Sherwin (2010) through numerical solutions of the rescaled parameter-free
equations, and remarkable agreement found with direct numerical calculations (Wang
et al. 2007; Blackburn et al. 2013) even at moderate R. Following Waleffe (1997),
these states have been called SSP states in most of literature; we prefer to call
them the VWI (vortex—wave interaction) states as it is descriptive of the physical
mechanism that sustains such flows, as discovered originally by Hall & Smith (1991).
As described by large R asymptotics by Hall & Sherwin (2010), VWI states are
characterized by small-amplitude linear waves driving the rolls through Reynolds
stress. Another possibility for travelling waves is the occurrence of a fully nonlinear
viscous core (NVC) similar to the one observed earlier in boundary-layer flows by
Deguchi & Hall (2014a). While NVC states are also characterized by a three-way
interaction, as previously mentioned, there is no meaningful separation in scales
between rolls, streaks and waves in this case, and the interaction between different
axial wavenumber components is fully nonlinear as R — oo, unlike the VWI states.
We will use the terminology of TW to describe both VWI and NVC states.

This paper concerns primarily the calculation of two new TW solutions, called C1
and C2, that collapse towards the centre of the pipe as R — oo, which we identify
as NVC states. Despite localization of rolls and waves over a shrinking core at the
centre of the pipe, the streaks do not decay and remain the same size outside as inside
the core, until wall effects become important. We also present scaling arguments to
identify in general the asymptotic structure of the travelling wave solution as R — oo


https://doi.org/10.1017/jfm.2015.751

https://doi.org/10.1017/jfm.2015.751 Published online by Cambridge University Press

286 O. Ozcakir, S. Tanveer, P Hall and E. A. Overman

for which the axial wavelength o« is independent of R. We also confirm that the
so-called S-antisymmetric state calculated in a pipe by Viswanath (2009) is a VWI
state with scales in agreement with expected asymptotics. Instead of following
previous approaches and trying to use numerical continuation of some fictitious
forcing to determine a suitable initial guess for our Newton iteration procedure,
which need not always result in convergence, we perturb the base Hagen—Poiseuille
flow by introducing azimuthal suction—injection of small magnitude that is enough to
cause instability of the base flow at large R. Using the solution from the resulting
Hopf-bifurcation as an initial guess for small-amplitude waves, we continue in wave
amplitude before turning off the suction—injection. Our calculations, we believe, are
also reasonably efficient and accurate and are valid at very large R; this is helped by
exploiting asymptotic scalings of wave amplitudes in the choice of preconditioners
needed to solve the large linear systems of equations arising in Newton iteration.
The TW solutions we are looking for satisfy the Navier—Stokes equations

1
u,+u-Vu=—Vp+I—eAu, Veu=0 (1.2)

in the form
u=vg(r,0)+v(r,0,z—ct), (1.3)

where vp is the base flow, while (r, 8, z) are cylindrical coordinates with the pipe
aligned along the z-axis. We assume v to be 2m periodic in 6 and Z:=«(z — ct) and
satisfies boundary condition on the wall

v(1,0,z—ct) =0. (1.4)

We take the base flow vy = vp(r, ) to be the steady Navier—Stokes solution with
only non-zero radial and azimuthal components satisfying a periodic suction—injection
boundary condition at the wall:

vp(1, 6) = % cos(kof)F (1.5)

with the same average pressure gradient —4/RZ as for Hagen—Poiseuille flow vp =
(1 —rHz.

Solutions to (1.2) in the form (1.3) have been computed before for s = 0, i.e.
when v = vp, through an initial guess determination procedure (Wedin & Kerswell
2004) that mimics the three-way interaction between rolls, streaks and waves and/or
introduction of forcing (Faisst & Eckhardt 2003). Our procedure is different; we first
study the linear stability of the base flow vy for s # 0 and determine (&, R) at which
the flow becomes unstable. A finite-amplitude solution from a Hopf bifurcation at
a neutrally stable point is then used to determine the initial guess in the Newton
iteration procedure for travelling wave solutions in the form (1.3); at finite wave
amplitude far from the bifurcation point, the solution is then continued to s =0 to
determine a TW state without suction/injection. We used this to recalculate the TW
states of Wedin & Kerswell (2004) in a more efficient manner. We also find new
states, which we later identify as finite R realizations of NVC asymptotic states,
that are concentrated in the centre of the pipe as R — oo. We make no attempt to
determine all possible TW states numerically; we focus mainly on the properties of
these new centre modes that are concentrated at the centre of the pipe. Investigation
of the scaling properties of these states, both numerically and through asymptotic
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arguments, constitutes the most significant part of this paper. We also present more
general arguments to identify all possible consistent R — oo asymptotic scalings of
roll, streak and wave components of a TW state when the axial wavenumber « is
independent of R. It is to be noted that these states differ from the spiralling centre
modes of Smith & Bodonyi (1982) and Deguchi & Walton (2013).

2. Computational method

Our computational method is based on Galerkin truncation in Fourier modes in 6
and z — ct and a Chebyshev representation in r similar to Wedin & Kerswell (2004)
which automatically accounts for the boundary condition. However, we found it more
efficient to eliminate pressure using the Poisson equation. In the following subsections,
we give some details.

2.1. Basic state calculation
For the basic state calculation for s # 0, we find it convenient to decompose
Vp=gs + Vs, (2.1)
where

s 4 )
gs=— <r(2 — %) cos(koB), ——r(1 — r?) sin(keh), 0) (2.2)
R ko

is a smooth divergence-free function chosen to satisfy the boundary condition at the
wall, which allows vy = (us(r, 6), vs(r, ), ws(r, 8)) to have the similar truncated basis
representation as TW states:

Ug 0 Mjk¢j(r; kko) Ccos kk()e
vs =1 0 |4+ D | va®i(r ko) sinkkof | . (2.3)
ws L=72 ] 0<n \wyWi(r; kko) cos kkof)

0<k<M

where @;, ¥; is given in terms of Tchebyshev polynomials 7; as follows:

@j(r; k) _ T2j+2(7") — sz(}’) for k Odd, (24)
T2j+3 (I") — T2j+1 (r) for k even
W k) = T543(r) — Toj11(r)  for k odd, 2.5)
T2 (r) — To(r)  for k even.
We decompose ps = —4z/R + gs where gs satisfies the Poisson equation
Ags=—V «(vs:-Vvs+gs- Vg +vs-Vgs+ fs) =N [v,], (2.6)
subject to compatible Neumann boundary conditions at r = 1:
86]5 N 1
— =7 =Av, — , 2.7
L (gou- 1) )
where |
fs=—§Ags+gs'Vgs~ (2.8)
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We solve (2.6) with the boundary condition (2.7) (see Ozcakir (2014) for details). This
allows computation of —Vgs=—V A~!_#[vg] for given vy in the following equation:

4. 1
vS'VvS"i‘gS'VvS‘l'vS’VgS:_EZ_VQS+EAvS_fS' (2.9)

Using a Galerkin approximation 0 < k < K in 6 and collocation at the radial points
{ry }, _o We obtain a system of 3 x (K4 1) x (N 4 1) algebraic equations for as many
unknowns {trj» Vkj» Wejti=o,..k j=0,...y that is solved through Newton iteration. The
initial guess is obtained through a continuation process, starting at s =0, when vg=vp
is an exact solution.

A similar representation was used for linear stability of the basic state (see Ozcakir
2014).

2.2. TW calculations

As mentioned in the introduction, TW states correspond to solutions of Navier—Stokes
in the form u=vg(r,0) + v(r, 6, z— ct) where ¢ is now real. It is clear that v satisfies

v . 1
—ca— +@-Viv==-VA~ N[v]+ ﬁAv —vp-Vvg—vp-Vv—v-Vui, (2.10)
z

where A~! is defined with consistent Neumann boundary conditions ./4;[v]. (We make
an implicit choice of the arbitrary constant arising in the Neumann problem in the
choice of basis for A~!_#"[v]; this choice is immaterial because of the V operator in
(2.10).) Here, the operators .4 and .4} are defined as:

N[w]: =V -[—vg-Vvg—v5-Vv—1v-:Vug], (2.11a)
~ |1
Mv]:=r - ﬁAv—vB-VvB—vB-Vv—v-VvB . (2.11b)
On the pipe wall,
v(l,0,z—ct)=0. (2.12)

Similar to Wedin & Kerswell (2004), we use

( cos Iz+ u s1n [2)®;(r; kko) cos kkob

u
v| = Z ( k, cos [z +v; ) sin [2)®;(r; kko) sin kko0
w 0N
ockem  \(w! kl sin Iz +wl cos [Z)W;(r; kko) cos kko
0l even <P

(i (1) cos Iz + u sm [Z)®;(r; kko) sin kko0

+ ) (u},}} cos lz+v,d sin [2)®;(r; kko) cos kkof) | . (2.13)
0Stsm  \ Wi sin I+ w'd) cos B)W;(r; kko) sin ki
1<lodd <P

This is a basis representation suitable at r = 0 for the so-called S-symmetric
states discussed in Wedin & Kerswell (2004); note Viswanath & Cvitanovic (2009)
calculates S antisymmetric states which have a representation different from (2.13).
(Though we did not explicitly impose the regularity condition at r =0 of Batchelor
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& Gill (1962), we checked that it was satisfied to a numerical accuracy sufficient for
the reported calculation.) This representation fixes the origin in 6. In addition, to fix
the origin in z, we impose

)y, =0. (2.14)

N
j=0
We use representation (2.13) and equate coefficients of cos(kko8) cos(lz), sin(kky6)
cos(Iz), cos(kky9) sin(lz), and sin(kky0) sin(lz) for 0 <k <M, 0 <I< P on both sides
of (2.10) and evaluate the resulting expressions at the collocation points {ry}. This,
together with the scalar equation (2.14), results in a nonlinear algebraic system for
(X, 0

G(X,c; B)=0, (2.15)

@ @ ()

where X = {u;y, vy, wiglixri and B = (R, a, 5) are the set of specified parameters.
More details about inversion of A~! subject to Neumann conditions, calculation of
the corresponding Jacobian J that arises in Newton iteration and its efficient inversion
through use of a preconditioner and GMRES are described elsewhere (Ozcakir 2014).
In the vicinity of neutral stability points o =ay(R), we use the eigenfunction at ¢ =y
of the stability problem summed with its complex conjugate, re-expressed in the real
form (2.13) to determine a suitable initial guess for travelling wave calculations.
Sufficiently far from the bifurcation point, we continue to s — 0 to determine a
TW state. Note that the azimuthal symmetry (ko =2) of the suction—injection profile
is reflected in the ultimate symmetry of the travelling wave solutions. The matrix
inversion process is similar to Viswanath (2009), though our choice of preconditioner
exploits the knowledge (Hall & Sherwin 2010) of weak nonlinear wave interaction
for large R.

3. Numerical results for TW calculations

The calculations described thus far are limited to ky = 2; i.e. 2-fold azimuthally
symmetric TW states. Unless otherwise stated, in our figures we used (N, M, P) =
(85, 12, 5) when R > 5000 and (N, M, P) = (45, 8,5) when R < 5000. Significantly
increasing each of N, M and P for a particular Reynolds number in this range and
comparing with the baseline calculations suggested that the calculation for ¢ was
accurate to four significant digits, whereas the velocity was accurate to at least three
digits. We display with cross marks results from a higher resolution calculation that
resulted in the largest deviation from the baseline calculations shown by solid or
dashed lines.

We reproduced the S-symmetric solution of Wedin & Kerswell (2004) for ko = 2.
The comparison of ¢ versus R curve for o« = 1.55 is shown in figure 1. Our
calculations for (N, M, P) = (45, 8, 5) (shown in blue) are indistinguishable from
the grey curve of Wedin & Kerswell (2004). The black curve, which sits on top of
the blue curve, corresponds to higher resolution (N, M, P) = (85, 12, 5). More on
comparisons with Wedin & Kerswell (2004) appear in Ozcakir (2014).

The scaling of rolls, streaks and waves for the computed WK solutions are roughly
in agreement with the expected VWI scales for § =1 (see § 4.2), which is the same as
the Hall & Sherwin (2010) scaling in channel flows, though our inability to continue
the WK solution past about R =11000 hampered a more precise comparison between
numerical results and R — oo scaling results.

In addition, two new branches of travelling wave solutions have been found, which
we denote as C1 and C2. Besides the S-symmetry (shift-and-reflect) the C2 branch
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FIGURE 1. ¢ versus R for WK branch at o =1.55: grey curve: Wedin & Kerswell (2004)
calculations, blue curve: our (N, M, P) = (45, 8, 5) calculations, black curve (N, M, P) =
(85,12, 5).

e i . -
0.90 — e ]
0.85 *
0.80

¢ 075
070 - (C1) @ =0.62419
ol - (C2) @ =0.62419
0.65 i — (C1) a = 155000
0.60 : — (€2) a = 1.55000

0.2 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
R (x 10%)

FIGURE 2. ¢ versus R for different solution branches C1, C2 for different axial
wavelength «.

also has $2,-symmetry (shift-and-rotate) as defined in Pringle, Duguet & Kerswell
(2009), though this additional symmetry was not imposed in the numerical code.
As pointed out earlier, in the representation (2.13), this corresponds to non-zero
contributions only for even k 4 [. For ky =2, this results in rolls and streaks having
4-fold azimuthal symmetry.

However, unlike other states calculated before, these new branches appear to have
a collapsing vortex—wave structure toward the centre of the pipe as R — oo, which
will be quantified. These states are also different from the helical centre modes of
Smith & Bodonyi (1982) (confirmed for finite R by Deguchi & Walton 2013) where
the dependence in 6 and z are linked; these spiral modes are special to kp = 1. In
figure 2 the phase speed c is shown as a function of R for the two wavenumbers « for
C1 and C2 solutions for the lower branch. For C1 and C2, we were able to compute
solutions indefinitely with increasing R, though resolution checks were limited to R <
2 x 10°. In order to understand the asymptotic scaling of the new centre modes C1
and C2, in figure 3, 1 — ¢ is plotted against R on a log-log scale for large R for
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FIGURE 3. 1 — ¢ versus R in a log-log scale for different o for C1 and C2 solutions.
Dotted lines are linear approximations to each curve using larger R.
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FIGURE 4. Roll and streak profiles at R =3940 for o« =1.55. (a) C1; (b) C2; (¢) WK.

two different values of «, with slopes m ranging from —0.32 to —0.38. This does
not change much with higher resolution calculations shown by cross marks. In all the
figures, slopes are quoted to two significant figures. A linear least square fit using data
in the range 5 x 10* <R <2 x 10° is shown in dotted lines. We also noted that the
slope in the regime 10° < R <2 x 10° is about three percent larger than the quoted
value, suggesting that the solution may not have reached an ultimate asymptotic scale.
Also, we noted a consistent tendency for the 1 — ¢ versus R curve to steepen slightly
with increasing «. For instance, the linear fit based on limited calculations for o« =2.51
in a large R regime for the C1 solution shows (1 —c) ~R~%%. (The notation ‘~’ here
and in the rest of the paper is not in the usual asymptotic sense; instead it is to be
interpreted as the scaling.)

For these new states, the streamwise-averaged flows are displayed in a plane
perpendicular to the pipe axis at several values of R in figures 4-6 where the rolls
(U, V) are depicted using arrows whilst the streak velocity intensity is represented in
colours, where the lighter colours correspond to positive values of streak W, while
darker colours correspond to negative W. For comparison, we also present the WK
solutions. (Note that Newton iteration failed to converge for the WK branch of
solution for R larger than about 11000, presumably because the solution approaches
of a bifurcation point; this aspect was not pursued any further in this paper.) In all
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FIGURE 5. Roll and streak profiles at R = 10* for « = 1.55. (a) C1; (b) C2; (c) WK.

(a) ) ) e

~1.0 —0.6 =02 02 0.6 1.0 ~1.0 0.6 =02 02 06 1.0

FIGURE 6. Roll and streak profiles at R=10° for a =1.55. (a) C1; (b) C2.

of the plots, the streak velocity ranges in the interval [—0.4163, 0.0963]. Note that
the streaks get weaker as R becomes larger, in accordance with asymptotic scaling
results in § 4.

The grey surfaces in figures 7 and 8 show surfaces of constant magnitude of
streamwise velocity, excluding Poiseuille, at a value of 0.8 times the maximal value
for two different R values for the C2 state for specific « = 1.55. We observed
similar patterns for other values of « and for the C1 state. The coloured surfaces
in the corresponding figures denote iso-surfaces of 0.8 times the maximal or
minimal streamwise vorticity, with blue corresponding to positive vorticity and
red corresponding to negative vorticity. Note that while the vortex structures become
closer to the origin with larger R, the streamwise velocity magnitude iso-surface,
which is dominated by the streak component, does not shrink noticeably towards
the origin. This feature is explained theoretically in §4.4 and owes its origin to the
mechanism found by Deguchi & Hall (2014a).

A quantity of general interest, which has some technological implications, is the
friction factor A associated with each of these states. A is defined as

64R

=52
Rm

A ,  where R, :=2WR 3.1

and w is the non-dimensional mean streamwise velocity given by

1 N
w=2 / ((1 =)+ Wi 0)) rdr (3.2)
0 =0
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FIGURE 7. Streamwise velocity and vorticity iso-surfaces at 0.8 times extreme values at
R=50000 for o =1.55 for C2.
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FIGURE 8. Streamwise velocity and vorticity iso-surfaces at 0.8 times extreme values at
R=191020 for o =1.55 for C2.

A is plotted against R for WK, C1, C2 solutions for three different values of « and
compared against the Hagen—Poiseuille value of 64/R in figure 9.

Now we report on other scaling features of the C1, C2 solutions for large R,
restricted to R < 2 x 10°. These include the behaviour of rolls, streaks and waves,
including the location and magnitude of their maximum. We will also consider the
collapsing of these solutions towards the centre of the pipe. It is convenient to define
kth azimuthal-amplitude functions for rolls, streaks and waves and their maximums
as follows:

N 2 N 2

AL =3 | Do w@ ) | + (D win@a() | o AL, = max AL () =AY (),
n=0 n=0

(3.3a,b)
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FIGURE 9. Friction factor ratio A/Appr versus R for lower branch WK, C1 and C2
solutions at o = 1.55, o =0.624; note A = Aypr =64/R for Hagen—Poiseuille flow.

N 2 N 2
AS(r) = (Z w;}(})wn(r)> + <Z w,?ki)wn(r)> L AL = max A() = AL,
n=0 n=0

(3.4a,b)
AV (r, 0) = \/ wi (r, 0)2 +wi” (r, 6)2, (3.5)
Af(r, 0) = \/u§‘>(r, 0)2 4 v (r, )2 + ul” (r, 0)> + v (r, 6)2, (3.6)

where the I/th axial Fourier component of wave velocity is defined for / even and odd
as:

Uy ®;(r; kko) cos kkof

u (r, 6)
v,((ii))(r, 0) | = Z vj,dq)(r; kky) sin kky6 | ,
Wit 0/ 0SS \whw(rs kko) cos kot
iy ®;(r; kko) sin kkof
= > | via®;(r: kko) cos kkof (3.7a)
0t \ww;(r; kko) sin kkof
N 5 2y 172
Wwe(r) = (Z Wi ¥ (r; kko)> (Z Wi & (r: kko)> . (3.7b)
=0
Weim = mrax wi.(1). (3.7¢)
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FIGURE 10. Supremum norm of roll components (U, V) and of streak W versus R for
(a) C1 and (b) C2 solution.

Figure 10 shows roll component sup-norms ||U|. and ||V|, and streak sup-norms
[W]loo for two different o as a function of R on a log—log scale. The linear fittings
on a log-log scale are based on a best-fit estimate of the data in the regime 5 x 10* <
R <2 x 10°. The scaling for rolls for C1 ranges between R~ and R~%"7; whilst the
streak scaling ranges between R=%3* and R, We found a systematic trend for the
slope to steepen slightly with increasing «. For instance, at o = 2.51, the observed
roll slope is close to R™%, while the streak slope is R4, The roll scaling for C2
on the other hand ranges between R%7® and R°%0, whilst the streak size scaling
ranges between R~%?° and R*3, again with slight dependence on o. At o = 2.51,
the observed roll slope is approximately R™%% and the streak slope is R™%3*. The
maximal streamwise wave amplitude for the / mode, ||A}|| for /=1, 2, 3 is shown
in figure 11(a,b) for two different values of « for both C1 and C2. Note that the /=1
component for axial wave velocity scales somewhere between R~%% and R~%5 for C1,
and R~%%* — R7%55 for C2, though the log—log scale also shows that the curves are yet
to straighten completely for the larger [ range, and hence R may not be large enough
to reach the asymptotic regime for the larger [ cases. The mode dependence of the
asymptotic trends is not unexpected since the effective Reynolds number is smaller
for small scales, i.e. for larger [ or k. For [ =2, the decay rate is approximately in
the R7%3! — R=0%0 range. For [ =3 the apparent scale is R~%3 for C1 at o = 0.624,
while it is R7%" for C2. Note that different / modes have approximately the same
decay rate in R, suggesting that wave nonlinearity is important as R — oo. In other
words, the numerical results do not appear to be consistent with the VWI scenario of
a dominating single wave mode.

On the other hand, figure 11(c,d), show the scaling of the perpendicular wave
amplitude Aj"(r,0) for C1 and C2. For [ =1, this scaling ranges between R™*’° and
R~%7 for both C1 and C2, while the /=2 mode corresponds to a faster decay rate in
both cases; note / =3 curve is not as straight, suggesting it is further from reaching
its asymptotic limit.
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FIGURE 11. Supremum over (r, §) of AY(r, ) and Ai(r, 6) at [ = 1 (blue lines),
2 (red lines), 3 (green lines) for (a,c) Cl1 and (b,d) C2 solutions for different
a. Solid lines correspond to o = 1.55, while dashed lines represent o = 0.624.
Dotted lines show linear fittings. Negative slopes of dotted lines (from top to bottom)
are (a) 0.50, 0.52, 0.51, 0.58, 0.50, 0.65, (b) 0.54, 0.54, 0.60, 0.59, 0.71, 0.70,
(c) 0.76, 0.76, 0.86, 0.80, 0.84, 0.83, (d) 0.78,0.78, 0.88, 0.88, 0.69, 0.78.
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FIGURE 12. Scaled radial roll-amplitude function A (r) /A,’jm versus r/r, for C1 solution
for k=1, 2, 3 for different R. (a,c,e) @ =1.55, (b,d,f) o =0.624.

In figure 12, we plot A7 (r)/A{,, against r/r, for the C1 solution for two different
values of « in (a,c,e) and (b,d,f). We notice that the curves have almost collapsed into
a single graph, as might be expected if a single collapsing scale exists. The collapse
is not as good for k =3, apparently because the R — oo asymptotic state has yet to
be achieved for the smaller scales corresponding to larger k. Note the decay of rolls
in r/r,. This is explained asymptotically in §4.3.

Figure 13(a,b) shows A,gm against R on a log-log scale for different values of k for
two different values of «. The corresponding radial location (r =r,,), where the max
A{, is attained, is shown in figure 13(c,d) through a log-log linear fitting in the range

7% 10* <R <2 x 10°.
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FIGURE 13. Maximal radial roll amplitude AUI and its location r, for kth azimuthal
component versus R for C1 solution for o =1.55 (a,c) and o = 0.624 (b,d) when k=1
(cyan line), 2 (magenta line), 3 (green line). Dotted lines show linear fittings. Negative
slopes of dotted lines (from top to bottom) are (a) 0.78, 0.79, 0.67, (b) 0.84, 0.65, 0.66,
(c) 0.23,0.21, 0.22, (d) 0.23,0.22, 0.22.
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FIGURE 14. Scaled radial roll-amplitude function AU(r)/AU versus r/r,, for C2 solution
for k=2,4, 6 for different R. (a,c,e) @ =1.55, (b,d,f) a =0.624.

We note that for the most dominant mode (k = 2), the scaling curves in (a,b) are
close to straight lines in the range 5 x 10* < R < 2 x 10° with the approximate
behaviour R%78 — R=084 consistent with the decay rate of ||U||,, observed in figure 10.
Beyond the most dominant mode, the graphs for other modes have not yet approached
a straight line, suggesting that R is not large enough to reach the asymptotic scaling
regime for larger k.

Notice in figure 13(c,d) that for the largest azimuthal component (k=2), shown in
magenta, r,, scales approximately as R~%23. This is nearly the same for other k values
(k=1, 3) though the curves become linear for larger R.

Figures 14 and 15 give the same set of scaling results for the solution branch C2.
Note however that the odd values of k are missing from the graph. This is because
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FIGURE 15. Maximal radial roll amplitude A, and its location r, for kth azimuthal
component versus R for C2 solution for « =1.55 (a,c) and « = 0.624 (b,d) when k=2
(cyan line), 4 (magenta line), 6 (green line). Dotted lines show linear fittings. Negative
slopes of dotted lines (from top to bottom) are (a) 0.79, 0.71, 0.73, (b) 0.79, 0.74, 0.75,
(c) 0.23, 0.23, 0.22, (d) 0.23, 0.23, 0.23.
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FIGURE 16. Profile of Cl-streak amplitude Af(r) versus r for different R and k for
given «. (a,c,e,g) o =1.55, (b,d,f,h) o =0.624.

those components (within small calculation error) are zero since the corresponding
solutions have the §2,-symmetry (shift-and-rotate) defined by Pringle er al. (2009).

Figure 16 shows streak amplitude Ai(r) for different R and k& with « = 1.55 and
o =0.624 for the C1 solution. It is to be noted that for k =0, we have a very flat
profile (see §4.4 for a theoretical explanation). Because the roll effect on the streak
is more global, A¥(r) does not collapse in the same way for different R as do rolls,
though for k # 0, there is a slight tendency of the maximum of the pattern to shift
towards the origin for large R.

Figure 17(a,b) show the maximal streak amplitude Aim against R for different
azimuthal wavenumber k for C1 solution, while figure 17(c,d) show maximal radial
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FIGURE 17. Maximal kth streak amplitude Af, versus R and its location r, versus R
for C1 solution for k =0 (cyan line), 1 (magenta line), 2 (green line), 3 (red line) for
o =1.55 (a,c) and o =0.624 (b,d). k=0 is missing in (c,d) since it has a flat profile.
Dotted lines show linear fittings. Negative slopes of dotted lines (from top to bottom) are
(a) 0.37, 0.33, 0.47, 0.53, (b) 0.33, 0.29, 0.33, 0.28, (¢) 0.07, 0.23, 0.24, (d) 0.07, 0.21,

0.22.
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FIGURE 18. Profile of C2 streak amplitude Af(r) versus r for different R and k for
given «. (a,c,e,g) o =1.55, (b,d,f,h) o =0.624.

location r,, against R. Note the kK =0 curve is missing since r, is not well defined
for a flat profile (see figure 16). The streak amplitude for the dominant £k =0 mode
scales as R™%¥ — R793_ close to the scaling of |W|, in figure 10.

Figure 18 shows the streak-amplitude function A3 (r) for different R and k for o« =
0.624 and o =1.55 for C2 solution. Again for k=0, we observe a very flat profile.
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FIGURE 19. Maximal kth streak amplitude A, versus R and and its location r,, versus
R for C2 solution for k=0 (cyan line), 2 (magenta line), 4 (green line), 6 (red line) for
a=1.55 (a,c) and o =0.624 (b,d). k=0 is missing in (c,d) since it has a flat profile.
Dotted lines show linear fittings. Negative slopes of dotted lines (from top to bottom) are

(a) 0.35,0.31, 0.40, 0.45, (b) 0.28, 0.26, 0.33, 0.45, (¢) 0.07,0.19,0.23, (d) 0.07,0.17, 0.22.
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FIGURE 20. Scaled axial wave amplitude wy(r)/wy;,, versus r/r, for C2 solution at /=
1 for different k for « = 1.55. (@) (k, ) =(1,1), (b) k,D)=@3, 1), (¢c) k,])=(5, 1),
(d) (k,)=(7,1).

Figure 19(a,b) show the scaling of maximal streak amplitude A}, with R for
different azimuthal wavenumber k for the C2 solution, while figure 19(c,d) show the
scaling of corresponding maximal location r,, with R. Once again the kK = 0 mode
data is absent since r,, is ill defined for a flat profile. The streak amplitude for the
most dominant mode (k = 0) scales as R™%%, R for o = 1.55, 0.624 respectively,
consistent with the scaling of ||W| in figure 10. Note that like the C1 solution, the
maximal location r,, is almost independent of R; this feature is explained theoretically
in §4.4.

Figure 20 shows the collapse of the radial profile of the scaled axial wave amplitude
Wi (r) /Wi against r/r, (see (3.7¢)) for /=1 for different k and R for C2 solution
for « = 1.55. A similar collapse was observed for the C1 solution and for other /
modes. For the radial wave components, the collapse was worse, presumably because
of their smaller sizes and limitations in numerical accuracy. However, in all cases, we
noted that the location of maximum r,, shifted towards the origin for larger and larger
Reynolds number at a rate similar to the collapse rate of rolls. Also note the rapid
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FIGURE 21. Scaling of maximal wave stresses Si ,,, Sz, with R for (a) « =1.55, (b) =
0.624 for both C1 and C2 solutions.

decay of the solutions with large 7. This is shown to be a general property of all such
states in §4.5.

It is to be noted that the streak structure does not collapse with R, at least not at the
same rate as rolls and waves, and appears to extend to a region where r/r, is large.
We explain this theoretically in § A.2. This is similar to the streak features observed
in boundary-layer flows observed by Deguchi & Hall (2014a).

To distinguish between a collapsing VWI state, where the wave amplitude is large
in a critical layer only, and a nonlinear viscous core (NVC) state where axial wave
and streak amplitude are of the same order throughout a shrinking core similar to
the state discovered by Deguchi & Hall (2014a) in a different context, we present
the contour plots for Reynolds stresses. For a NVC state in a pipe (see §4.1), we
have a core shrinking as R™!/4, with 1 — ¢ = O(R™'/?). The critical curve defined by
1 —c—r*+ W(r,0) =0 has no significance in contrast to a VWI state. The Reynolds
stresses S; and S, are defined as

du\’ v\’

S, 0) 8u+v8u v2 2+ 8v+v8v+uv 2 (3.9)
r,0)= U— + —— — — U— 4+ ——4+— ). .
2 Jor rao r ar rao r

We define S;,, := max g S;(r, 0) and the corresponding maximal location (r,, 6,) in
polar coordinates.

Figure 21 shows S;, and S,, against R for o = 1.55, 0.624 for the C1 and
C2 solutions. It is clear that S,,, > S;,. Note for the C1 solution, S;,, S2, scale
approximately as R~!'*’, R!* respectively, while they scale as R~!** — R=!*° for the
C2 solution. For stress plots, linear fittings involved the range 5 x 10* < R <2 x 10°.

and
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FIGURE 22. S, contours for C1 solution showing 0.9, 0.8, 0.7, 0.5 and 0.3 x S, , for three
different values of R for given o: o =0.624 (a,d), 1.55 (b,e), 2.47 (c,f). Critical curve is
shown in black, and location of S,,, shown in x. (a—c) Re =10420, (d—f) Re =191 020.

The red points in figure 22 identify the locations of (r,, 6,) where S, attains
a maximum for the C1 solution. Contour plots of S,(r, ) where S,/S,, =
0.9, 0.8, 0.7, 0.5, 0.3 are also shown in the same figure for different R and «.
Though the contours for higher values of S,/S,, appear centred about the critical
curve (where 1 —c — 7>+ W(r, ) =0) shown in black, they are far more spread out
than expected for a critical curve (see Deguchi & Hall (20145)). We observed similar
features for the C2 solution.

4. Large R asymptotics for travelling waves

We discuss possible large R asymptotic structure of travelling waves in a pipe when
the axial wavenumber « is independent of R. Assume we have a structure at the centre
of the pipe of width § < 1. Note § = 1 corresponds to a non-collapsing structure
characterized by (1 —c¢)~! = 0O(1). We introduce the rescaled radial variable 7 so that

r=24r. (4.1)

Then, on subtracting Poiseiulle flow (1 —r?)Z, and decomposing the remaining velocity
into its axial component and its complement

v=wZit+uv, 4.2)
it may be checked from the Navier—Stokes equation that v satisfies

A—c=8P+wov+68"(v, - V)v -2/ -7)z

ap 92
— 5V ai’z TR AR v, 4.3)
Z e
. oW
) VJ_"UJ_—FaiZ:O. (44)

We now introduce scaled variables

v, =8U®, 0)+6u,0,2), (4.5)
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o 85 83 51 ) 52 84
Figure 3 Figure 10 Figure 10 Figures 13 and 15 Figure 11 Figure 11
155 Cl1 0.38 0.38 0.78 0.23 0.76 0.52
' C2 0.38 0.34 0.79 0.23 0.77 0.54
0624 Cl1 0.38 0.34 0.74 0.23 0.75 0.49
' C2 0.32 0.29 0.79 0.23 0.78 0.54

TABLE 1. Estimated y values in a R™" scaling.

where U is the scaled roll and u the scaled wave components. The decomposition
is made unique by requiring the axial wavelength average (u) = 0. Similarly, we
decompose the axial velocity

w=38W(#, 0) + 8w, 0, 2), (4.6)

where W is the scaled streak and w is the scaled axial wave velocity. We make the
mild assumption that 8,67" is of the same order of or smaller than 85, which without
loss of generality implies

8,871 < 6s. 4.7)

(Note replacing any § by 26 or similar multiple of § has no effect on the argument
since this is equivalent to replacing the variable multiplying § by a constant multiple,
which does not affect the argument about the existence of the solution.) As will be
seen later, 8, < 4,/6, and so condition (4.7) requires that the largest possible scale of
the axial wave amplitude does not exceed the streak. We make no further a priori
assumption regarding the scales. We decompose pressure as

p=385P(7,0)+dp(7, 0, 2) (4.8)
and define ¢; = O,(1), i.e. strictly of order one, so that
1—c=56.c. (4.9)

The estimated negative exponents of §., 8, §;—4, in powers of R are obtained from
data in R € (5 x 10%,2 x 10%) for C1, C2 states and are displayed in table 1.

Now, we return to theoretical arguments. Axial averaging (-) of (4.3) and (4.4), the
projection in the orthogonal plane, results in

3
871820 -V, U=—85""V P+ 88 R 'ALU—8"85(u-V . u)— 85, <wau>
<

(4.10)
V,-U=0. 4.11)

In order to enforce the divergence condition (4.11), P must appear in the leading-order
asymptotics in (4.10). (We could have instead balanced pressure and viscous terms
by taking §s=58,6"'R™', in which case §; =1/§ is the distinguished scale that brings
inertial terms to the same order as viscous terms. However, this is equivalent to (4.12)
and (4.13).) This implies

85 =35;. (4.12)
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For the solutions with collapsing structure for which § <« 1, we impose the property
U — 0 as ¥ — oo (in the inner radial scale). On the other hand, for § = 1, the solution
satisfies the homogeneous boundary condition U = 0 at r = 1. In either case, the
leading-order balance in (4.10) as R — oo must involve the viscous term for the steady
non-trivial solution. Thus,

851 8=R"". (4.13)

Using (4.12) and (4.13), (4.10) reduces to
U-V U=-V,P+AU—887u-V u)— 88578 (wd.u). (4.14)

We are constrained to choose without any loss of generality

max {52, \/54332} >8 (4.15)

since otherwise U = O,(1) is inconsistent with the homogeneous boundary conditions
and asymptotically small forcing in (4.10) and (4.14) when R > 1. We note that
the equality in (4.15) will hold if there is no critical layer and the wave magnitude
is of the same order whenever r = O(1). If there is a critical layer of thickness
§ < 1 in the 7 scale, since wave (u, w) = 0(3) outside the critical layer, then
max{82/82, 8,85,/82} > 1 in (4.14). In the limit when § — 0, the forcing reduces to
a delta function at the critical curve; consistent with U = O(1) in (4.14) provided a
constraint between (§, 85, 8; 1s satisfied, which will be discussed in §4.2.

Consider now the axial component of v in (4.3). Using (4.5) and (4.6), we obtain
by axial averaging (-) and using (4.13), the following equation for streak:

82 . 88
U-VIW=AW+ 20U F— 22wV, w). (4.16)
33 3103

Requiring solution W = O (1) in (4.16) with homogeneous boundary conditions
implies that either the roll or wave term enters into the equation at the leading order,
i.e.

8,6
2% 5

>1, §°<6s, 4.17a,b
5,05 3 ( a,b)

8;=258% or
where the latter possibility will be ruled out in the ensuing discussions. Consider now
the equation for the wave (u, w) defined uniquely by the property ((u, w)) =0, where
u is the projection in the perpendicular plane, with radial and azimuthal components
(u, v). From the axial component of (4.3), using (4.5), (4.6), (4.13) and (4.16), we
obtain

(8ec) — 8P+ W +8w)aw+ 88U -V )W +88"'u-V,w

5 5 9
e VL (=8P 45 W) — 8P LS TRTA w4 R0 4 8,8 (- V).

55 5, 02 g
(4.18)

For the components of the wave perpendicular to the cylinder, (4.3), with (4.5), (4.6),
(4.13) and (4.14) imply
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(8cct — 82+ W+ 8w+ 88U -V Du+88"w-V)HU+88'u-V, u

8
= —ﬁvlp +87°RTA u+R U+ 88wV iu)+ 8y (wou), (4.19)
2

together with the divergence condition (4.4), which now implies:

848 0
V.oou+ 22 2o, (4.20)
82 8Z
Without any loss of generality,
)
84 < f 4.21)

as otherwise (4.20) results in w being independent of z to leading order, which from
(w) =0, implies w = 0, which is inconsistent. Also, note that with condition (4.21),
(4.15) implies

8, 2 68;. (4.22)

The parameter c¢; in the system of (4.18)-(4.20) must appear in the leading-
order equation since it acts as an eigenvalue for non-zero solution to a system
of homogeneous equations for (u, w) with homogenous boundary conditions.
Furthermore, the pressure must come into the leading-order balance in (4.19) as
otherwise one cannot satisfy (4.20). Next, the term 827 + ;W must appear in the
leading-order balance as otherwise using

1
25 =881 <8871 <8 <6 (4.23)

the resulting leading-order equations ¢;0,w = —§%0.p, ¢;0.u=—V p (for some rescaled
pressure p), together with (4.20) have no non-trivial solution. Thus, §. = O,(8;) since
the possibility 8; <« 8 is ruled out in (4.17a,b). Therefore, without any loss of
generality, we have

8. = 8. (4.24)

Other terms appearing in each of (4.18) and (4.19) have to be of the same or of lower
order than this term. For the pressure term to appear at the leading order in (4.19),
as it must,

86 == 82553. (425)

Further, all the other terms appearing in each of (4.18) and (4.19) cannot be any larger
than §,. (or 63), which on using (4.13), (4.21), (4.22) and (4.25) implies without any
loss of generality

L:35*1<35*1<3 82 <85, and @@S (4.26a,b)
R82 1 <X 02 x 03, X 03, 884 X ©03. . £

Note that the last inequality gives 84 > §,/8, which together with (4.21) implies

8
84 = § 4.27)
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Using (4.22), (4.24) and (4.27) and (4.25), we may rewrite (4.18) and (4.20) as

8., 8 1 8 8% .,
o——r+wW+—-—wlow+———U-Vw+ —u-Vw4+u-V, | W——r

83 883 R385 883 83
= —azai’ + LALW + iazw + 5—2(14 - Vow) (4.28)
9z R828; RS; * 885
8%, 5, 1 1 5,
(cl_&r —i—W—l—&%w) 8Zu—I—M(U-VL)u+M(u-VQU%—S—&u-VLu
=-V.p+ Lmu + iazu + 5—2<u -V.iu)+ 2(w&u), (4.29)
R52655 RS; ° 865 883
V.-u+ w _ 0. (4.30)
0z

There are now two distinct possibilities:

=1, i 1. 431a.b
R826, W Rors, < (31a.b)

(1)
4.1. Case (i): 1/R8*83 =1, (nonlinear viscous core (NVC))
If we assume (i), then it follows from (4.24) and (4.26a,b) that
S DL (4.32)
R 85 &8 ¢ '
With the above scaling, and (4.27), the equations for rolls, streaks and waves from
(4.14), (4.16), (4.28) and (4.29) become

U.-V.U=-V,P+AU- -V u)— (wiu) (4.33)
U-V,(W—R§*P) =AW —(u-V,w) (4.34)

(c; —RP+WHwWow+U-VIw+u-V,wtu-V (W— R

3
= —528—’; + Aw+ 8202w + (- Vo w) (4.35)

(ci —RS*P4+WHw)du+U-V)u+@-VHU+u-V,u
=—Vip+Au+8u+ (u-V u)+ (wiu), (4.36)

along with the divergence conditions (4.11) and (4.30). From (4.17a,b), (4.32), we
obtain
RS < 1. (4.37)

In this case, viscosity and nonlinearity come at the same order in a coupled system
of roll, streak and wave equations above. The distinguished scale in (4.33)—(4.36) is
clearly

§=R'* (4.38)
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since it brings the Poiseuille deviation of axial velocity from unity to the same order
as W and allows far-field matching. With this choice of §, we obtain from (4.27)
and (4.32)

8§, =R3*=s,, &=R"Y*=s,, 8.=R'2 (4.39a—c)

Since (4.33)—(4.36) with R§* =1 is a completely coupled system of roll, streak and
wave equations, it is not necessary to separate roll, streak and wave components to
obtain parameter-free leading-order asymptotic equations. One can directly look for
travelling wave solutions to (4.3) using the scales in (4.39a—c):

l—c=R "%, v=wzi+v,, (4.40a,b)
w=R"*%, v, =R7*,, and p=R7"p. (4.41a—c)

This gives rise to the parameter-free canonical nonlinear eigenvalue problem presented
in §4.6. The far-field conditions on different azimuthal Fourier components are readily
deduced from discussions in the §§ A.2 and A.4. Unlike roll and wave components,
we find the remarkable feature that certain azimuthal streak components do not decay
as 7 — oo. This is similar to what was observed earlier by Deguchi & Hall (2014q)
in a different context.

4.2. Case (ii): 1/R8*8;3 < 1 (VWI: vortex wave interacting states)

We now consider the full implications of assumption (ii). A priori, this involves two
sub-cases (ii.a) 8,/8 =85 with (u, w) = O,(1) when 7= O,(1), i.e. there is no critical-
layer phenomena in the scaled (7, #) variables and wave nonlinearity is important
everywhere in this region; and case (ii.b) where (u, w) < 1 outside a critical layer of
thickness § < 1 (in the 7 variable) in the vicinity of the critical curve. In case (ii.a),
the only choice of distinguished scale in § that brings viscous term to the same order
as the nonlinearity corresponds to 1/R8?8; = 1, which is the case already discussed
in (i).

Therefore, we are only left with case (ii.b). It is clear that (4.28) and (4.29) reduce
to the following leading-order linear wave equations

52@ 32A2 ,0p
co——P+Wlow+u-V, (W——#)=-8—, (4.42)
83 (33 0z

32
(el — 8—?2 + W> du=-V,p (4.43)
3

except in a neighbourhood of =0 where

82
pi=cp— P+ W. (4.44)
83
It is possible to eliminate # and w altogether from (4.42) and (4.43) using (4.30)
and the following Rayleigh equation for pressure to the leading-order outside the
critical layer:

v 52 92
vV, - 1P + " (4.45)

8., ? 8%, 202
Ccy — —r +W Cy — —r +W
53 53
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It is known that when the critical curve is approached, the inviscid (u, w) blows up
like the distance from the critical curve. More precisely u - e, and w blows up like
1/u. Note that the scales 4, and §4 = §,/8 for perpendicular components u = (u, v)
and axial components w are based on the maximal value that these attain anywhere
in the domain; in particular this is based on their sizes in the critical layer, if there

is one. Outside the critical layer, they must drop by a factor of 8, ie.
(u, w) = 0(3) outside the critical-layer. (4.46)

Using (4.21), this implies that the size of the forcing in the roll equation (4.14) is
82/82 > 1 inside the critical curve of width §, whereas it is O((82/8%)5%) outside
the critical layer. Therefore, in the asymptotic limit R — oo, when the critical-layer
thickness 8 — 0, the forcing is in the form 8§8f2F ([x — X.(9)] /3), which reduces to
a delta function at the critical curve X.(s) provided

82 1 N
% =—, or &=2343d8"% (4.47a,b)
0 S

Now consider the critical-layer thickness §. Within the layer, u = 0(5), whereas
nonlinear terms are of size 87 '6,67'6;' and viscous terms are O(8 2(R838%)7").
Viscous effects are brought to the same order as the inviscid terms when we assume

§=08;"78"RS, (4.48)

If we brought nonlinearity to the leading order within the critical layer, then we
are forced to assume 8 = (8,87'87")"/2, which on using (4.47a,b), (4.13) implies
§ = (R8283)~5, which is far smaller than the expression in (4.48). Therefore, as we
approach the critical layer, viscous effects show up before any possible nonlinear
effect and the correct expression for critical-layer thickness is given by (4.48). This
also implies wave nonlinearity to be small in the critical layer. Note that (4.47a,b)
and (4.48), together with (4.13) imply

8, =881 = R™5/05)/°57%3 (4.49)
Thus, using (4.13), (4.27) and (4.49), (4.14) and (4.16) reduce to
U-V,U=-V P+ A U—-R*8 -V u)— R wou),
and V,.U=0 (4.50a,b)
52 1 2/3
3 3

With the assumption in this case, it is clear that the wave-averaged term (-) =o(1) in
(4.51). Therefore, it is clear from the streak equation that W = O,(1) implies

8y =48 4.52)
Therefore, from the scale information gathered thus far, we have

v, =8 'RT'UF, 0) + R/ Pu(r, 0, 2) (4.53)
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Ww=_38W(,0)+ R Pw(, 0, 2) 4.54)
p=R728’P(#,0) + R/%8%3p(7, 6, 2) (4.55)

and
1 —c=8%,. (4.56)

From (4.49) and (4.52), the critical-layer thickness in the 7 variable becomes
5= (RsH™'P. (4.57)
Note that § thus far is arbitrary except that (4.52) and 1/R838> < 1 imply
SRV (4.58)
The restriction on § when § < 1 arises from higher-order solvability as will be seen
shortly. With the scalings derived thus far, from definitions of Reynolds stresses S
and S, in (3.8) and (3.9), it follows that
Si, 82 = O,(RP§7). (4.59)

Using the scalings inferred in (4.53)—(4.56), (4.28)—(4.29) become

uow+u-Viu—eA w=Fs, (4.60)
uou+V,p—eAju=F, (4.61)

where
e=Ri54, w=c, —r>+w (4.62a,b)

Fy=-80p—€U-V,w—€lu-V w+wdw— (u-V,w)l+es?dw (4.63)
F=—eU-Viu—e®u-Viu+wiu—(u-Viu+wdu)l+es?d2u. (4.64)

It is convenient to define X = (u, w), which is in the space of divergence-free
functions, satisfying zero boundary conditions. Note that the full equations (4.60)
and (4.61), without any approximation, may be compactly written as

SX=R (4.65)

where R = (F, F3), and the projection [.ZX], is given by left-hand side of (4.61),
while the axial component of [[ZX], is given by (4.60). Note that the pressure p,
up to an unimportant additive constant, is implicitly determined in terms of X by
requiring X to be divergence free. We define the space of functions {Y}, where Y =
(u, w) satisfies zero boundary condition, and is dual to the space of functions {X}
through the non-degenerate pairing

X, X) = / @ -u-+ww)dv, (4.66)
2
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where £2 is the domain inside the cylinder domain truncated to a z-period. It is not
difficult to note that the adjoint .#" defined so that its projection in the perpendicular
plane and along the pipe axis are defined by

(LY, =—pdit—eA it —puV,w+V.g (4.67)
and the axial component of [.Z'Y], is given by
[ZTY] = 210w — e A W + 0.4, (4.68)
where the dual space is constrained by the two-dimensional divergence equation
V,-u=0, (4.69)

which determines ¢ in terms of (&, w) up to a constant. Noting the scaling (4.46) of
the waves outside the critical layer of thickness 8, given by (4.48), it follows that the
contribution of waves to F; and F given in (4.63) and (4.64) is relatively small and
to the leading order, we have the linear eigenvalue problem

ZLX=0. (4.70)
Without loss of generality, we may seek a leading-order solution in the form
X=¢“w?, w?) +c.c. 4.71)

Note that €A, term is retained in . to provide a uniformly valid representation as
€ — 0 in the critical and boundary layers. It is convenient to denote the leading-
order eigenvalue and eigenvectors as (ci, X¥) which itself will have an asymptotic
expansion in €, which poses no problem in the following argument. The behaviour of
X© outside the critical and boundary layers is inviscid to the leading order and given
by

X0~ e @®, why +c.c., 4.72)
where they satisfy
iopou? = —-v p? 4.73)
icpow® = —u® .V 4.74)
VvV, -u?® +iagw? =0, 4.75)
with
wo=cro—1+W. (4.76)

It is possible to eliminate (u”, w®) from (4.73)—(4.75) in terms of scaled pressure
which satisfies the Rayleigh equation

\v} (04}
VL-< P >=0. 4.77)
Mo

Within the inviscid approximation, appropriate boundary conditions for p’ inherited
from u” .7 =0 at the wall, would require

3,p" (67", 0)=0. (4.78)


https://doi.org/10.1017/jfm.2015.751

https://doi.org/10.1017/jfm.2015.751 Published online by Cambridge University Press

Travelling wave states 311

The Rayleigh problem can also be posed in a slightly more convenient manner by
introducing the conjugate variable @ so that

2
—iapou® = 9p 0 = 08,0, —iaiugr® = 8,p® = —iul8;. (4.79a,b)
r

Then, @ satisfies the elliptic equation
V- (ugV,.®)=0 (4.80)
with wall boundary conditions now translating to the Dirichlet condition
@', 0)=0. (4.81)

From this, it easy to see that when the critical curve is approached, i.e. uo— 0, then
the component of wave velocity tangent to the critical curve u” - e, blows up as
1/1o while e, - V p®® = O(1) and the normal component ey - V p¥ = O(u,). Also
from the inviscid equation (4.74) for w”), it follows that w® also blows up as ;.
This information allows one to construct an inner equation when po = 0(8) = O(e'/3)
where e, - u®, w® = O(5~") = €3, implying from (4.72), and matching with the
inner solution involving Airy functions, that X© must be O(1) in the critical layer,
while X© = O(e'/?) outside. There is also a boundary layer at the wall where the
inviscid behaviour of X© is modified, but this does not play a role in the argument
below since waves decay fast in 7 (see § A.4) and therefore, the wall boundary layer
for waves is weak. Note that the leading-order analysis does not constrain é or «. For
this, a higher-order correction needs to be included.
It is convenient to expand X and the corresponding scaled wave speed ci:

X:X(O)+X(l)+"', C1:C1’0+C1,1+"'. (482a,b)

Aside from assuming that XV <« X©, ¢, <« ¢, it is convenient not to assume
particular scalings in the higher-order correction at this stage. Then, it is clear from
(4.65) that X! satisfies

g(O)X(l) — R(O) _ Cl,lazX(O)» (4.83)
where .Z© is the operator ¥ with =, and
[R(O)]L — F(O) — eiaZ(_eU . Vlu(o) _ 60{2821{(0))

— %2 yO v 4@ +iawPu®) 4+ c.c. (4.84)

[RO) =F = e*(=ias’p® — eU - V1w — e8’a’w”)
— %X yO L v w9 +ia[w @) +c.c. (4.85)

The solvability condition (we are assuming, as expected, that the null space of £ is
orthogonal to the range of .Z) implies

1Y, 9.X%) = (¥, R), (4.86)
where Y = (#, w) is any solution to the adjoint problem

LY =0, (4.87)
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where the perpendicular and parallel projections of .Y are defined by (4.67)
and (4.68), with © = uy. We now look at the null space of .Z".

The leading-order behaviour of the solution to 7Y =0 as € — 0 is discussed in
§ A.1. It emerges that if we rescaled variables so that Y = (&, w) = O,(1) inside the
critical layer of thickness 8 =¢!/3, then outside the critical layer,

Y = (@, w) = 0(8%) = 0(e*?). (4.88)

Now, we are ready to estimate the terms on the left- and right-hand side of (4.86).
Because of (4.46) and (4.88), with § = €'/3, it follows that the contribution from
outside the critical layer to (Y, 3.X?) is O(e), which is far smaller than the O(e!/?)
contribution from the critical layer, noting the integrand to be O(1) and the thickness
to be O(8) = O(¢'/?). Therefore

(Y, 3.X9) = 0,('?). (4.89)

Now, we consider the scaling of the right-hand side in (4.86). We note that inside
the critical layer, U - e, = O(1) and U - ey = O(8) = O(e'/?), which follows from the
continuity equation (4.11). Therefore,

(e [RV])=—eU -V, u® =0C(), (4.90)

whereas it is O(e*?) outside the layer. On the other hand, we have inside the critical
layer
(e [R™])) = —ias’p® — eU -V, w? =0(8?, e), 4.91)

whereas outside it is O(82, €*?). Note that the pressure term outside remains of the
same order as inside the critical layer. Therefore, from expression of the inner product,
it follows that

(Y, R?) =0(8%'3, €*?) (4.92)

is dominated by the contribution from the critical layer. It follows from (4.86) that
c11 = 0(8%, €), with the O(8?) term including o dependence, whereas there is no «
dependence in the O(e) term. Note that this calculation must result in

Im C11 =0. (493)

With the normalization already chosen, the complex coefficients of 8% and € on the
right-hand side of (4.92) are completely determined by the eigensolutions of the
leading-order equation both for the original as well as the adjoint problems. (We are
assuming, as might be expected, the non-degeneracy of the eigenvalues.) Therefore,
the only generic way in which (4.93) can be enforced is by requiring

$—c= . implying =R (4.94)
=€= o5t plying o = . .

Note that from the same equation, since a appears together with §* in the O(8%) term,
the constraint (4.93) also constrains «.
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4.3. Far-field roll behaviour

Using 83 =82 in (4.50a,b) and taking the curl Vx, we obtain the two-dimensional
roll-vorticity equation:

Alwo=U-V, o+ RN (V. x (u-V u+wdu)), (4.95)

where the roll velocity U = (U, V) = ((1/7) s, ¥;). Here ¢ is related to streamwise
vorticity o through
ALY =w. (4.96)

It has been argued in § A.2 that in the far field, where 7>> 1, the contribution from
the wave terms in (A 32) are negligible and systematic analysis of (A 32) suggests that
if we express

Y= Yy sin(mono), 4.97)

n=1
then for rolls with 4-fold (i.e. my =4 in (4.97)) azimuthal symmetry, as observed for
the C2 solution, we have

VYan ~ 72" for n> 1. (4.98)
This implies that the corresponding roll velocity components
(Usn, Vay) ~ 77271 forn>1, (4.99)

On the other hand, for only 2-fold azimuthal symmetry (m,=2) of rolls, as observed
for the C1 solution, we argue in § A.2 that

Vo, Yu~7% and Y, ~7 " Ini for n>3, (4.100a,b)
implying
(Uy, V), (Us, Vi) =0G3) and  (Usy, Vo) ~7 2 Int for n>3. (4.101a,b)

4.4. Far-field streak behaviour
Note that the streak satisfies
AW==20U+V_,-UW)+ RV - (uw)). (4.102)

Once again the wave contribution is argued to be sub-dominant in this equation in the
far field, and using the far-field behaviour of rolls, it has been shown in § A.3 that if
we express

W 0) = W, (%) cos(nmgf), (4.103)
n=0
then in the case of streaks with 4-fold symmetry (my=4),

WO ~ ;\.72, W4n ~ ?72n+2 for n > 1’ (4 104a,b)

so that the 7 > 1 behaviour of W is dominated by the n = 1 mode resulting in
W(r, 0) ~ Wi(7) cos(40) ~ cos(46). On the other hand, when mg =2,

Wo(r) ~772, War~éy, Wa~éy and Wy, ~# " In# for n>3, (4.105a—c)

for some constant ¢, ¢s. In this case, the 7>> 1 asymptotics are dominated by the 2
and 4 modes resulting in W(7, 0) ~ ¢, cos(20) + ¢4 cos(40).


https://doi.org/10.1017/jfm.2015.751

https://doi.org/10.1017/jfm.2015.751 Published online by Cambridge University Press

314 O. Ozcakir, S. Tanveer, P Hall and E. A. Overman
4.5. Far-field wave behaviour

In the regime §'(1 — R~Y/2*¢) > 7> 1, when nonlinearity as well as wall boundary-
layer effects are absent, the equation for pressure (4.45) with the representation

P=>_ pulF. 2)cos(md), (4.106)

m=0
satisfies the following equation to leading order:
2

3 m
;1 m ~2 1[ m 526121:m O' (4.1();)
T

2
B;Pm - X
7

It has been shown in § A.4 that
PP 2) ~ Dy (72N e (4.108)
from which it may be deduced that the m-azimuthal mode for m > 2
(U V) ~ FV 1, (4.109)
By using (4.74), it may be deduced that the corresponding streamwise component

Wiy ~ PV, (4.110)

m

The results (A 74) and (A75) are valid for any /> 1, though the constants omitted in
the ~ relation can depend on [.

4.6. The canonical parameter-free problem for NVC states

Using scaled variables (4.40a,b) and (4.41a—c), (4.3) transforms into the following set
of scaled nonlinear equations

(1 =P+ W, +0, - V0, =—V p+A0, +8020, (4.111)

(=P 4+W)ow+d, -V (e, —P+Ww)=—-8%p+ ALWJFSZE);W (4.112)

. ow
Vv, +—=0. (4.113)
0z

To the leading order, 6> = O(R~'/?) and thus it might appear that all terms involving §
should be ignored. However, the streamwise momentum equation (4.112) along with
(4.113) implies

d 27w 00 2n oo
— {/ / (cl—f»2+fV)Md?d9}:—5zaz{/ / fr?d?d@}. (4.114)
dz LJo Jo o Jo

As § — 0, we see no reason for the left-hand side to be zero; thus we have to account
for the singular limit: §%0.p — H'(z) as § — 0 for some periodic function H(z). (Recent
numerical calculations suggest that this is indeed the case.) This leads to the following
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fully-nonlinear parameter-free eigenvalue problem in the infinite domain 0 < 7 < oo,
27-periodic in both 8 and «az describing limiting NVC states in a pipe:

(Cl —;’2+V’{/)8Zi\)L+f)l'Vll’)l:_vj_ﬁ'i‘AJ_ﬁj_ (4115)
(c1 =P 4+Wow+v,-Vi(cg—P+Ww)=—H @)+ AW (4.116)

has to be solved together with divergence condition (4.113), which is qualitatively
analogous to a problem in boundary-layer flow studied by Deguchi & Hall (2014a).
The far-field behaviour of rolls, streaks and wave components of the travelling wave,
discussed in §§4.3 and 4.5 gives the relevant far-field condition for different Fourier
components of v, and w.

5. Comparison between numerical computation and asymptotics

First, for VWI states when § =1, the R~' scale for rolls, O(1) scale for streaks and
a maximal wave amplitude of O(R™%%) occurring in a critical layer of width R~!/3
are, as expected, the same as Hall & Sherwin (2010) theory for channels. Because
(1 —¢)"'=0(1), and the critical layer is not close to the pipe centre, the geometric
difference between a pipe and channel does not make any difference to the scale
prediction. Indeed, the reported scale for rolls and critical-layer thickness from direct
numerical calculation by Viswanath (2009) for the S antisymmetric state is consistent
with this prediction. Since asymptotic theory predicts that the wave-amplitude scaling
R™%% only persists over a layer of thickness R™'3, and drops down to O(R™"/%)
outside the layer, it is clear that the kinetic energy of the waves is dominated by
the critical-layer contribution and scales as R™2. The square root of the kinetic
energy for / =1, which is the dominant contribution, reported in Viswanath (2009)
is R7%%, not far from asymptotic theory. As mentioned before, we were unable to
achieve numerical convergence for WK solutions for values of R much larger than
approximately 11000 and so the agreement with the asymptotic scaling results for
VWI-states is only qualitative.

On the other hand, the numerically computed C,, C, solutions appear to suggest a
shrinking structure near the centre of the pipe as R increases. For such cases, we have
identified two theoretical possibilities in the §4 as R — oc:

Case (i) corresponds to a nonlinear viscous core with radial scaling § = R~
with axial component of both streak and waves scaling as 8; = 8, = 8> = R™!/? while
perpendicular components of both rolls and wave-velocity scaling as §, = 8, = §° =
R4, In this case, the wave speed perturbation 1 — ¢ scales as 8. = 8> = R™'/2. The
canonical equations that arise have been presented in §4.6.

Case (ii) corresponds to a shrinking VWI state where § =R~/6, §; =8, =86>=R"'/3,
8, =R5/6, 8, = R5/6§13 = R71/9, §, = R-5/6§~4/3 = R-11/18,

We notice from table 1 that §;6 ~ 1/R, and §. =~ §; as expected from the theory
in either case (i) or (ii) though for the smaller o value, C2 solution shows a marked
departure. We also notice that 8, 8,/8 as expected from theory. However, §2 ~ R=046
is not as close to 83 ~ R™%% as expected from R — oo consistent scaling. Nonetheless,
the observed wave stress S;, S, scaling in figure 21 is consistent with asymptotic
scaling argument R—>/3§75/3, Since our numerical results on improved resolution did
not change the scales significantly, our conclusion is that the R — oo asymptotic has
been attained for some, but not all quantities. This should not be too surprising since,
for instance, the scaling of the radial roll component seen in figure 15 shows that in
some instances the largest-amplitude azimuthal component has a steeper slope than the

1/4
b
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second largest. Clearly, if the same slopes persist, the one which does not decay as
rapidly with R will have to dominate eventually. In this connection, it is to be noted
further that Deguchi & Walton (2013) numerical scaling results for spiralling centre
modes in a pipe were in agreement with Smith & Bodonyi (1982) asymptotics for
R > 10%; hence it is not unexpected that our finite R scaling results for R <2 x 10°
should deviate from R — oo asymptotics.

To the extent that the observed core scaling & (see table 1) in the numerically
calculated range of R is much closer to the theoretical R™'/* scale for NVC states
than the R~'/® predicted for shrinking VWI states, we believe that the C1-C2 solutions
are finite R realizations of the NVC states. There is of course significant discrepancy
between the numerically computed and asymptotically predicted §3, §., but we believe
this is because the R range of calculations is not sufficiently large. It is noteworthy
that 1 — ¢ versus R curve consistently drifts towards a steeper slope for larger «,
suggesting that this is indeed the case since in the wave analysis, «R, appears as
a single large parameter. In this context, it may be pointed out that the (1 —c¢) ~
R~'3 asymptotic prediction of spiral states of Smith & Bodonyi (1982) is not realized
accurately in numerical observations until R > 10%. Also, the Reynolds stress contour
curves in figure 22 show that they are significantly spread out from the critical curve,
which is quite different from the typical clustering observed in the VWI solution
(Deguchi & Hall 2014b).

6. Discussion and conclusion

In this paper, we report the numerical computation of travelling wave solutions
with shift-and-reflect symmetry through a numerical continuation process involving
small alternate wall suction and injection in the azimuthal direction. Through linear
stability analysis of the base state in the presence of suction—injection at a critical
Reynolds number, a neutrally stable mode was used to determine an initial guess
in a Newton iteration procedure to determine the finite-amplitude travelling wave
solution. Far from the Hopf-bifurcation point in the parameter space, solutions were
continued until suction—injection was completely turned off. This allowed recovery of
previous solutions of Wedin & Kerswell (2004), which provided an additional check
on the numerical code. Though restricted only to solutions with 2-fold azimuthal
symmetry, the process of calculation also resulted in the discovery of two previously
unrecognized solution branches, marked by a collapsing structure near the centre
of the pipe. We present many features of these solutions, identified as C1 and
C2, including scaling of the lower branch with Reynolds number in the range
5x 10* <R <2 x 10°. The C2 branch of solution possesses shift-and-rotate symmetry,
besides the shift-and-reflect symmetry, resulting in streaks and rolls having 4-fold
azimuthal symmetry.

We also presented general asymptotic arguments for R — oo to identify all possible
scalings as R — oco. For asymptotic states where the axial wavenumber is independent
of R, we identify two possible classes of solution. The first is a nonlinear viscous
core (NVC), with core radius § = R™!/4, where axial components of fluid velocity
scale as R~'/2, while velocity components perpendicular to the pipe axis scale as R—/4.
In this case, the wave speed c satisfies (I —c¢) ~ ¢;R"'/? as R — oo, where ¢, is
some order one constant. In the shrinking core, the inner equation is a fully nonlinear
eigenvalue problem with c; as the eigenvalue; the equation resembles a fully-nonlinear
Navier—Stokes with R=1. This nonlinear viscous-core state is similar in many respect
to the ones discovered by Deguchi & Hall (2014a) in a boundary-layer flow. While the
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wave and roll components are localized in the shrinking core with algebraic decay as
one moves away from the core, the streak component, though small, is the same size
inside and outside the core, until wall effects become important. Unlike the boundary-
layer flows of Deguchi & Hall (2014a), there is no exponential growth of streak
magnitude; instead some azimuthal component remains constant. We present evidence
to suggest that the computed C1-C2 solutions are actually a finite R realization of the
NVC states with 2-fold azimuthal symmetry.

A second possibility is a class of vortex wave (VWI) states, which have rather
different asymptotic structures from NVC. We identify, two sub-classes of VWI states,
with core width § =1 or § = R~'/® depending on whether or not the vortex wave-
structure collapse towards the pipe centre. For a vortex wave (VWI) solution, small
linear waves of amplitude O(R™/°§%3) concentrated mostly in a critical layer of
width 85 = §(R8*)~'/* drive rolls of magnitude O(R™'8~'/%) which generate streaks of
magnitude §°. In this case (1 —c) = 0(8?). Outside the critical layer, where viscosity
is important but nonlinear interactions are still small, the wave components become
smaller by a factor of § = (R§*)~'/3. When § = 1, the scalings of these vortex wave
solutions match those of Hall & Sherwin (2010) in a channel flow, and comparison
with the so-called S-antisymmetric numerical solution of Viswanath (2009) suggests
that his solution is a finite R realization of VWI states. Qualitative comparison with
data suggests that the same is likely true for the Wedin & Kerswell (2004) solution,
though a more quantitative comparison is hampered by our inability to continue the
Wedin & Kerswell (2004) solution beyond about R =11 000. In the case of a shrinking
core 8 < 1, the conclusion that § =R~!/° is the only possibility requires us to consider
how neutral modes are perturbed by higher-order effects, and the viscous critical layer
plays a paramount role in this consideration.

To the extent that both VWI and NVC states arise from asymptotically small
perturbations of the basic Poiseuille flow, their relevance to transition in turbulence
is already recognized. In this context, we note that the shrinking core states have
waves and rolls scaling with larger magnitude than for § =1, in that sense, it takes a
larger perturbation from Poiseuille to reach these new states. On the other hand, these
shrinking core states have less interaction with the pipe boundaries, and are therefore
likely more robust to perturbations at the boundaries. The stability and control of these
states, which are likely to have slow and low-dimensional unstable manifolds, are
important matters for further research with both theoretical and practical implications.
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Appendix A
A.1. Adjoint equation analysis

Here we determine € — 0 asymptotic behaviour of null-space solutions to the adjoint
operator .7 defined in (4.67) and (4.68).

Note . i =0 implies
Modlt + €At =—poViw+Vig (A1)
21003 + €A W = d.q (A2)
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along with the 2-D divergence equation (4.69). From (4.84) and (4.85), it is clear that
non-trivial condition in (4.86) can arise only when the z-dependence is either in the
form e*** or e*?*, We will only consider e*** dependence since the inviscid adjoint
problem is, with change of variable, the same as the Rayleigh equation for pressure
where the eigenfunctions have e!** dependence. We need not consider eigenfunctions
with e~ dependence since they do not produce an independent relation.

Outside the critical layer, using (¢) =0 = (w), the inviscid leading-order balance in
(A1) and (A2) implies

— ol = puoViw—V,q (A3)
—2uoiaw = —iag. (A4)

Substituting g = (2/140)g, (A 4) into (A 3) and (A 4), it is clear that V| -# =0 implies

V.:
vL.< gq)=o (AS)
Mo
and that .
//L()ICUZ = 7Vlé (A 6)
Mo

The condition & =0 on the wall immediately implies the Neumann condition
%q(8~",0)=0. (A7)

The inviscid approximation (A 5) with boundary condition (A 7) to the adjoint problem
is, as expected, the same as for the original pressure function because the Rayleigh
equation is in the self-adjoint form. Therefore, from previous arguments for pressure
p, as the critical layer is approached

Ai(s)
Ao(s)

e-Vig~—A(s), en-Vig~— ( > o Wwhere Ag=|V L uol, (A8a,b)

where s denotes the coordinate orthogonal to Vy, and e; and ey denote unit vectors
in the direction of increasing s and increasing . From the inviscid adjoint equation,
the following behaviour is implied as the critical layer is approached

- As) ,
w~———, where A| (s) = —A;(s) (A9)
Mo
N s Ay (s)
u-e,~—, where Ag(s) = —— (A 10)
Mo 1o
A 1 (A '
fi-ey~ "N, whereAN:—,< ‘(s)> . (A1)
" i \Ag(s)
We introduce critical-layer inner variables
o =Ay8n (A12)
A . Ay A Ay 2Ay
€ m , u-ey m%, W m%, q me@ (A 13a—d)
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The axial velocity results in
QianW + o, W =2ia 2. (A14)

The velocity component in the perpendicular plane in the direction of increasing (g
results in the following leading-order balance

—nd, ¥ +29,2=0. (A15)

Equations (A 14) and (A 15) are self contained and come with the matching condition

1 1
WN—Z, 9~ — as n— too. (A 16a,b)
n n
The tangential velocity equation in the perpendicular plane in the inner-scale becomes
ion? + 857/ =iaZn, s), (A17)
where
Rn,s)=Q22—nW)+B(s)3W, (A18)
with 247
w
B(s)=———. A19
(s) 3o (A19)

We note that the term independent of s in (A 18) has the asymptotic behaviour 1/n
which dominates B(s)d>%# ~ 6B(s)/n* as n — +o0, while divergence equation implies

062U + 7V +Bi(s) 2V +nd, V) + By(s)d, ¥ =0, (A20)
Where Ag(s) 2A7 (s)By(s)
__As\s) __ “A08)BolS

B9 =1 ay BO="50 5 (A21a,b)

Note that 2 can be eliminated from (A 14) using (A 15) implying
BW +iand Wy + 2iaW =0. (A22)
The solution with asymptotic behaviour % ~ 1/n* has the representation
W (n) =e "Pa?PFe ™% Pn), (A23)

where F satisfies
F'—F —7F=—1. (A24)

This has a unique solution with behaviour F(z) ~1/7* as €™z — 400 given by

47 B Ai (Z‘E) AT (a)‘lzt)
A (! / dr — Ai / atle zo) }
F(2) = - «/_—i-l)z{ (0 '2) T '(2)

where o = e*™/3. (A 25)

To check that (A25) is regular at z =0, we integrate by parts and use the Airy
equation to obtain

4m L (2 L y © (7 ,
F(z):m (Al (5) /OOAl(Z)dZ — wAi'(2) /WAI (w) dz>, (A26)
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which is manifestly regular at z=0. Further, from the form of F, it is clear that it is
a derivative of a function G(z), whose asymptotic behaviour as €"/%z7 — +o00 is given
by G(z) ~ —1/z. Thus it follows that ffooo # (n)dn=0. Once # is determined, (A 14)
is used eliminate 2 from (A 18). Defining

V(n, s) =W (n) +iaB(s)e " Pa?PHe ™' n), (A27)

it follows that H(z) satisfies
H' —zH=F". (A28)

The solution for H(z) that decays like 77> as e™/°z — Zc0 is given by

H(z) = _4n <Ai (5) / ) Ai(Z)F'(7) d7 — Ai(z) / " AQ <Z> F'(2) dz’) :
(V3 +1) 0/ Joo . w
(A29)

Note that the fast decay of H(z) ensures ¥ (n, s) ~ # (n) ~ 1/n* as n — £oo. Once
¥ is known, then (A 20) may be used to determine %/ .

The upshot of this calculation is to demonstrate that inner—outer matching is
possible for the adjoint problem and that if we rescaled our adjoint velocity variables
so that within the critical layer,

(w, w) = 0,(1) (A 30)
then outside the critical layer of thickness § = €'/? = (R§*)"'/3, we must have

(@, w) = O(e*?). (A31)

A.2. Analysis of far-field rolls

Here we give the details of the consistent asymptotic behaviour of rolls U for large 7.
This will be used in the following section to confirm that streak terms do not decay
with 7, explaining the numerical observation that for C1-C2 states, streaks do not have
the collapsing structure as R — oo as do rolls and waves. The ensuing argument is
restricted to flows where the rolls have my-fold azimuthal symmetry for my =2 or
4, corresponding to the C1 and C2 solutions computed numerically. Also, it is to be
noted that the same analysis is valid for nonlinear viscous core (NVC) states, i.e. when
§=R"'* in the regime §~!> 7> 1.

Using 83 =62 in (4.50a,b) and taking the curl V| x, we obtain the two-dimensional
roll-vorticity equation:

Alw=U-V, o+ RHNPZ- (V. x (u-V u+wdu)), (A32)
where roll velocity U = (U, V) = (1/#yg, —;) is related to @ by
ALY =o. (A33)

This is supplemented by regularity at the origin and wall boundary condition
Y7L, 0) =0 =3y, ). Recall the property (4.46) of the waves outside the
critical layer of thickness 8 = O((R§*)~'/3) « 1, then the forcing from the wave outside
the critical layer in (A 32) is O((R8§*)~'/%), and therefore small when § > R~'4. In
all cases, it is at most O(1).
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In the far field 7> 1, as will be determined in § A.4, the wave components decay
rapidly (see (A74) and (A75)), which is consistent with numerical calculations of
C1-C2 states. Because of this rapid decay, it is consistent to neglect the contribution
of waves to the Reynolds stress terms in (A 32) since the particular solution to
this forced equation decays much more rapidly than the solution to the associated
homogeneous equation whose decay properties we now investigate. If U = o(77!),
then it is consistent to assume that the large 7 behaviour is dominated by solutions
of Laplace’s equation for vorticity w, and hence a biharmonic equation for . In that
case, the streamfunction ¥ is expected to be dominated by the least decaying solution
in 7 of the biharmonic equation which is a multiple of 7#~"0*2 sin(my6). For my = 4,
this assumption is self consistent since the corresponding U = O(773) = o(77!).

On the other hand, if my = 2, if we assumed that the streamfunction  is
dominated by the least decaying solution of the biharmonic equation, then we
arrive at U = O(7~"), implying U - V ,w is of the same order as A, in (A 32). This
is inconsistent with neglecting U - Vw. Nonetheless, it is to be recognized that the
non-generic situation 1 ~ 772 sin(26) for the biharmonic solution is a possibility for
mo =2, in which case it is consistent to ignore U -V, w.

In order to recognize the role of forcing and wall boundary conditions and
determine this non-generic situation where the least decaying behaviour is suppressed
for any particular my, it is better to formulate an integral equation approach. The
equation for coefficient of sin(m6f) for streamfunction ¥ may be written as

2
@ + ;5 B ;‘2) wm = [VJ_ ° (Ua))]m + (R84)I/3(VJ_ X (u ° VJ_u + waz”))m

<d2 1d m?

= F, (%) (A 34)

with the polar coordinate representation of the mth azimuthal mode
U=, V)= (5 cosmd) (i), —v;,() sinmd) ). (A35)
7

The solution to (A 34) satisfying the no-slip condition at the walls, v,,(§7') =0 =
¥’ (87"), and which is regular at the origin is given by

7 = ; 3—m _ —m ’ 34+m
Y (F) = S — 1) {(m—l—l)r’"/ F,r"dt+ (m— Dr /OFm(t)t dr

— (m—l)?m+2/ F, (Ot dt — (m+ 1)i*~ m/ Fm(t)t”’”dt}
51 0

+ A, 7" + B, i7", (A 36)
where

82m 5! 51
A, =— F,Of ™" dt+ —— / F,(0¢" " dt A37
Sm/ ) +8( 5 J, @) (A37)

62m+2 82m 51
- / £E, (1) dt — / ", (1) dt. (A 38)
8(m—|— 1) 8m Jg

Thus, since the Reynolds stress term from waves is negligible, we have F,, ~ [V :
(Uw)],n. Now, we have V w= (3w, (1/F)dw).
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A.2.1. Leading-order roll asymptotics for 4-fold (mg=4) symmetric solution

For a state, such as the C, state, where we have shift-and-rotate symmetry besides
shift-and-reflect symmetry, there is a 4-fold symmetry for rolls and streaks, though
not for waves, in which case the streamfunction corresponding to the rolls may be
expressed as ¥ = E;’il Yy, sin(450). It follows that

= N . 165> .
0= wy® sin@4j8), where —wy(®)=ViH + 5 w4j() ?j VP,  (A39)

J=1

and

U.-V,o= Z ( Va (P} (7) sin(4j6) cos(4k6) — A'wf‘k(?)wz;j(?) sin(4k0) cos(4j9)> .
Jk=1

(A 40)
It is consistent to assume (see (A74) and (A75) in the ensuing) that the wave
contribution to F,, (m =4n) is small and so

n—1
F,~[U-V, 0], Z{z(" )

J=1

“(2k ., .
+ Z {?¢4k(r)w4n+4k(r) +
k=1

1p4(n —j) (r)a)4j(r) A 1//4/1(”7/') (;')a)4j(;>)}

2(n —|— k)

‘/f4k (")w4n+4k (”) }

00 2 . 2
=S { (n r+ J)) Vg (Pl (F) + ;x/f;n+4j(;)w4j(})} . (A4D)
j=1

It is clear from the above expression that the contribution to F,, for m >4 in the range
1 <7<« 87" must come from the first term while for m = 4, there is no contribution
from the first term. It is not difficult to conclude that for n> 1, Yy, ~ 772", wy, ~ 7272,
while Fy~771°, and for n>2, Fy, ~7# %" In particular, for n=1 (m =4), we obtain

from (A 36) that

51 51
Ya(F) = { —5772 / F,f dt + 377 ( / Fut’ dt> +0(f»6)} , (A42)
480 0 o

which implies that the leading-order behaviour of the roll in the far field is
1
U= (U, V)~ = (4cscos(49), 2¢4 sin(40)), (A43)
F

where ¢, is the coefficient of 772 in (A 42) where the higher-order harmonics decay
even faster.

A.2.2. Leading-order roll asymptotics for 2-fold (my=2) symmetric solution

Now, consider the asymptotics for states with 2-fold azimuthal symmetry, so that
m="2n for integer n > 1. We mentioned earlier that the least decaying solution to the
biharmonic equation corresponds to Y = sin(26), which is not consistent with neglect
of U-V,w.
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Therefore if U =0(~") for 7>> 1, we have to seek the leading-order streamfunction
solution of the fully-nonlinear equation (A 32) (neglecting the wave contribution) in
the form

Y =F(@0), (A44)

where the corresponding velocity (U, V) = 1/#(F'(6), 0) having m-periodicity in 6.
This leads to the nonlinear ODE

2F (0)F"(0) + 4F"(0) + F(0) = 0. (A 45)
The first integral gives
A
G = —31 1+ 6G?, where F'+2=—-6G (A 46)

implying on integration
G* =4G* — A,G — A,. (A47)

This has a solution in terms of the Weirstrass elliptic function L(z + C, w;, w»).
Requiring 1 periodicity of a real-valued solution gives rise to a one-parameter solution
family characterized by a; in the following representation:

GO) = Z a; cos(2k6). (A 48)
k=0

However, any such solution must correspond to no net radial flux through a cylinder
7 =T, since the flux through the other boundary 7 = §~! is zero. This implies that
F(#) must be also m-periodic in 6, implying that

™ 1
/ (6G(0) +2)d6 =0 implying ay=—7. (A 49)
0

The only solution that corresponds to this is a; =0. This can be seen easily through
a perturbation expansion in the parameter a;. Straightforward perturbation expansion
and requirement of periodicity shows

1 2 3
G@) = —3 + a; cos(20) + %(—2 cos(49) +1) + 6—461? cos(66)

4 5
a a
—(—4 80) +4 40 1
+512( cos(860) + 4 cos(40) + )+4096
6 3 3 3
il —= cos(120) 4 cos(86) — = cos(40) — — | + O(a)) (A 50)
2048 \ 8 4 16 7

(5 cos(106) — 9 cos(66))

There is no freedom left in satisfying ap=—1/3 when a; # 0 but small. The same is
true when a; is not small, but this requires using the elliptic function representation.

We are forced to conclude that the assumption that U = O(77!) is inconsistent with
no flux through the surface 7=y, which in turn is necessary for no flux through the
boundary walls. Instead, we have to look for non-generic solutions of the biharmonic
equation A%y =0 in the far field for which v (7, 8) ~ 1/7* sin(20), in which case
it is consistent to ignore U - V w in (A32). With this assumption we return to
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the integral equation (A 36), now with the representation ¥ = Z;; Vo (7) sin(2j6).
It follows that

. AN ol . ~ " 1 ’oen 4]2 A
w= Z wy;(r) sin(2j0), where —awy;(7) = %j(”) + ;%j(”) — ;TWZJ(”)’ (AS51)

j=1

implying

U-V, o= Z( Vo (P (7) sin(2/6) cos(2kA) — Aiwgk(?)wzj(?) sin(2k6) cos(2j0)>.
k=1

(A52)
It is consistent to assume that the wave contribution towards F,, is small (see (A 74)
and (A75) in the ensuing); this implies

Fm ~ [U ° Vla)]m - Z { (n J) lpZ(n = (r)a)2j(r) ~ wé(nfj) (;")0)2](;')}

Jj=1

(+k

+ Z { Yok (P () + - w2k<r>w2n+2k(r>}

=S { Dy + L Dy | A53)
=1

It is consistent to assume F,, Fy, Fg~ 778, Fy, ~ 7~ @2 log# and v, ¥y ~ 72 and
Yo ~ 772 In7 for n >3, provided we satisfy the non-generic condition

51
/ F,(0)dt=0. (A54)
0

Then, in particular for m=2 (n=1) from (A 36), we obtain

1 o
Vo () ~ — {?—2 ( / F,()? dt) + 0(%—4)} ) (A 55)
48 0

The non-generic assumption (A 54) is forced on us, as otherwise a fully-nonlinear
analysis with the ansatz i = F(0) in the roll-equation revealed no acceptable solution.
Therefore, we conclude that with 2-fold symmetry (m,=2), we must have

1
U=(U,V)~ (2cyc08(20), 2¢, sin(20)), (A56)
P
where ¢, is the coefficient of 772 in (A 55).

A.3. Analysis of far-field streaks and absence of log correction to leading order

Now, we present the details of the behaviour of streaks in the far field. Consider the
full streak equation, which on using the divergence equation, may be written in the
form

AW==2fU+V - UW)+ RH (V- (@w)). (A57)
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Now, we have

W, 0) = Wi, (#) cos(kke) (A58)

k=0

and therefore, in particular
1 [ _
Wo(F) = — / W(r, 0)do =:W. (A59)
27 0
Since Uy(r) =0, it follows from (A 57) that W, (r) satisfies

1d /.d - p— .
T <rAW0> =V, - (UW)+ (RSH (V- (uw)) =: My(7). (A 60)
rdr \ dr

Therefore, using regularity at the origin, and W(8~') =0, we have from integration
of (A 60)

7 d/ v 7
Wo(h) = / - / sMy(s)ds= [ (In# —In $)sMo(s) ds
st Jo 51
51
+ (/ sMO(s)ds> (In?—1ns™h). (A61)
0

However, using the divergence condition and pipe-wall boundary condition at
7=248"", the expression (A 60) for My(7) implies

51 1 5! 21
/ sMy(s)ds = / ?d?/ dov, - (UW)
0 2m Jo 0

o 21t /a 5! 27
+(R34)—2/3m / dz / Fdr / dOV - (uw)| =0. (A62)
0 0 0

It follows that W;(§~') =0. This implies that the period-averaged friction at the wall
remains the same as for Poiseuille flow. However, since the calculation is with a fixed
pressure gradient, the flux for these new travelling states is smaller, and hence the
friction factor is higher. On integration by parts, and using the expression for M,
(A 61) implies

Wo(7) = / ' (TW + {uw))(s) ds. (A 63)
51

The integral representation (A 63) also explains the flatness of the k=0 mode of the
streak in the neighbourhood of the origin as the integrand is small when both rolls
and waves are small, as found in the numerical calculations. Now, consider the mth
azimuthal component of the wave which in scaled form satisfies

2 1d m 1\**
<d?‘2 + PO ;,2> W, =-=2rU, +[V_.-(UW)],+ <R§4> (Ve@w))m =:M,(r),
(A64)
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where the subscript m denotes cos(mf) Fourier-component for m > 2. Therefore, by
requiring W,, to be regular at # =0 and to be zero at #=4§"", we have

o ;‘m ; —m ;‘7m ; m ~m
Wm(r)z/ p' "M, (p) dp—/ P M, (p) dp + B, ", (A65)
2m Js-i 2m J,
where ]
82m 8~
Bm = < PHmMm(P) dp (A 66)
2m J,

A.3.1. Far-field behaviour of streak for 4-fold symmetry (my=4)

We now consider the behaviour of M, using the behaviour of the rolls Um =
(Un, V,) derived earlier, for m = 4n, n > 1. These are the 4-fold azimuthally
symmetric roll and streaks for states such as C2 that we have computed. We
have already deduced that v4,(7) ~ 72" for n > 1 and therefore, it will follow
that (Us,, Vi) ~ 77271 Tt is consistent to assume (see (A74) and (A75) in the
ensuing) that the wave contribution to M,, is negligible and hence from the decay
of (Usy,, Vay,) it follows at once that My, ~ 72", Wa, ~ 72" for n > 1. We also note
that this implies that M,, which has no contribution from the 2rU, term, will have
the asymptotic behaviour 7~ and therefore the asymptotic behaviour of Wy(r) ~ 772
in the regime 1 « 7 <« 8. In particular, we note that the streak has a dominating
contribution like W (7, 0) ~ W4 (7) cos(46) ~ cos(46) in the asymptotic regime. In other
words, the streak does not decay and continues to the far field, until the wall effect
becomes important. This is seen in figure 18, though limitations in the largeness of
R, the regime 1 <7<« 38! is not quite visible.

A.3.2. Far-field behaviour of streak for 2-fold symmetric states

We now consider the behaviour of M,,, using the behaviour of rolls f/m =W,, V,)
derived earlier, for m = 2n, n > 1. These are the 2-fold azimuthally symmetric roll
and streaks for states such as C1 that we have computed. Recall, we derived 1,
Yy ~ 772, Yo, ~ 722 In 7 for n > 3. This implies (U,, V,), (Us, V4) = O(F3) and
(Uzn, Vo) ~ 7721 In 7 for n> 3, implying from neglect of the wave contribution (see
(A74) and (A 75)) that M,, My~ 772 and M,, ~ 7 > 1n#, for n> 3. This implies that
W, ~ ¢,, Wy ~ &, which are constants, and W,, ~ 772" In 7 for n > 3. We also note
that My, which has no contribution from the 2rU, term since U, =0, has asymptotic
behaviour 7~* and therefore the asymptotic behaviour of Wy(r) ~ 772 in the regime
l«?<ks . In particular, we note that the streak has a dominating contribution like
W(F, 0) ~ ¢, cos(20) + ¢4 cos(40) in the asymptotic regime. In other words, the streak
does not decay and continues to the far field, until the wall effect becomes important.
However, this behaviour is not clear in figure 16, because the behaviour becomes
more complicated by the expected occurrence of 77! sin(46) in the roll streamfunction
appearing in a higher-order analysis and the fact that § is not so small in the numerical
calculations.

A.4. Analysis of far-field wave equation
Substituting

p=_ pu(? 2) cos(md) (A67)

m=0
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into (4.45) (with 83 =§%), which is valid in the far field for both NVC and VWI states,
it is clear that p,,(7, z) will satisfy

1 2
P+ 0P — P — | ————— (=27 + W) ;
+P +r P r2p |:(Cl—r2+W)( r—+ )0;p .
1 20,W
—_— | —=) 8%9%p,, = 0. A 63
7 [(cl—?2+W) QPLJF (4.65)

If W, <7 and W, <« 7%, which is the case both for 2-fold and 4-fold azimuthally
symmetric streaks, then the behaviour in the regime 1 <7< 8§ 1(1 —R™1/2%¢) is given
by
2 3 m’ 202
7 r

with corresponding radial and azimuthal velocities satisfying 9d.u, ~ 7~20;p,, and
0.v,, = £m#3p,, and axial wave velocity component satisfying d.w,, ~ —27"'u,,. The
general solution of (A 69) is given in terms of Bessel functions:

PP, ) =P (Crud _—18aP) + DyuK —(I5arP)). (A 70)
1 4+ 4+

The equations have to be modified in the regime §7 — 1= O(R~'/?) to account for the
wall boundary layer. However, the radial component u, of the wave velocity must
be zero to the leading order as the wall boundary layer is approached; hence the only
consistent solution corresponds to the choice C;,, =0. Now, since § < 1, in the regime
1 <7<« 87!, the expected behaviour of p,, is given by

P, 2) ~ Dy e (72 VM e e (A7D)

Using (4.73), this gives the leading-order decay rate for wave velocity components
perpendicular to the axis

1 .
(1, v) ~ ——e“F2V2D=3((23/2 — 2) 5in(26), 2 cos(20)) + c.c. (A72)
o
Using (4.74), it follows that the axial velocity behaves as
1 .
W~ —— G2V /2 — 2) 5in(26) + c.c. (A73)
o

Also, it may be deduced that the m-azimuthal mode for m > 2 satisfies

(U V) ~ F Y FA (A74)
W, ~ PV M2, (A75)

This is quite consistent with the numerical profiles for waves corresponding to the C2
solution shown in figure 20. Similar decay is observed for the C1 mode as well.
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