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In a recent paper, Deguchi & Hall (J. Fluid Mech., vol. 752, 2014a, pp. 602-625)
described a new kind of exact coherent structure which sits at the edge of an
asymptotic suction boundary layer at high values of the Reynolds number Re. At a
distance In Re from the wall, the structure is driven by the fully nonlinear interaction
of tiny rolls, waves and streaks convected downstream at almost the free-stream
speed. The interaction problem satisfies the unit-Reynolds-number three-dimensional
Navier-Stokes equations and is localized in a layer of the same depth as the
unperturbed boundary layer. Here, we show that the interaction problem is generic
to any boundary layer that approaches its free-stream form through an exponentially
small correction. It is shown that away from the layer where it is generated the
induced roll-streak flow is dominated by non-parallel effects which now play a major
role in the streamwise evolution of the structure. The similarity with the parallel
boundary layer case is restricted only to the layer where it is generated. It is shown
that non-parallel effects cause the structure to persist only over intervals of finite
length in any growing boundary layer and lead to a flow structure reminiscent of
turbulent boundary layer simulations. The results found shed light on a possible
mechanism to couple near-wall streaks with coherent structures located towards the
edge of a turbulent boundary layer. Some discussion of how the mechanism adapts
to a three-dimensional base flow is given.
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1. Introduction

Our concern is with nonlinear equilibrium structures which develop in growing
boundary layers. In a previous paper, Deguchi & Hall (2014a), hereafter referred
to as DH, described a class of nonlinear equilibrium structures generated in a layer
at the edge of the asymptotic suction boundary layer (ASBL). The boundary layer
thickness of this flow is unchanged in the streamwise direction and so there are no
non-parallel effects, which we know from, for example, Hall (1983) to be crucial in
the streamwise development of streamwise vortex disturbances. In the first instance
we will investigate how the nonlinear interaction at the heart of the free-stream
coherent states of DH is modified by non-parallel effects. Then we describe how the

TEmail address for correspondence: phil.hall@monash.edu

P

@ CrossMark


mailto:phil.hall@monash.edu
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/jfm.2015.314&domain=pdf
https://doi.org/10.1017/jfm.2015.314

https://doi.org/10.1017/jfm.2015.314 Published online by Cambridge University Press

452 K. Deguchi and P. Hall

streaky structures stimulated by the nonlinear interaction at the edge of the boundary
layer are accommodated by the rest of the flow; we will see that the effects are
major and lead to flow structures completely different from the parallel case.

In turbulent boundary layers, coherent structures are observed both near to the wall
and further out towards the edge of the boundary layer. Experimental observations
of outer layer coherent structures show that the structures are typically characterized
by A-shaped and hairpin-shaped vortices rather than the rolls and streaks seen in
the near-wall region; see Head & Bandyopadhyay (1981), Robinson (1991), Adrian,
Meinhart & Tomkins (2000) and Adrian (2007). The relationship between the inner
and outer coherent structures has been of much interest in boundary layer studies. For
example, Rao, Narasimha & Narayanan (1971) and Head & Bandyopadhyay (1981)
suggested that the vortical structure situated outside the boundary layer is coupled to
the inner boundary layer structure. In contrast, Jimenez & Pinelli (1999) claimed that
the inner and outer coherent structures are independent. A key property of the coherent
structures in growing boundary layers is that these structures can exist only for a finite
interval in the streamwise direction. Once generated they evolve over many boundary
layer length scales before decaying to zero. The generation and annihilation of the
structures occurs regularly at different positions and times in the flow.

The work reported in DH was partially motivated by many recent investigations of
exact coherent structures in parallel internal shear flows, most notably plane Couette
flow. The first numerical results for nonlinear equilibrium solutions in plane Couette
flow are due to Nagata (1990), while the terminology ‘exact coherent structures’
can be traced back to the work of Waleffe (1997), who interpreted the solutions
and coherent structures in turbulent transition using dynamical systems theory. The
interaction involving rolls, streaks and waves which drives the ‘self-sustained process’
uncovered numerically by Waleffe was shown by Hall & Sherwin (2010) to be exactly
the vortex—wave interaction theory elucidated by Hall & Smith (1991) in the context
of high-Reynolds-number flows.

Therefore, we shall now make a few remarks about why it is believed that the
asymptotic theories of exact coherent structures are important to shear flow transition
processes. The exact coherent structures found numerically are usually labelled as
lower or upper branch states by tracing them back to the saddle-node bifurcation
from which they emanate. For the lower branch plane Couette flow solution, Hall &
Sherwin (2010) demonstrated that the asymptotic results of vortex—wave interaction
theory are almost indistinguishable from the full numerical solutions even at Reynolds
numbers of the order of 10°. Although the exact coherent structures have a relatively
simple time dependence, a number of studies have revealed the importance of such
structures in more complicated flow dynamics. Numerical investigations have shown
that the lower branch states often act as edge states separating initial disturbances
which eventually become turbulent or remain laminar, while the upper branch states
often act as attractors for fully turbulent flows; see Itano & Toh (2001), Skufca, Yorke
& Eckhardt (2006), Gibson, Halcrow & Cvitanovic (2008) and Kreilos & Eckhardt
(2012). Thus, it was believed that the states were of a fundamentally different nature.
However, Deguchi & Hall (2014b) recently showed that at high Reynolds numbers
the upper and lower branch modes have the same vortex—wave interaction structure
as first given by Hall & Smith (1991). Therefore, this means that at increasingly
high Reynolds numbers of engineering interest vortex—wave interaction theory might
sensibly be used to define both the edge states and at least some properties of
turbulent attractors. The reader is referred to the article of Deguchi & Hall (2014c)
for a discussion of the key numerical and asymptotic results for plane Couette flow.
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A further link between the asymptotic theory of exact coherent structures and
turbulence simulations or experiments in channel flows was given by Deguchi,
Hall & Walton (2013). In that paper, the long-streamwise-wavenumber limit of the
vortex—wave interaction system was used as a starting point to describe equilibrium
states where weak and strong localizations are found in the streamwise and spanwise
directions. In Deguchi & Hall (20140), it was found by finite-Reynolds-number
computations that the streamwise localization is sometimes enhanced when the
convergence to the long-wavelength asymptotic state is prevented by the snaking
of the solution branch. The origin of the snaking is the local contamination of
the long-wavelength structure by the O(1) wavelength vortex—wave interaction state.
The reader is referred to Deguchi & Hall (2014b) and the papers referenced in
that paper for more discussion of snaking. The localized states and mean-flow
distortion described by these studies were found to be similar to turbulent spots
found experimentally or numerically in, for example, Lundbladh & Johansson (1991),
Tillmark & Alfredsson (1992) and Duguet, Schlatter & Henningson (2009).

In view of the apparent importance of exact coherent structures in internal flows,
DH investigated the development of such states when plane Couette flow is deformed
via homotopy into the ASBL. The ASBL was chosen as a simple model of boundary
layers because it is a parallel one so that it does not come with the complication of
boundary layer growth. Recently, a relationship between exact coherent structures and
edge states of this flow was investigated by Kreilos et al. (2013) and Khapko et al.
(2012). DH found that some typical vortex—wave interaction states of plane Couette
flow deform into equivalent states in the ASBL. The structure of such asymptotic
states is concentrated in the near-wall boundary layer and captures features of the edge
states.

However, solutions were also found where the roll-streak—wave interaction is
localized in the free stream of the boundary layer while the interaction simultaneously
generates large-amplitude near-wall streaks. At large values of the Reynolds number
these free-stream coherent structures develop what we will show here to be a
canonical form relevant to quite arbitrary boundary layers. The free-stream coherent
structures found numerically and described asymptotically in DH are intrinsically
associated with the boundary layer nature of the background state. DH refer to the
region where the nonlinear interaction is localized as the production layer. Within
the production layer the exponential correction of the streamwise velocity from
its free-stream value is small and there is a nonlinear interaction involving rolls,
waves and streaks described by a nonlinear eigenvalue problem associated with the
unit-Reynolds-number Navier—Stokes equations. Below the layer the flow returns to
its unperturbed state at leading order but the small correction of the mean streamwise
velocity interacts with a decaying roll flow to produce an exponentially increasing
streak flow. The growth of the streak was found to continue all the way down to
the unperturbed boundary layer where the streak therefore attained its maximum size.
This streak generation mechanism is a direct consequence of the unperturbed flow
approaching its free-stream value through exponentially small terms. One of the main
results of DH was to show that large-amplitude wall streaks can occur as a passive
byproduct of the nonlinear interaction at the edge of the boundary layer. This result
is of relevance to the debate in the turbulence community about the interplay, if any,
between near-wall streaks and free-stream coherent structures. Here, we remark that
a similar generation mechanism resulting in a large wall streak was observed earlier
by Brandt, Henningson & Ponziani (2002), where an interaction of a pair of oblique
linear disturbances was considered.
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In these asymptotic or fully numerical studies of exact coherent structures in
parallel flows, periodicity in the streamwise direction is assumed. However, for a
growing boundary layer that approach is no longer viable, and moving downstream
the local Reynolds number changes, so any coherent structure moving downstream
must adjust to the local boundary layer length scale and Reynolds number. Thus,
high-resolution calculations of exact coherent structures in developed flows are not
easily extended to growing boundary layers. For example, in a Blasius boundary layer
the local streamwise and spanwise wavenumbers increase like the square root of the
distance along the wall, so the number of modes retained would need to change
at the same rate. Obviously, without the periodic assumption a direct calculation
of growing boundary layers requires massive computational power. Moreover, the
transition process is not clear unless a specific upstream input is prescribed. In the
case of shear flows which can support Tollmien—Schlichting waves much is known
about the route to transition and there is excellent agreement between experiment and
numerical simulations of transition following the excitation of the waves upstream. It
is also widely known that the streaky field is then generated by secondary instability.
However, if the upstream input is sufficiently strong the generation of the streaky
field can be bypassed. Although details of the transition process cannot be discussed
without reference to the receptivity problem, the work of Khapko et al. (2012)
suggests the relevance of equilibrium states to bypass transition. To the best of our
knowledge, the only equilibrium state calculations in growing boundary layers are
due to Cherubini et al. (2011) and Duguet et al. (2012), where edge states of Blasius
flow were identified by imposing some initial conditions. However, such coherent
structures must ultimately disappear when the boundary layer is unforced.

It is known from the asymptotic work by Hall (1983) that centrifugal instabilities
in growing boundary layers are dominated by non-parallel effects, and we anticipate
a similar complication here since the underlying roll-streak flow in exact coherent
structures scales in the same way as the centrifugal instability problem. Crucially,
in this asymptotic framework the equations become parabolic in the long spatial
scale and we can march the equations spatially from some given upstream conditions.
Therefore, it seems appropriate to use a high-Reynolds-number assumption to describe
the generic mechanism of coherent structures in boundary layers; indeed, it is
worth noting that without the high-Reynolds-number assumption the boundary layer
itself would not exist. We also point out that, although the original formulation of
vortex—wave interaction theory by Hall & Smith (1991) was for growing boundary
layers and had a similar long-spatial-scale development, the asymptotically obtained
interaction equations for that problem remain unsolved.

The free-stream coherent structures derived in DH owe their very existence to the
fact that in the ASBL the difference of the streamwise velocity from its free-stream
value is an exponentially decaying function of distance from the wall. For growing
boundary layers the corresponding approach is more complex and the wave—roll-streak
system at the heart of the interaction must adjust to local properties of the flow as
the interaction moves downstream. We shall show that, surprisingly, the production
layer problem for the ASBL is generic to almost all two-dimensional or weakly
three-dimensional boundary layers. The streak induced at the production layer takes
on a maximum beneath that layer and non-parallel effect restrict the streaks to exist
only over finite distances in the downstream direction. Therefore, free-stream coherent
structures can connect the near-wall behaviour to a nonlinear interaction in the free
stream, and so, if our nonlinear states are relevant to turbulent flows, the interaction
between wall streaks and the outer flow in turbulent boundary layers is not necessarily
as one-sided as some authors believe.
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In order to set the scene we shall in the next section recall the description in DH
of the production layer problem for the ASBL. In §3 we shall discuss the nature of
the approach of a quite general boundary layer to its free-stream form; this issue was
discussed at length by Brown & Stewartson (1965) and so we quote the key results
from their work. In § 4 we will derive the production layer problem for arbitrary two-
dimensional boundary layers. Section 5 concerns the roll-streak flow driven by the
forcing in the production layer. Results are presented for Blasius flow in § 6, and in
§7 we give some conclusions. In appendix A some details of the structure described
in §5 are given, while in appendix B we discuss the extension of the work to infinite
swept boundary layers.

2. Free-stream coherent structures in the parallel boundary layer

Now let us summarize the key features of the exact free-stream coherent structures
described in DH for the ASBL. Consider the flow of a viscous fluid of kinematic
viscosity v past a plate defined by y* = 0 with respect to Cartesian coordinates
(x*, ¥*, z%). If the corresponding velocity field is uw* = (u*, v*, w*), we impose
the condition u* — (U*, —V*, 0) a long distance from the wall, while at the
wall we require that u* = (0, —V*, 0). If we now use v/V* as a length scale,
write (x, y, z2) = (x*, y*, z")/(v/V*) and take U* as a typical flow speed, then the
basic ASBL velocity field satisfying the equations of motion and the boundary
conditions is .

=1 —eMi— L

u=u,=(1—e?)i Re’ (2.1)
where Re=U*/V* is the Reynolds number and i and j are unit vectors in the x and y
directions respectively. The structure identified in DH sits in the free stream in a layer
of depth O(1) a distance In Re from the wall. Within that layer the total velocity field
differs from the free-stream speed by O(1/Re). The structure moves downstream with
a speed differing from the dimensionless free-stream speed of unity by an amount
O(1/Re). We take coordinates (@, Y,Z) = (x —ct,y —InRe, z) so that the flow we are
considering is located in a box a distance In Re from the wall with all sides of size
O(1). Since the nonlinear interaction that produces the new state occurs in this layer,
DH referred to it as the production layer. We write

u= (1,000 +Re'UD, Y, Z)+ -,
p:Re*ZP(cD, Y., 2)+---, c=1—Rel'e;,+---, (2.2a—¢)

and the nonlinear eigenvalue problem for the perturbed wavespeed c; is then found to
be

(U + ¢1i]- V)U = —=VP + VU, 2.3)
V.U=0, 2.4)

together with the periodicity conditions

U@,Y,2) =U®,Y,Z+2n/B)=U(® +27n/a, Y, Z), (2.5)
P(®,Y,Z) = P(®,Y,Z+2n/B)=P(® +27/a, Y, Z) (2.6)

and boundary conditions

u,v,wW)—(0,—-1,0) as Y — oo, 2.7)
(Ue',V,W)— (—1,—1,0) as ¥ - —o0. (2.8)
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Here, the operator V is defined by V = (3¢, dy, dz) and «, B are streamwise and
spanwise wavenumbers respectively. The conditions in the vertical direction require
that below the layer the flow returns to the ASBL at leading order and that above
the layer it approaches the free-stream velocity field of the ASBL. What is crucial is
the second of these conditions, which requires that U «~e™" for large negative Y and
therefore does not preclude the possibility that higher-order terms in U also grow
exponentially albeit at a lower rate. This higher-order growth can only occur for
the part of U independent of x, and allows it to grow exponentially large compared
with its value in the production layer. Thus, a viscous nonlinear wave-roll-streak
interaction involving a small O(1/Re) velocity field in the production layer generates
a much larger streak beneath that layer. A more detailed examination of the flow
shows that exponential growth is possible only for spanwise wavenumbers 8 < 1/+/2.
The system (2.3)—(2.8) specifies a nonlinear eigenvalue problem for ¢; = ¢i(«, ) in
terms of specified wavenumbers o, 8.

In order to analyse the possibility of the higher-order growth, it is convenient
to decompose the total flow field into its mean flow, vortex and wave components.
Here, the mean-flow component is the average in @, Z of the total flow, while
the vortex component is the @ average of the flow without the mean part. The
vortex components of U and (V, W) are called the streak and roll respectively. The
mechanism for the growth is found by looking at the roll and streak components as
the production layer is exited in the negative Y direction. It should be noted that the
roll field owes its existence to the Reynolds stresses associated with the wavefield
because there are no external forces to sustain it. Since the self-sustained mechanism
is not operational for large negative Y, the wave must quickly decay, and thus the
roll must also decay exponentially. Then the streak is driven through the nonlinear
term in the streamwise momentum equation involving the roll acting on the mean
flow. The fact that the mean flow is growing exponentially for large negative Y in
order to return to the basic ASBL enables the streak to also grow exponentially.
Thus, a viscous nonlinear wave-roll-streak interaction of a small velocity field in the
production layer generates a much larger streak below the layer; the roll-streak flow
beneath the production layer is discussed in the more detailed asymptotic analysis
below.

Due to the symmetry of the solution computed in DH, the roll-streak flow has one
half of the spanwise wavelength of the wave. An analysis of the roll-streak equations
below the production layer shows that the flow there behaves like

U— —e ' +Je@ Y cos(2B2) +-- -, (2.9)
V — K e cos(2Bz) + - - - (2.10)

as Y — —oo, where the constant w, is defined by

/ 2
W) = w =20 (2.11)
2
and J; = —K;/(w,). It follows that the exponential growth of the streak is possible
only for spanwise wavenumbers g < 1/+/2. We further note that the higher harmonics
in z and the mean-flow correction term can also grow for large negative Y, but more
slowly than the term proportional to cos(28z). The constant K; = K («, ) multiplying

the least slowly exponentially decaying part of V is to be determined as a part of the
numerical solution of the nonlinear eigenvalue problem for c;.
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If we now write the streak and roll flows exiting the production layer in terms of
the variable describing the unperturbed boundary layer we find that

u—>1—e?+ReJie“ " Wcos(2Bz) + - - -, (2.12)
v — —Re™! + Re@ DK eV cos(2Bz) + - - - (2.13)

as Y — —oo. Thus, we see that the term proportional to cos(28z) in u is now of size
Re™® > Re ' if B<1/ /2. The above forms for u, v are then reduced to zero within
the main boundary layer, see DH, and it turns out that the maximum of the streamwise
velocity component proportional to cos(28z) occurs within the unperturbed boundary
layer. Therefore, the free-stream coherent structure has a fully nonlinear interaction
involving tiny O(Re™!) wave, roll and streak fields in the production layer stimulating
a passive streak of much larger size, O(Re™"), concentrated in the wall layer.

The asymptotic structure described by DH was found to be in excellent agreement
with numerical calculations of equilibrium solutions of the full equations of motion.
That excellent agreement allows us to extract, for example, c;, K; of the production
layer structure from the high-Reynolds-number ASBL computation. DH gave solutions
of the production layer eigenvalue problem for a range of vales of 8 and o/8 =0.5.
Here, we give results for an extended range of values of 8 for the same ratio of /8,
and we see in figure 1(a) that a closed loop of eigenvalues c¢; beginning and ending
in saddle-node bifurcations exists over a finite range of values of 8 €[0.2062, 0.4633].
The corresponding values of the constant K;, which plays a crucial role in the streak
generation, can be extracted from the computations and are shown in figure 1(b).
Along the bifurcation curve, the flow fields at 8 =0.23, 0.3 and 0.44 are visualized
in figures 2 and 3. Figure 3 shows that all of the flow fields are characterized by
A-shaped counter-rotating vortex pairs. The corresponding roll-streak field in figure 2
shows that growing streak and decaying roll fields are indeed generated as a result
of interaction.

3. The approach of a boundary layer flow to its free-stream form

The question of how an arbitrary two-dimensional boundary layer approaches
its free-stream form was addressed, most notably, by Brown & Stewartson (1965)
and Goldstein (1965). It was found that, apart from isolated singular cases where
the approach to the free-stream speed is through algebraically decaying terms, the
approach to the free stream is through exponentially decaying terms with the exponent
proportional to the square of the distance from the wall. That is of course different
from the case of the ASBL, so we might be apprehensive about applying the DH
approach to growing boundary layers given that the whole nonlinear interaction
described there hinges on the streamwise velocity being an exponential function of
distance from the wall. However, what will become apparent in both this and the
next sections is that non-parallelism mimics the effect of wall suction so as to force
the decay in a localized region to be once again an exponential function of distance.
Here, we will summarize the main results of Brown & Stewartson (1965) needed
for our analysis. Using the notation of Brown & Stewartson (1965), we take the
boundary layer equations in the form

ou ou oU, d%u

— —=U—4+ —, 3.1
u8x+v8y ' ox +8y2 G-
du Jv
—+—=0. 32
o + % (3.2)
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FIGURE 1. The values of (a) c¢; and (b) K; of the production layer eigenvalue solution
for /B =0.5. The curves are computed from the ASBL solutions with finite height H
and Reynolds number Re. It should be noted that the upper branch of (a) corresponds to
that of (b). The convergence to the asymptotic state is confirmed by computing solutions
for (Re, H) = (200000, 24), (100000, 32), (100 000, 48) and (100000, 56) by using up to
180 Chebyshev modes, 14 streamwise modes and 26 spanwise modes.

Here, x, y measure distance along and perpendicular to the wall and U, (x) is the free-
stream speed. The equations are to be solved subject to

u=v=0 on y=0, 3.3)
u—U; as y— oo. (34

In addition, we must prescribe u as a function of y at some value of x, say x = x.
Following the discussion given by Brown & Stewartson (1965), we seek a solution of
the equations for large y of the form

(= k(x))?

u=U;(x)+A(x,y)exp [— 2FC)

} +-, v=—yUx)+H&) +---, (3.5a,b)
where the displacement thickness k and F, /' are functions of x alone, A is algebraic
in y and a prime denotes a derivative with respect to x. By substituting the above

expression into the boundary layer equations then equating like powers of y?,y, 1 we
obtain

UF +2UF =2, (3.6)

Uk +Uk="H, 3.7

U8A+ 2 U; aA+A U’+] =0 (3.8)
Yax T\F 7)Yy TE)TT '
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FIGURE 2. The streamwise-averaged field of the production layer solutions along the
bifurcation curve in figure 1 ((a,d) B =0.23; (b,e) B=0.3; (c,f) B =0.44). The disturbance
velocity U+¢€? (i.e. the streak) and vorticity 9,V — dyW associated with the roll are plotted
in the left and right halves of each figure. Here, C,,,, =3668.4 (a), 2670.5 (b) and 1476.9
(¢) for the streaks, C,..=94.5 (a), 92.2 (b), 111.2 (c¢) for the rolls; C,.. = 3524.7 (d),
2403.8 (e) and 1327.7 (f) for the streaks, C,., =75.3 (d), 69.4 (e) and 99.9 (f) for the
rolls.

Hence, it follows that

FUf=2/ U@ dx, kU, = (h+k). (3.9a,b)

x|

Here, x|, k; are constants of integration and the equation for A can be integrated to

give
< Yy
A=-A — 3.10
w(2). 510

where n, K(x) are fixed by the upstream conditions. For example, for Blasius flow,

which has U; =1, we find that n=—1, k; =x;, =0 and h = h;+/2x. It follows that for
Blasius flow F =2x, k(x) = h(x) and that for large y

n . 2
AV2x (v — hyv/2%) ] , G
X

~] - —-
u y exp 2

where /i = 1.217, A = 0.3354.
Thus, the major difference between the ASBL and growing boundary layers is that
the approach to the free-stream speed occurs through an exponential dependence on


https://doi.org/10.1017/jfm.2015.314

https://doi.org/10.1017/jfm.2015.314 Published online by Cambridge University Press

460 K. Deguchi and P. Hall

(@) (b)
5 14 =
=
5 -
0]
&
=}
-8 <
(d) (e)
14

Lower branch

FIGURE 3. Three-dimensional plots of the disturbance flow field of the production layer
solutions along the bifurcation curve in figure 1 ((a,d) 8 =0.23; (b,e) B=0.3; (¢.f) B=
0.44). The red/blue surfaces correspond to where the streamwise vorticity is 70 % of its
maximum/minimum value. The colourmap corresponding to the streak contours shown in
the figure is as given in figure 2.

the square of the displaced distance from the wall rather than the first power. For the
free-stream coherent structures in the ASBL it was the part of the mean flow decaying
exponentially that produced the growing streaks beneath the production layer, and so
it is not clear at this stage that growing boundary layers can support a related kind
of free-stream coherent structure.

4. The production layer problem for free-stream coherent structures in any two-

dimensional boundary layer

We consider the general boundary layer flow discussed in the previous section with
speed U*U,(x*) a long way from the wall defined by y*=0. We use boundary layer
scalings and so take dimensionless variables (x, y, z)=((x*/L), Re'/*(y*/L), Re'/*(z*/L)),
where L is a typical streamwise length scale and Re = (U*L/v) is the Reynolds
number. Throughout, we will assume that the Reynolds number is large. If we scale
the corresponding velocity components on U*, Re~'/2U*, Re~'?U*, time on (U*/L)
and pressure on pU*?, where p is the fluid density, then the Navier—Stokes equations
take the form

(8 +u - V)u=—(0,p, Red,p, Re d.p)" + (Re~"0? + 02 + 02)u, @)
V.-u=0, 4.2)

and the boundary conditions to be satisfied are

u=v=w=0 on y=0, 4.3)
(u, v, w) = (Uy, —yU;,0) as y— oo. “4.4)
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In the high-Reynolds-number limit the leading-order approximations to u, v, p satisfy
the boundary layer equations (3.1) and (3.2) of the previous section with p=—(U?/2).
The velocity field approaches its free-stream form through exponentially small terms
as described in the previous section so that, for sufficiently large y, the basic flows
u, v are given by (3.5) and w=0, with A, h, k, F' as given in the previous section. We
assume that, given some large as yet unspecified quantity K, the nonlinear interaction
driving a free-stream coherent structure takes place in a box with all the sides of
comparable dimensional length Re~'/2K~'L located a distance KL from the wall. In
view of our scalings for x, y, z with respect to that coordinate system, the box should
be taken to have respective sides of lengths Re™!/2K~!, K~!, K~!; the functional
dependence of K on R can be fixed by the following argument.

First, we assume that the wave-like part of the flow in the production layer convects
downstream with almost the free-stream speed. Next, we take the difference of the
streamwise velocity component from its free-stream value to be comparable with
A(x, y) exp[—((y — k(x))?/2F(x))], the corresponding deviation of the unperturbed
streamwise velocity component from its free-stream value. The production layer is
viscous, so, based on the above assumptions, we can fix K by balancing convective
and viscous terms. This requires

0 — k(x))?

] 3, ~ Re 0?2 (4.5)
2F(x)

A(x1 y) exp |:_

Noting that A(x, y) = —K(x)(y/«/f)”, where n is fixed by the upstream conditions
and A is a known function of x, within the production layer we write

0 —k®) Y
JFx) +K./F(x)’ (4.6
so that & — kG
_O T RO Agena—(K2/2) (T /)
A(x,y) exp { F) ] AK"e e . 4.7)

Since 9, is now O(KRe'/?), the balance between convective and diffusion effects is
achieved if

K In(+/InR
Kne_K2/2= , > K= /lnRe+(n—l)M+---
v Re vInRe

The argument given above is essentially the same as that first given by Gulyaev
et al. (1989) in the context of the penetration of free-stream disturbances into a
boundary layer. More recently, Dong & Wu (2013) discussed the layer in the context
of the continuous spectrum associated with linear instability. The minor difference
between the scalings of the latter papers and here arises because the structures here
have streamwise wavelength comparable with the depth of the layer. The fact that
the boundary layer is growing also means that the wavespeed of the structure must
change as it moves downstream. From the streamwise scaling, we can take care of
this local requirement by expressing the wave dependence of the production layer

structure, taken to be of fixed period (21/S2) in time, by defining a phase variable @,

(4.8a,b)

_ x K
® = KRe'? (/ [ao(x) + ﬁal(x) +.- } dx — m) ) 4.9)

Here, the difference in size between the first two terms inside the integral is fixed by
the difference in size between the free-stream speed and the streamwise velocity in
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the production layer. Since the wave has fixed frequency §2 and convects downstream
with the free-stream speed it follows immediately that

ap(X) U (x) = £2, (4.10)

which fixes the local leading-order streamwise wavenumber.

The production layer structure operates on the same length scale in all three
directions, so we must introduce a short spanwise variable Z = Kz. Given our choice
of box size and the streamwise velocity scale, the scalings for the normal and
spanwise velocity components in the production layer then follow from the equation
of continuity (4.2). In the production layer we then write

K ~ ~ o~ ~
u=U+ Ux,®,Y,2)+--, 4.11
1 \/1@( ) (4.11)
v=—KUNF+KV(x,®,Y,Z)+-, (4.12)
w=KWx,&,Y,Z)+- -, (4.13)
1, K~ -
p=U+—Px,®.Y,2)+ . (4.14)
2 Re

The first term in the expansion of the normal velocity component comes from the
leading-order term in the expansion around the centre of the production layer of the
vertical component of the unperturbed boundary layer. Within the production layer the
material derivative 9, + ud, + vd, +wd, is approximated by

KRe'*(apU, — 2)35 + K*

/ UF S
x Qo Updz — U1ﬁ+ﬁ d +aUds 4+ Voy + Wz o 4 - - -
(4.15)

In view of (4.10), the leading-order term vanishes and using (3.6) the terms in the
square bracket can be replaced by 1/+/F. Hence, we see that non-parallel effects
produce an effective suction velocity 1/+/F, which plays an identical role to the
constant suction driving an ASBL. This is the crucial result, which allows for
non-parallel effects in the production layer to be taken care of in a quasi-parallel
manner. The zeroth-order approximation to the production layer equations for a
growing boundary layer therefore becomes

([17+U1a‘i j} 6)[7— VP4 VU (4.16)
o) JF N ’ '
V.U=0 4.17)

where V = (0pdz, 9y, 0z). The velocity field U must return at leading order to its

unperturbed value (—Ke‘?/ VF 0, 0) above and below the production layer, so that we
must impose the conditions

(U, V,W)—(0,0,0) as Y — oo, (4.18)
(Ue"VF V, W) — (—A,0,0) as ¥ — —oo. (4.19)

In addition, we require periodicity in @, 7 with periods 27, (21/By) respectively. We
see that, apart from various scaling factors, the production layer problem is identical to
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(2.3)—(2.8) first derived for the ASBL. In fact, if we write (U, V, W, P) =/F(U, V —
(1/+/F), W, s/FP) and make the transformations

@ Y ~ 4 Ua,F
V= - In(WFA), Z=-2. ¢= L‘/_, (4.20a—d)

b= =
Olox/F , \/— \/1_7 ’ Ao

then the leading-order equations in the production layer become (2.3)-(2.8) with
local wavenumbers o = oz()\/l—? = QWJF /Uy and B = ﬂO«/f . We have shown
the rather remarkable result that the production layer problem for the ASBL is
apparently generic in so far as it applies to all boundary layers approaching the
free-stream speed through exponentially decaying terms. Thus, we conclude that
as the interaction proceeds downstream, the solution can be determined from the
ASBL problem with the appropriate local values of the streamwise and spanwise
wavenumbers. The dependence of U; on x fixes the functional form of the local
wavenumbers. For Blasius flow the local wavenumbers «, 8 are in a constant ratio
as the structure evolves downstream. More generally, for a Falkner—Skan boundary
layer with free-stream speed U; proportional to x™ the local streamwise and spanwise
wavenumbers o, B are related by B/a!=™/G=™ —= constant.

For the ASBL the solution beneath the production layer is relatively simple, with
the decaying roll and growing streak continuing with the exponential behaviour fixed
on exiting the production layer all the way to the unperturbed boundary layer where
the roll and streak are reduced to zero. For a growing boundary layer we shall see
that the picture is completely different, with non-parallel effects coming into play
and indeed dominating the flow. Based on the asymptotic forms (2.9) and (2.10) for
what we now refer to as the canonical production layer problem (2.3)—(2.8), and the
description given above, we can write down the asymptotic forms for the streak and
roll on exiting the production layer associated with a growing boundary layer. Using
(2.9), (2.10) and (4.20) we find

K ~ K J(FA= e
u— Uy — ——=Ae VP 4 e@DYIVD 052K Byz) + - -+, (4.21)
VRe /Re JF
K (WFA)™
v— —KUNF +K@ewl<y/ﬁ> cos(2KBoz) + - - -, (4.22)

for ¥ — —oo. Here, we have retained only the leading-order z-independent part of the
velocity since the leading-order exponentially growing term will dominate. It should
be noted that J;, K; are determined from the canonical production layer problem with
wavenumbers ozo«/F and ,Bo«/F .

We recall that the question in §2 of whether the fundamental z-dependent terms
generated in the production layer grow or decay exponentially as Y tends to —oo
depends on the size of the spanwise wavenumber. In the growing boundary layer case
the behaviour is therefore fixed by +/Fp,, so that for a fixed physical vortex spanwise
wavelength the growth of a streak beneath the production layer will only occur for
values of x satisfying ~/FBy < (1/+/2). It is important, however, to point out that
the latter condition is only a necessary condition for the production layer problem
to produce an exponentially growing streak.

5. The roll-streak flow beneath the production layer

We need to consider the flow below the production layer in order to see how the
exponential growth of the streak exiting the production layer is accommodated by the
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rest of the flow. We shall now solve for the induced flow between the production layer
and the wall and, following DH, we use the fact that here the disturbance is always
small compared with the basic flow. The appropriate approximation to the equations
of motion is valid all the way down to the wall and leads to the linear Gortler vortex
equations of Hall (1983) with the Gortler number set equal to zero; more recently,
these equations are elsewhere referred to as the boundary-region equations. If the
unperturbed boundary layer is denoted by u = (u;,, vy, 0) we perturb the flow by
writing
u=u,+ u,(x,y) cosQKpoz), v=uv,+v,(x,y)cos(2KpByz), (5.1a,b)
w=w,(x,y) sinQKByz), p=U;/2+ Re 'p.(x,y) cos(2K Byz), (5.2a,b)

where, in view of (4.21) and (4.22), we have taken the spanwise wavenumber to be
2K By. The component u, represents the streak while (v,, w,) is the roll. The primitive
form of the linearized system satisfied by the perturbation is found from (4.1) and
(4.2) to be

Uy up 0 Uy

(uhax + vhay) v | + (uxax + Uray) Up | = —0yPr + (83 - 4K2,B§) Ur |, (53)
Wy 0 2K,80pr Wy

Oyt + 0y, + 2K Bow, = 0. 5.4

The above equations are parabolic in x and can be integrated by marching in x
subject to an initial velocity distribution imposed at some value of x and subject to
the forcing conditions (4.21) and (4.22). Without any loss of generality we suppose
that the production layer forcing begins at x=1. The forcing from the production layer
is on a short, O(K~'), spanwise length scale, so (5.3) and (5.4) develop what turns
out to be a rich asymptotic structure as the roll-streak flow develops downstream.

Within the present asymptotic framework we cannot address the issue of how
this initial velocity field is created, but since in the high-Reynolds-number limit the
equations are parabolic in x, the problem is well posed. Likewise, we note in passing
that the vortex—wave interaction solutions of, for example, Hall & Smith (1991) and
Hall & Sherwin (2010) are yet to be connected formally to an imposed upstream
velocity field, but nevertheless full direct Navier—Stokes simulations certainly reveal
the relevance of these states to turbulent flows.

The production layer is located a distance O(K) from the wall and is of thickness
O(K™"), and so, not surprisingly, the most important region to consider is the
layer where y ~ O(K). Beneath the production layer the asymptotic form of the
roll-streak flow will adjust to be compatible with the mean flow which no longer
has a simple exponential form, and so henceforth we will refer to the region
y ~ O(K) as the adjustment layer. In order to motivate the large-wavenumber
solution of (5.3) and (5.4) in the adjustment layer we first write the forcing from the
production layer in a slightly different form. We define the scaled similarity variable
E=0—kx)/(KJF(x)), so that (Y/ﬁ) =K?*( — 1), and seek a solution where &
is O(1). The appropriate form for the structure in this layer is indicated by expressing
the roll and streak flows emanating from the production layer in terms of (§ —1). A
little manipulation shows that (4.21) and (4.22) become

(11—
u— Ul——K Ae K- 4 K J(JFATe
v/ Re VRe JF
K (v/FA)™
F

ek @1=DE-1) cos(2KBoz) +- - -, (5.5)

v— —KUNF 4+ K=" 2 KD o5 (2K Byz) + - - - (5.6)

G
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when & — 1_. It is important to realize here that the quantities w, J;, K, are functions
of x because at each local station the canonical production layer problem (2.3)—(2.8)
is to be solved with the local values of the wavenumbers. Based on the production
layer solution, and the fact that x is O(1), we might anticipate that the x dependence
will be parametric, but we will see below that this is not the case. Suppose we now
adopt the roll-streak scaling as in (4.21) and (4.22) and write

uy=KR™'?U\(x, §), v, =KV,(x,§), w,=KW,(x,§), p,=KP.(x,§); (5.7a—d)

then if the pressure and spanwise disturbance velocity are eliminated from (5.3) and
(5.4) we obtain

32 ~
K™ (1;2 + £0; — F[0, + 4K2/3§]) U, — F'PAV,g e ®¥E-D2 =0 (538)

2

92 d 1%
(5 +E0+1—F[o,+ 41<2ﬂ§]> (5 - 41<2F,3§> L =0, (5.9)

K2 K2 JF

where some exponentially small terms have been neglected. We note from (3.5) that
for £ ~ O(1) the basic flow can be approximated as u, ~ U; — A&"e K*€*=D/2 and
v, ~ —KUj VFE + 1. The form of the above equations and the boundary conditions
at the edge of the production layer (5.5) and (5.6) suggest that the solution can be
found using a Wentzel-Kramers—Brillouin (WKB) approach.

In order to solve for the roll it is first convenient to define the quantity 7, (x, &),
which satisfies

82
(Ki +&0:+1 —F[ax—{—K24,3§]> 7, =0. (5.10)

In fact, ¥/(x, £€) is proportional to the streamwise vorticity and can be used to
determine the roll velocity V, by solving

852 2 2 Vr
ﬁ_4K FB; ﬁ:”i/,, (5.11)

The streak can then be found using (5.8). The nature of the WKB solution for
the streamwise vorticity will reveal the presence of a shock associated with the
onset of forcing from the production layer. The ‘jumps’ across the shock which
straddle a curve ¥ emanating from (&, x) = (1, 1) are resolved by the introduction
of a diffusion front; see figure 4. It follows from (5.11) that the solution for V,
will contain homogeneous (irrotational) and inhomogeneous terms with different
WKB phase functions, and the exponential dependence driven by %, dominates that
associated with the operator ((9;/K?) — K*4Ff;) everywhere above a second curve
2 emanating from (&, x) = (1, 1); see figure 4. The curve Z acts like a classical
WKB turning point across which the exponential dependence driven by ¥, becomes
subdominant to that associated with the homogeneous part. In the region below &
the roll flow becomes irrotational at leading order and takes on a particularly simple
form.

We shall see that both the diffusion front and the WKB turning point layer are
of thickness O(K~') in &. The three regions subdivided by the curves 4 and & are


https://doi.org/10.1017/jfm.2015.314

https://doi.org/10.1017/jfm.2015.314 Published online by Cambridge University Press

466 K. Deguchi and P. Hall

WKB turning point layer
curve 7, & =§(x)

£ Diffusion front
~|eurve €, £ =&(x)

Irrotational

1

FIGURE 4. The different regions associated with the adjustment layer. Crossing the
diffusion front corresponds to a switch between the upper/lower WKB solutions, while
on crossing the lower curve the roll flow becomes irrotational. The thin lines represent
the characteristic curves of the Charpit solutions of the eikonal equation.

referred to as the upper region, lower region and irrotational region; see figure 4.
In §5.1 we begin by calculating the WKB solution for ¥, in the upper and lower
adjustment layers. Having found % in the adjustment layer we then solve for V,, U; in
§ 5.2. The solutions are used to construct a composite solution valid in the adjustment
layer, the diffusion front and the WKB turning point layer described in appendix A.

5.1. The streamwise vorticity in the upper and lower adjustment layers

We begin by seeking a WKB solution of the form
V= K>V (x, &, K)eK 08, (5.12)

where, following the usual nomenclature, we refer to ® as the phase function and ¥
as the amplitude. We shall see that ¥ ~ O(1) in the upper adjustment layer while
¥ ~O(K™") in the lower adjustment layer. The roll equation is satisfied exactly if
(O +£O; —F(U,0,+46)V
+IK e + K HQ2O: + )V + (O + 1)V — FU, %}1 =0, (5.13)

where the subscripts x, & represent partial differentiations. In the limit K — oo the
terms in the square brackets in (5.13) are neglected to give the eikonal equation for @,

O; +£6, — F(U,0, +48;) =0. (5.14)

At the next order the terms in the curly bracket in (5.13) produce an amplitude
equation for the leading-order approximation to ¥/,

QO: +86)V: + (O + 1)V — FU, ¥, =0. (5.15)

The phase @ is found by using Charpit’s method, which shows how information from
the production layer for x > 1 propagates down into the upper adjustment layer. Once
the phase function ® is known, (5.15) can be integrated to find the leading-order
amplitude function.
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5.1.1. The upper adjustment layer

Downstream of x =1 the effect of the interaction will first diffuse into the upper
adjustment layer through the phase function . It follows from (5.5) and (5.6) that
the appropriate conditions for ©® are

© =0, O;=wx) oné&=1forx=>1, (5.16a,b)

while ¥ must satisfy

,_K (\/iﬁ)—wl

(wf —4FB3) = Y(x) on £=1 for x> 1. (5.17)

Here, it should be stressed that in these equations all the functions apart from @ are
fixed by the production layer problem at the location x. The eikonal equation is a first-
order nonlinear partial differential equation and can be solved using Charpit’s method.
We parameterize the characteristic curve on which the boundary conditions are to be
specified by

x=s, &=1, s=>1. (5.18a,b)

If we let p=0, and g= O, then the Charpit equations associated with (5.14) are

dx dg dp dg de

FU, ~ —(24+&) —((FU)D+4BF)  § FUp—qQRG+&)

dz, (5.19)

which must be solved subject to
=0, O=p=0, g=w(s), ¥ =%() onx=s, £§=1 fors>1. (5.20a—d)

Along each characteristic curve x, &, p, g, ® can be solved in terms of the variable 7.
Thus, the phase function ® satisfying the required boundary condition is given
implicitly in terms of &, x by

. UVF®

= U OV E=(1+w(s))e " —wi(s)e, (5.21a,b)
1-— ezr ) 5 * d/x\ . _e2r
O = > 0)1(S)—4,30/X UG O = w(s)e", @ES:W’
(5.22a—c)

where
_ Qo+ D(w + 1) +4B;U,FF

w1(2a)1 + 1) — 4,33U1FF/

We complete the solution in the upper diffusion layer by solving (5.15) for . Along
a characteristic curve we have

B(x) (5.23)

(O + 1)V — FU, ¥, =0, (5.24)

so the solution for the amplitude is found by integrating to give

’ . B(s)+ 1
YV = Yy(s) exp {/o [@gs—i-l]dr} :%(S)CT”B(S)—H:%' (5.25)
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The phase in (5.22) and the amplitude in (5.25) uniquely determine the solution
in the adjustment layer above the curve %. The limiting characteristic corresponds to
s=1 and so the curve ¥ is defined by

_ 1 1
E—EF()= (t&)) — o (D), (5.26)
©

where

_ UWVF®

=Y 5.27
Ui(HVE) 620

I(x)

On the curve ¥ we deduce that

_ [ B)+1
Y =T () = % (DI M. (5.28)

It is easy to show that ¥ (x) is regular in x for & € [0, 1]. At the curve ¥ the quantity
¥, is reduced in size within the diffusion front. Thus, at large spanwise wavenumbers
we anticipate that the effect of the forcing from the production layer beginning at
x =1 is most strongly felt in the upper adjustment layer which sits between & =1
and £ = £(x). However, we shall see that the maximum of the WKB streak phase
occurs in the lower adjustment layer which sits beneath the curve %.

5.1.2. The lower adjustment layer

The production layer forcing determines the adjustment layer solution only
above %. Beneath the curve % we continue the WKB solution by stipulating that
all characteristics now must pass through the singular point (¢, x) = (1, 1). We retain
the expression for ¥, given by (5.12), so the Charpit equations remain the same as
(5.19) but with different boundary conditions. By using s > w;(1) as a parameter, the
Charpit solution satisfying

=0, ©=0, O;=s fors=>w(l) (5.29a—c)
is found to be -
e =), £=" ; D, (5.30a,b)
o=1—1 —Fo 4ﬂ2/xd’? O:=sl, O o (5.31a—c)
N = s — y He = S1, Heg = — . DJla—c
2 °), U, 5 T -1

Eliminating s from (5.30) and (5.31), we find an explicit expression for the phase
function ®. The amplitude function ¥ can again be found by integrating along a

characteristic to give
1(x)

VEx) =1’
where N(s) is an arbitrary function of s = s(x, £). This arbitrariness is of course
associated with the fact that, since all the characteristics pass through (x, &) = (1, 1),
there is no boundary condition to be imposed on ¥ at t =0.

An examination of the upper and lower Charpit solutions (5.22) and (5.31) shows
that, if [.] denotes the difference in a quantity just above or below %, then

Y =N(s) (5.32)

[0]1=0, [O:]=0, [Okl=J(x) #0. (5.33a—c)
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Therefore, the two forms of the WKB solution do not have phases that connect
smoothly at ¢ defined by & = &(x). The jump points to the existence of a diffusion
front or shock at the curve %. The thickness of the diffusion front is fixed by
observing that eX’® changes by a factor eX’¢=5%/2 across the shock, which means
that the amplitude function must vary on an O(1) length scale ¢ proportional to
K(¢ — £). Thus, the diffusion front is of thickness O(K™') in & and the jump is
accommodated in this layer. The details of the solution within the diffusion front are
given in appendix A.

By taking the limit of |¢| large in the diffusion layer solution we find that the
solution matches the upper form of the WKB solution, while a match with the lower
form (5.32) requires

%W
K27 (s — wi (1))

This means that the amplitude of the vorticity in the WKB solution falls by a

factor of K~! on passing through 4 from above. Thus, to summarize, in the lower

adjustment layer ¥, is given by (5.12) with the phase function ® given by (5.31)
and the amplitude

N(s) (5.34)

=Y (I —1

= ) 5.35
KV271[IE — 1+ o ()2 = D] 43

Having found the streamwise vorticity induced below the production layer we now
solve for the roll and streak.

5.2. The roll-streak flow generated beneath the production layer
Given ¥, we can solve (5.11) for the roll flow and then (5.8) for the streak flow. In
this section we denote the upper/lower WKB solution by a +/— superscript. If we
use the WKB form of %, (5.12) with the phase ® given by
% in (5.20), ©~ in (5.31) (5.36a,b)

and the amplitude ¥ given by

YT in (5.22), ¥~ in (5.32), (5.37a,b)
then we find that
Fv K20 F:4\ na—K2((E2=1)/2)
V.= (*)/2—;4/3, = _ VA Zo V.. (5.38a,b)
Tg — 0 €3

We recall that the upper and lower adjustment layers are separated at £ =& (x) defined
by (5.26). By using the scaled normal coordinate ¢ = K(&§ —£(x))/A(x) with A(x) as
defined in appendix A, it is shown there that the diffusion front solution ¥, takes the
form

V= K2V C(x, )k O K, (5.39)

Here, ©€ is the Taylor series expansion of @ around £ = &; see the appendix
for more details. A careful examination shows that (5.38) become singular when
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(@52 — 4Ff;) vanishes, and this happens when the lower Charpit parameter s =

VF2B,/I. Thus, the curve 2 alluded to earlier and which lies beneath % is defined
as

E=E) ="+ VF2B(I* - 1). (5.40)

The origin of this singular behaviour corresponds to the two possible phases in a
WKB solution of (5.9) coalescing, and so we have a classical WKB turning point
problem. The details of this layer can be found in appendix A. Taking ¢ = K(§ —
£(x))/6(x) with §(x) as defined in appendix A, it is shown that in the turning point
layer the roll is given by

V, = VP(x, p)ek @ e k), (5.41)

Here, ®” is the Taylor series expansion of @~ around the curve Z; see the
appendix for more details. Beneath the curve & we have irrotational flow of the

form R
VFAg 1=K (&=1/2)
 E+90;

which matches with the WKB turning point layer solution. The functions V' and ®'
are given in appendix A. We recall that ¥ is O(1) and ¥~ is O(K~'). Thus, on
crossing the curve 2 from above the roll amplitude increases in size by a factor of K.

Now we complete the calculation of the induced roll-streak driven by the motion in
the production layer. The results can be combined to produce a composite asymptotic
approximation valid everywhere beneath the production layer. First, we define the
WKB phase of the roll as

V, = Vix)e? ), U = v, (5.42a,b)

O+ in (5.20) if £>E,
©={©O" in(53l) ifE>E>E, (5.43)
O in (A18) if £<&.

Although this WKB phase function is continuous everywhere, there are singularities
for the roll amplitude when crossing € or %. Thus, we consider the following
composite roll solution so that the limiting forms of ¥ €(x, ¢) and V?(x, ¢) cancel
the singularities:

4w Cyb JEY+ K?e _
VEVINIVTET sk
VS VE O — Fap,
yC VP JFY-eko
V.= R if > £, (5.44)
Y VD i —Fag 5778
ye ybo .
7 Vb Viek’® if § <§.

The limiting forms ¥.S(x, ¢), V< (x, ¢), V2 (x, ¢) and V?_(x, ¢) are given in (A 8)
and (A 18). It should be noted that by taking the logarithm we can show that the above
expression becomes a standard composite solution of the form of (inner solution) +
(outer solution) — (common part).

The composite roll solution also completes the description of the composite streak
flow in the region x > 1, 1 > & > 0 through the streak equations in (5.38b) for & > &


https://doi.org/10.1017/jfm.2015.314

https://doi.org/10.1017/jfm.2015.314 Published online by Cambridge University Press

Free-stream coherent structures in growing boundary layers 471

and (5.42b) for £ < &. We note that our asymptotic solution breaks down when
x — 1, because the subdominant part of the roll solution becomes singular and is
eventually comparable with the leading-order term. We shall see in the following
section that the asymptotic solution already constructed agrees well with a full
numerical calculation of the streak apart from near x = 1. Moreover, the maximum
streak amplitude occurs well downstream of that point and is well described by the
asymptotic theory. Therefore, we do not consider the extra region separately. Because
of the WKB form of the solution the size of the streak is primarily determined by
the effective phase function

£ -1
2 9
with ® given by (5.43). Of particular importance is the question of where the streak

WKB phase takes on its maximum value. The necessary condition for a maximum,
0:M = 9:M =0, shows that the maximum occurs in the lower adjustment layer where

Mix,8)=0x,§) — (5.45)

BN2FQIE—1)=1, &= pyv/2F. (5.46a,b)

Thus, the maximum streak amplitude occurs well downstream of x=1 and well away
from & = 0. This means that the streak structure in the unperturbed main boundary
layer, where & ~ O(K~'), is not dominant. However, we indicate briefly how the roll-
streak flow is continued into the main boundary layer. The solution follows in much
the same way as for the ASBL, see DH, and is closely linked to the WKB description
of small-wavelength linear Taylor or Gortler vortex modes given by Hall (1982).
For n =y/+/F ~ O(1), the vertical structure of the roll-streak field must operate on
the same length scale, and so the vertical structure for the roll will be proportional to
exp[K?Oy(x) + KO (x, y)], where Oy(x) = O (x,0) is the & — O limit of the WKB phase
of the roll. Using (5.3) and (5.4) we see that the eikonal equation for 6 will only
involve 7n derivatives of the phase function and there will be two positive and two
negative roots. One of the positive values will match onto the incoming (decaying
towards the wall) roll, and together with the corresponding solutions for the negative
roots can be used to satisfy the no-slip condition at n =0. Thus, within the boundary
layer the roll-streak has the same size in terms of Re as the roll-streak at the bottom
of the adjustment layer.

6. Results for free-stream coherent structures in Blasius flow

In this section we use the asymptotic description of the streak presented in the last
section to make predictions for a Blasius boundary layer. In that case, U; =1, F =2x
and the basic flow can be approximated by (3.11) for large y. We suppose that the
production layer interaction starts at x =1 so that the flow field corresponds to the
left saddle-node bifurcation point at § &~ 0.2062 in figure 1(a). This means that we
must choose By &~ 0.2062/+/2 ~ 0.1458 and £ = B,/2. Moving downstream, the
larger g = V/2xpB, solution in figure 1(a) is taken and the interaction ends when B
reaches the right saddle node at g ~ 0.4633, i.e. x & 5.05. Therefore, the interaction
can only occur over a finite interval in the streamwise direction; this is consistent
with experimental observations. In order to construct the adjustment layer roll-streak
solution we need the value of K; at each position x. Here, we use the upper branch
solutions in figure 1(b) for this purpose.

Given the values of K| and Re we can march the boundary region equations (5.3)
and (5.4) downstream to produce numerical solutions beneath the production layer.
The composite asymptotic solution (5.44) will then be used to predict the roll-streak
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structure and compare it with direct solutions of the linearized boundary-region
equations. Following Hall (1983), equations (5.3) and (5.4) are most easily solved by
eliminating the pressure and spanwise disturbance velocity to produce a fourth-order
equation in y for v, and a second-order equation in y for u#,. For computational
purposes the equations are further rewritten in terms of x and the similarity variable
n :y/«/gc; see for example (2.9) of Hall (1983). Here, second-order-accurate central
difference is employed to approximate derivatives with respect to n using 2000 grid
points. At the end points of the grid, no-slip conditions are used at the wall and the
production layer conditions (5.5) and (5.6) are specified at n = K + hy, ie. £ = 1.
In order to march downstream the Crank—Nicolson method is used for the diffusion
terms while the other terms are treated by the Adams—Bashforth method. We integrate
(5.3) and (5.4) using the initial conditions u;, = v, =0 at x = 1 for all n with the
streamwise step size 107*. It should be noted again that the asymptotic solution
computed in §5 is valid only a small distance beyond x =1 and so does not satisfy
the same initial conditions as those applied above. However, we expect that a short
distance downstream the numerical solution will approach the asymptotic solution.
Before presenting the comparison of the asymptotic and boundary-region equation
solutions we discuss the properties of the WKB phase function which is independent
of Re and the value of K;. The dominant asymptotic scales for the roll v, and streak
u, are given approximately by Re® and Re"~!/? respectively, so we can deduce from
the values of ® and M how the induced roll and streak vary in size in the adjustment
layer. Figure 5 shows contour plots of @ and M in the x—£ plane. The locations of the
diffusion front and the WKB turning point layer are shown as the solid curves. The
thin curve represents the maximum in § of M where ®; — & = 0. If calculations are
continued at higher values of x we find that the curve reaches £ =1 at x=1/(4]) ~
11.8. Beyond this point there is no streak growth below the production layer; see
the necessary condition for the streak growth given at the end of §4. The variation
of M along the thin curve is plotted in figure 6. We see that M attains its global
maximum value in the lower adjustment layer. From (5.46), this maximum occurs at
x=(142By)/(4By) ~2.22 and & =2By/x~0.434, as indicated by the circle symbol in
figure 5. The maximum value of M is approximately 0.25 and so the streak amplitude
indeed increases in size by a maximum factor ~ Re%> from the edge of the production
layer. The variation of M is also plotted at £ =0 in figure 6. We observe that, for
Blasius flow, M is constant at £ = 0 in the irrotational adjustment layer, and that
the constant is approximately 0.5 — /88, ~ 0.088, so that M has reduced from its
maximum value but is still slightly increased from its value in the production layer.
Now let us compare the composite streak solution and the streak part of the
solution of the boundary-region equations. The results are presented in figure 7
for Re = 10%, 107 and 10'°. It should be noted that we only plot the composite
solutions up to & = 0.1. As shown by the black dashed line in (a,c,e), for Blasius
flow the limiting curves ¥ and & reduce at leading order to straight lines in the x—y
plane. We see that as the Reynolds number increases the asymptotic and numerical
approaches give increasingly consistent predictions of the streak field, including its
maximum value the overall shape. It is worth bearing in mind that the agreement
is very encouraging given that our ‘large’ expansion parameter K >~ +/In Re is only
approximately 4 even for Re = 10'°. We see in the figure that with increasing Re
the maximum of the streak solution from the boundary-region equation calculation
moves upstream, thereby approaching that predicted by the phase function M. The
other small maximum of the composite solution appearing in the irrotational region
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(a) 1.0
0.8
0.6

0.4

(b)

FIGURE 5. The roll phase function ® (a) and the streak phase function M (b) for Blasius
flow. The thick lines are the curves 4 and 2. The thin line in (b) shows the position
where the maximum of M in & occurs. The circle on the thin line denotes where M is a
maximum in x, &.

Maximum in & of M as a function of x

2 3 4 5 6 7 8 9 10 11
X

FIGURE 6. The maximum in & of M as a function of x, and M at the lower boundary.

is also captured in the slight expansion of the boundary-region equation solution near
x=1.

In figure 8, a y—z slice of the disturbance streamwise velocity and vorticity is
plotted at x=1.244,2.116 and 4.552. The numerical solutions of the boundary-region
equations for Re = 107 were used. The streamwise positions chosen correspond to
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0.35 (b) 20 0.35
0.30 0.30
0.25 0.25
0.20 0.20
0.15 0.15
0.10 0.10
0.05 0.05
0 0 0
1.

(a) 20

y
0
1.00 5.05 00 5.05
(c) 20 0.040 (d) 20 0.040
0.035 0.035
0.030 0.030
0.025 0.025
y 0.020 0.020
0.015 0.015
0.010 0.010
0.005 0.005
0 0 0 0
1.00 5.05 1.00 5.05
(e) 20 0.006 (f) 20 0.006
0.005 0.005
0.004 0.004
y 0.003 0.003
0.002 0.002
0.001 0.001
0 0 0 0
1.00 . 1.00 5.05
X X

FIGURE 7. Comparison of the composite solution (a,c,e) and the boundary-region equation
solution (b,d,f). The streak field —u, is shown for (@) Re = 10* (b) Re =107 and (c)
Re =10'°. The white dashed line represents & = 1. The black dashed lines in (a,c,e) are
the curves % and 2.

B =0.23, 0.3 and 0.44, and therefore the flow regimes shown in figure 8 match
to the production layer solutions shown in figure 2(a—c) after some rescaling. The
combined plot of the production layer solution and the boundary-region equation
solution for Re =10* is given in figure 9 to show the evolution of the structure. The
overall flow structure is now clear. Even for the non-parallel flow a key result of DH
does not change: large-amplitude wall streaks occur as a passive byproduct of the
nonlinear interaction at the edge of the boundary layer. However, since solutions of
the canonical production layer problem (2.3)—(2.8) only exist for a finite range of x,
and there is a necessary condition for streak growth at a given streamwise location,
the large streak induced in the adjustment layer must ultimately diminish for large x.

7. Conclusion and discussion

Our asymptotic theory has uncovered a family of coherent structures for arbitrary
growing boundary layer flow. The coherent structures are produced by a nonlinear
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FIGURE 8. The y-z plot of the roll-streak field for Re = 107. The boundary-region
equation solutions at x = 1.244, 2.116 and 4.552 are used. The disturbance streamwise
velocity and vorticity are plotted in the left and right halves of each figure. Here,
Chiax = 0.01 (a), 0.03 (b) and 0.03 (c¢) for the streaks; C,.. =8 (a), 10 (b) and 25 (c)
for the rolls. The horizontal white dashed lines represent & = 1.

200

FIGURE 9. Combined plot of the free-stream coherent structures for the Blasius boundary
layer; Re = 10*. The green surface represents the isocontour of the streamwise vorticity
computed by the upper branch ASBL solutions in figure 1. See §4 for the rescaling used
to map out the ASBL solutions to the production layer solution shown in this figure. The
red/blue surfaces are positive/negative isocontours of the streak computed by the boundary
layer solution shown in figure 7. The interval x € [2, 3], z € [0, 2%/B] is used. The
transparent grey surface is the 99 % unperturbed boundary layer thickness.

interaction of waves, rolls and streaks in a layer at the edge of the boundary layer.
In this ‘production layer’, the interaction problem found in DH turns out to be a
generic kind of nonlinear interaction in the free stream. At the local streamwise
position around x, the production layer solutions can be found from the ASBL results
with ‘local” wavenumbers. The local wavenumbers are functions of x, since the
local wavelengths must be changed so that the wave has fixed frequency and fixed
spanwise global wavenumber for all x. Thus, the streamwise distance x only affects
the production layer problem parametrically. The distance to the production layer
from the wall, K, is approximately scaled as +/In Re. The production layer thickness
of O(K™") is found to be thinner than the main boundary layer; it should be noted
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that for the ASBL the thickness of the production layer was comparable to the main
boundary layer. Moreover, we saw that free-stream coherent structures now cause
the streaks to have wavelengths a factor of K smaller than those of the vortex—wave
interaction states. For the ASBL the spanwise wavelengths of both modes were
comparable; see DH. Between the production layer and the main boundary layer,
there is an adjustment layer of thickness O(K) where a rich asymptotic structure
has been found. The adjustment layer solution is found to take on a WKB form
for large Re, with three different regions separated by a diffusion front and a WKB
turning point layer. For Blasius flow, the composite asymptotic solution and the
direct numerical solution beneath the production layer are compared for finite Re and
excellent agreement is observed.

We believe that the equilibrium solutions we described provide a new mechanism
through which nonlinear structures in the free stream communicate with structures
near the wall. We have found, for the first time, what can be thought of as a self-
sustaining structure that may persist over both long times and streamwise distances
at the edge of the growing boundary layer. At the very least, our result suggests that
in turbulent simulations the free-stream disturbances might not be as passive as some
believe; it should be noted that whether the free-stream coherent structure describes
a particular turbulent flow is not our main issue. The point is that we show that
the edge of a boundary layer can support tiny nonlinear structures stimulating much
larger passive motions lower down in the boundary layer. That makes the question of
whether wall streaks drive structures in the free stream or vice versa perhaps more
complicated than was thought to be the case.

In order to calculate the adjustment layer solution we used the forcing from the
upper branch production layer solution found in DH; see figure 1. Since the solution
exists for a finite local spanwise wavenumber range, the production layer forcing
only exists for a finite streamwise interval; that result is consistent with experimental
observations; see, for example, Adrian (2007). However, in our asymptotic framework,
we did not address how the production layer interaction starts and ends. In general,
the mechanism by which the asymptotic states are created or destroyed as the flow
evolves in experiments cannot be addressed within the asymptotic theory so far
developed, but a great deal of evidence from Navier—Stokes simulations suggests
the importance of exact coherent structures in flow dynamics; see § 1. Likewise,
the asymptotic theory of the free-stream coherent structures which we derived for a
growing boundary layer describes the spatial evolution of the states from an upstream
disturbance consistent with their asymptotic structure.

Here, we shall comment briefly on this issue. First, if we use the phase variable
@ = KRe'?([" ap(%) d¥ — £21) instead of (4.9) and introduce a new short streamwise

variable ¢ = K* [’ ); U;'dx around x = x;, then we find an ‘unsteady’ form of

the production layer problem where the phase speed term is replaced by the
derivative with respect to the time-like variable ¢. Thus, if solutions of this unsteady
canonical production layer problem exist, we can use them to describe the short-scale
development of the growing boundary layer production layer problem. The scaling
of ¢ means that this phenomenon occurs at x — x, ~ O(K~2) for arbitrary x; it
should be noted that this streamwise scale is smaller than the non-parallel scale but
much larger than that of the wave oscillation. It is now clear from this small-scale
dynamical system that in order to sustain our equilibrium solutions we need to
choose the upstream condition to be on the stable manifold of the production layer
solution at x = 1, which corresponds to the left saddle node in figure 1. Moreover,
after the upper and lower branches of the production layer problem end at the right
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saddle node, it is reasonable to assume that the disturbance decays back to the
unperturbed flow. In this case the forcing from the production layer diminishes in
an O(K~?) streamwise length after the saddle node is reached. More generally, if
there is a heteroclinic connection between two equilibrium solutions of the canonical
production layer problem, which is similar to that observed in plane Couette flow
by Halcrow et al. (2009), it is possible to consider a jump between the two distinct
production layer solution branches in figure 1 at a certain streamwise position.

The production layer interaction for growing boundary layers is similar to that
for the ASBL in that the interaction drives large-amplitude streaks near the wall
and further out in the boundary layer, suggesting the possibility that some near-wall
streaks are the passive signature of self-sustained free-stream coherent structures.
However, for growing boundary layers the maximum of the streak occurs in the
adjustment layer, unlike in the ASBL case, where the maximum of the streak occurs
in the main boundary layer. This flow structure is entirely consistent with a number of
boundary layer experiments and simulations summarized by Adrian (2007), where a
strong vortex signature in the free stream creates a large streamwise velocity distortion
beneath the vortex. In experiments the streamwise velocity distortion has two peaks
according to the schematic pictures in Adrian (2007). The first peak, which occurs
between the free-stream vortex and the main boundary layer, is reminiscent of the
passive streaky field seen in the free-stream modes studied in this paper. We recall
here that there is widespread belief that the vortex—wave interaction/self-sustaining
process is the one sustaining wall streaks in turbulent flows. On that basis the
vortex—wave interaction states found by DH for the ASBL are probably relevant to
wall streaks in turbulent growing boundary layers, although direct evidence of the
relevance cannot be addressed without the solution of the full vortex—wave interaction
problem formulated by Hall & Smith (1991) for growing boundary layers. Therefore,
the second peak in the main boundary layer is likely to be a consequence of a wall
mode of vortex—wave interaction type. A comparison of these two distinct modes for
the ASBL can be found in DH.

Nonlinear states involving both vortex—wave structures and the free-stream coherent
structures are allowed by the Navier—Stokes equations. The two modes can coexist
almost independently for growing boundary layers since the modes have different
spanwise length scales. The presence of wall modes just influences the location of
the production layer slightly via a mean-flow distortion in the free stream. It is an
open question whether the streak induced by a free-stream mode can produce a wall
mode. The interplay of the two structures could be determined from the properties
of those solutions and upstream conditions. We do not attempt that problem here,
but certainly the fact that wall streaks in the ASBL can be generated passively by
nonlinear interactions in the free stream is at least suggestive that the motion in the
free stream is not necessarily the result of interactions near the wall.

However, if we assume that the two structures coexist in turbulent boundary layers
some characteristics of experimentally observed coherent structures can be elucidated.
Consistent with the asymptotic theories here and in Hall & Sherwin (2010), in
experiments streamwise roll-streak structures are found in the unperturbed boundary
layer while there is more complicated vortex structure above them. A A-shaped
vortex sitting at the top of the structure in the free stream has been observed in
experiments and is similar to our production layer solution. It was pointed out by
DH and Deguchi & Hall (2014c¢) that our production layer solutions do not have the
head part of the hairpin structure sometimes observed in experiments. However, we
note that the production layer problem in the unit-Reynolds-number Navier—Stokes
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form does not preclude the possibility of hairpin-shaped solutions. This is of course
another motivation to solve the unsteady version of the canonical production layer
problem. The computation may be done by directly solving the unsteady version
of (2.3)—(2.6) with asymptotic conditions (2.7) and (2.8), or alternatively by ASBL
simulations with some minor modifications. It should be noticed that for any type
of production layer solutions the streak, which is passively driven in the adjustment
layer, exists only for a finite streamwise interval since there is a critical streamwise
position where the streak growth beneath the production layer is prohibited; see
figure 5.

The existence of the production layer interaction is only dependent on the basic
flow profile approaching its free-stream form through exponentially decaying terms,
and therefore the free-stream coherent structure theory presented in DH and here
has quite a wide range of application. This type of exponential decay towards the
free stream can be typically found in quite general boundary layers or jets. Indeed,
Deguchi & Hall (2014c¢) demonstrated that the free-stream coherent structures can be
built into the Burgers vortex sheet problem where once again the flow approaches
its free-stream form through exponentially small terms. In our boundary layer study
the roll-streak flow is only forced by the production layer interaction. When the flow
is also forced by an external body force, induced linear instability of the basic flow
and the production layer can compete and resonate. Therefore, it is of interest to
consider the production layer problem in curved flows where centrifugal instabilities
are possible.

Finally, we remark that the discussion so far in this paper is valid for any
two-dimensional boundary layer. For infinite swept boundary layers our analysis
is readily modified to account for the three-dimensionality of the boundary layer. A
discussion of that problem is given in appendix B. This flow is relevant to flows
over swept wings, where the spanwise component is a ‘parasitic’ boundary layer
decoupled from the flow in the x—y directions, which is itself identical to the flow in
the case with zero spanwise flow. The spanwise velocity is then determined by an
equation involving the x—y velocity field and is directly proportional to the free-stream
spanwise velocity component. In aerodynamics, increasing the free-stream spanwise
velocity corresponds to increasing the angle of sweep of the wing. It is easy to
show that when the sweep is increased from zero there is at first little effect on
the production layer problem, and thus there is a growth of the streak towards the
adjustment layer. However, for larger values of the sweep the effect of the sweep
gradually diminishes the penetration of the growing streak into the adjustment layer,
and a new thin layer appears in the adjustment layer. With increasing sweep the
position of the new layer moves up to the production layer, so that ultimately the
sweep kills off the link to the near-wall streaks. This adjustment layer behaviour is
similar to the Gortler vortex instability in three-dimensional boundary layers discussed
by Hall (1985). For more general three-dimensional boundary layers the approach to
the free-stream velocity is more complicated and so we cannot take our results over
to a general three-dimensional boundary layer.
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Appendix A. The diffusion front and the WKB turning point layer

(a) The diffusion front problem

The function @ is discontinuous at 6" so that the two forms of the WKB solution
do not connect smoothly there and a diffusion front must exist. The structure at the
front leads to a failure of the WKB approach and is rectified by bringing higher
derivatives back into play in a layer straddling the front. The thickness of the layer
follows immediately from the condition that the second-order derivative in the square
bracket of (5.13) must be comparable with the leading-order terms. This condition
requires that the layer should be of thickness O(K~!) in &, so we write

_KGE—E®)

¢ = AG) (AD

with the function A(x) to be determined in terms of the jump in the second derivative
of the phase J(x).

We denote a quantity evaluated on € by an overbar and quantity defined by the
upper/lower form of the WKB solution by a +/— superscript. The formal solution of
the diffusion front problem then follows by writing

7, =K (x, )l 0k, (A2)

Here, we have taken OF(x, ¢, K) to be the truncated Taylor series expansion of @
around & =&:

—+
“E—-8)2=0°, (A3)

O'~O +6,E -5+

where we note that &, @; and @; are functions of x only. We can show from the
Charpit equation (5.19) that

20, +&+FUE =0. (Ad)

Thus, from (5.13), (A1) and (A 4) the function ¥ “(x, ¢) satisfies

1 _ A _

E“//qﬁgﬂr 20, +1 +FU1A} VL + (O + DV —FU Y =0, (A5)
where a subscript ¢ represents a partial differentiation with respect to that variable.
The jump J(x) is expressed as (@;S —@;E). The matching with the upper form of the
WKB solution together with the condition that ¥ tends to zero below the diffusion
front requires

Y (x) as ¢ — 00,
[ {0 as ¢ — —oo, (A6)

where 7 (x) is the limiting upper WKB amplitude defined in (5.28).
In order to solve the equation for #¢ we make some observations. First, we note
that if A(x) =+/2/J then

!/

2 A
5 =20 +1+FU—, (A7)
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so that the terms in the square bracket of (AS) simplify. Second, using the above
result and (5.24) enables us to find a separable solution for ¥¢ of the form ¥ ¢ =

Y (x)VC(¢), where ¥ C(¢) satisfies the error function equation. Hence, it follows that

f6) + 1 V=V as ¢ — oo,
ye—y 9T 7 (AS)
2 VE =— 7 e as ¢ — —00,

0 2Yme
where erf(x) = (2/4/m) f; e ¥ d%. Thus, it is clear that the exponential behaviour of
¥C in the large negative ¢ produces the required phase jump.

The large-¢ form of the solution (A 8) ensures the required match with the upper
adjustment layer solution, while the asymptotic form for large negative ¢ yields the
unknown function of s appearing in the lower WKB amplitude (5.32). From (5.24)
and (A7) we can show that

12

=—, A9
1 (A9)

d
FUl&[ln(”//A)]

so that

VA=Y()V2V/I2— 1. (A 10)
Using (A 10) we deduce that as ¢ — —oo, (A1) behaves like

v, — K> (J//O(l) "12_1> exp (A11)

KV2n(E —§)

We therefore obtain a match with the lower form of the WKB solution if we take
N(s) to be defined by (5.34).

(b) The WKB turning point layer

Once the roll vorticity ¥, is known, we calculate the roll velocity field V, by solving
(5.11). In the lower adjustment layer the roll velocity is given by (5.38) with ® =©~
given by (5.31), and the WKB turning point problem occurs when the phase function
of the homogeneous WKB solution of this equation coincides with ®. The difficulty
arises on the curve Z defined by & =&(x) in (5.40). The remedy is to introduce a thin
layer straddling & in which a second-order term derivative of the amplitude function
can enter. That consideration, similar to the last section, shows that the layer is of
thickness O(K™!), so that we write

_ K(E-§W)
s

e,
K2{@ +@g<s—s)+;$(s—s>2}

: (A 12)

where 4(x) is again determined in terms of the jump in the second derivative of the
phase.
We write the formal solution of the WKB turning point layer as

V, = VP(x, p)ek @ e k) (A 13)

where @P(x, ¢, K) is the truncated Taylor series expansion of the lower Charpit phase
around ¢ =0,

o-
O ~O +O (E-H+—(E—£’=0", (A14)
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and we denote a quantity evaluated on & by an underbar. Since beneath the curve

2 the phase of the homogeneous part satisfies @; = 24/2F, the phase beneath &
does not have terms proportional to 2. Thus, we anticipate the jump [Og] = -0

=1%/(I* — 1) across the curve 2 and write

§(x) =1/2/(=O¢). (A15)

Using (5.11) we find that V? satisfies
%

V.
& vl =— L, A16
P ® NG (A16)
where we have defined Vi(x) as
. —Y(DI
i = o) . (A 17)
4Bol2VF By — r (D]
It follows that VP can be solved as
e“’z(erf( )—1) Vb = 4 as ¢ — 00
vP— —yi S ST ) T g : (A 18)

2 .
Vb = Vie*’  as ¢ > —oo.

The first of the above equations shows that moving upwards from & the roll V,
matches to that of the lower WKB solution. On the other hand, when ¢ — —oco we
see that the exponential term exactly cancels the quadratic term in ®, so that below
2 the roll V, is given by

V, = Vi(x)eK@'ws (A19)
where the phase
Oi(x, £) =22 [F(,z —1)-2 / & } FOVERE — £ (A20)
L T® d

this ensures the leading-order irrotational property of the flow.

Appendix B. Free-stream coherent structures in three-dimensional flows: infinite
swept boundary layers

Here, we generalize the discussion of free-stream coherent structures given in the
main part of this paper to include the effect of a spanwise cross-flow. We retain the
Navier—Stokes equations written in the form (4.1) and (4.2), but for the spanwise
velocity we now impose the conditions

w=0 ony=0, w— I asy— oo, (B 1a,b)

where Re™'2I" < O(1) is the size of the cross-flow velocity at infinity.

The basic spanwise velocity is completely determined in terms of the unswept two-
dimensional boundary layer. By using the basic flow (u;, vy) = (4, v) given in § 3, we
can show that the basic spanwise velocity w, satisfies

8wh 8wb . E)zwb

bt —2 = . B2
o o dy  9y? B2
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For large y the asymptotic approach of the spanwise basic flow to its free-stream value
is easily shown to be given by

_ (o —k())?

=I(1+d Vexp | -————i| +---), B3

W ( +dx)y Xp[ SFO) + (B3)

where the exponent of the exponential term is the same as that in (3.5) and d(x) is a

given O(1) function.
In the production layer scaling (4.11)—(4.14), we need to replace (4.13) by

w=T+KWx, &,Y,Z)+ -, (B4)

where the first term in the expansion is the constant free-stream value of the spanwise
mean flow. This difference produces an extra term in the production layer problem.
However, since this extra term can be cancelled if we define a ‘drift’ variable
7 =7 —T't so that 0, — 0, — ' and 37 — 0, we get exactly the production layer
problem for the two-dimensional problem. This is not an unexpected result since the
change in the spanwise variable means moving in a frame of reference sliding in the
spanwise direction with the constant free-stream velocity of the unperturbed spanwise
flow. In other words, since the spanwise component of the boundary layer is constant
across the production layer, we can recover the unswept production layer problem by
sliding the coordinate frame in the spanwise direction with the appropriate speed. It
should be noted that this is possible only because the unperturbed spanwise velocity
is at leading order constant in the production layer and down to the edge of the
unperturbed boundary layer.

Within the adjustment layer the spanwise velocity is constant at leading order,
so initially sweeping the boundary layer there has essentially no effect; however,
within the unperturbed boundary layer the forced structure will now differ from the
two-dimensional case. In order to see how sweep eventually enters the adjustment
layer problem consider the operator 9, + ud, + vd, + wd, — V? there. Once again the
extra term from the time derivative associated with the drift coordinate can be used
to cancel the leading-order term coming from the spanwise mean part of the flow
multiplying the d, term. However, the next-order exponential correction term of the

spanwise mean part enters the equations at a layer around (y — k//F) = 75, where K
satisfies N N
2

'K 'e %729, ~92. (B5)

Since 9, ~ K, if we write I’ =Re' with 0 <[ < 1/2 then we see that a balance occurs
when

K 'e X2 =KRe"!, K =+2IlnRe+- -, (B 6a.b)
and the upper and lower limits for / put the new layer in the main boundary layer
and the production layer respectively. In this new layer we write

ﬁ
—kx) = Y
- " =K 4+ =——— B7
VF®) K JFQ) ®B7
and - N N
v=u,+K7(x, Y)expli2BZ +O(x, Y)]+cc.+--- (BY)
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to seek the roll solution of WKB form. Here, c.c. stands for complex conjugate. The
eikonal equation associated with the roll problem is

o2, p *3
T;_4ﬁ§_2iﬁoe_y+... 2—;—4,35 =0. (B9)

No root crossing is possible, and the complex root from above connects with the

root ¢ ~ e 7/ g large negative Y, so we get super-exponential decay of the roll
on exiting the new layer moving downwards. An examination of the streak equation
shows that it also has super-exponential decay below the new layer, so the sweep
basically kills off the induced streak at some position between the production layer
and the wall.

Now we summarize the effect of sweep inferred from the above analysis. On
increasing I" from zero, the first distinguished scaling of I" is achieved when the
spanwise free-stream velocity is comparable with the spanwise velocity component
of the free-stream coherent structure in the production layer. That occurs when
I' ~O(K), and the production layer problem is unchanged from (4.16)-(4.19) except
that the spanwise velocity must now approach its non-negligible constant free-stream
value. In a frame of reference sliding in the spanwise direction with spanwise flow
outside the boundary layer, the problem is reduced exactly to the two-dimensional
case. Thus, for weak sweep the structures survive unscathed apart from now sliding
in the spanwise direction. Within the adjustment layer the flow is found from the
two-dimensional case again moving into a frame of reference sliding in the spanwise
direction. However, at some stage as the spanwise mean flow increases the exponential
correction to the unperturbed spanwise boundary layer from its free-stream form enters
the leading-order equations determining the roll and streak fields. The effect is to
destroy the roll and streak flows within a thin layer at some position in the adjustment
layer with no penetration of the streak towards the wall. Thus, increasing the sweep
moves the position of the thin layer up until it reaches the production layer, and no
induced streak is generated beneath the production layer. The size of the spanwise
free-stream speed needed to achieve this limit is I” ~ O(Re'/?). Thus, we have a
situation very similar to the Gortler vortex problem in three-dimensional boundary
layers, see Hall (1985), where increasing the sweep basically destroys the Gortler
vortex mechanism. Further increase of the sweep eventually modifies and destroys
the canonical production layer structure given in two-dimensional boundary layers.
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