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This paper is concerned with the nonlinear interaction between a planar and a pair
of oblique Tollmien—Schlichting (T-S) waves which are phase-locked in that they
travel with (nearly) the same phase speed. The evolution of such a disturbance
is described using a high-Reynolds-number asymptotic approach in the so-called
‘upper—branch’ scaling regime. It follows that there exists a well-defined common
critical layer (i.e. a thin region surrounding the level at which the basic flow velocity
equals the phase speed of the waves to leading order) and the dominant interactions
take place there. The disturbance is shown to evolve through several distinctive stages.
In the first of these, the critical layer is in equilibrium and viscosity dominated. If
a small mismatching exists in the phase speeds, the interaction between the planar
and oblique waves leads directly to super-exponential growth/decay of the oblique
modes. However, if the modes are perfectly phase-locked, the interaction in the
first instance affects only the phase of the amplitude function of the oblique modes
(so causing rapid wavelength shortening), while the modulus of the amplitude still
evolves exponentially until the wavelength shortening produces a back reaction on
the modulus (which then induces a super-exponential growth). Whether or not there
is a small mismatch or a perfect match in the phase speeds, once the growth rate of
the oblique modes becomes sufficiently large, the disturbance enters a second stage,
in which the critical layer becomes both non-equilibrium and viscous in nature. The
oblique modes continue to experience super-exponential growth, albeit of a different
form from that in the previous stages, until the self-interaction between them, as
well as their back effect on the planar mode, becomes important. At that point, the
disturbance enters a third, fully interactive stage, during which the development of the
disturbance is governed by the amplitude equations with the same nonlinear terms as
previously derived for the phase-locked interaction of Rayleigh instability waves. The
solution develops a singularity, leading to the final stage where the flow is governed
by fully nonlinear three-dimensional inviscid triple-deck equations. The present work
indicates that seeding a planar T-S wave can enhance the amplification of all oblique
modes which share approximately its phase speed.

1. Introduction

Laminar—turbulent transition in an incompressible flat-plate boundary layer is
often initiated by amplification of small-amplitude disturbances, known as Tollmien—
Schlichting (T-S) waves. During the early stages of such transition, the disturbances are
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usually predominantly two-dimensional, and their initial development is described well
by linear stability theory. However, sufficiently further downstream, three-dimensional
disturbances are observed to amplify more rapidly and become dominant. This
is in contrast to linear theory, which predicts that the fastest growing mode is
two-dimensional. Observationally, a similar preferential growth three-dimensional
disturbances occurs in the transition process in mixing layers and wakes, where
transition is caused by inviscid Rayleigh instability waves. Since turbulence is
characteristically three-dimensional, the preferential growth of three-dimensional
disturbances is a crucial step in the transition process. Because of this, identifying the
mechanisms which promote fast growth of such disturbances has been one of the key
issues in transition study (Kachanov 1994).

One of a number of mechanisms that have been proposed is subharmonic resonance.
The possible existence of such a resonant triad of modes, consisting of a planar and
a pair of oblique modes, in the Blasius boundary layer was first suggested by Raetz
(1959). Craik (1971) then derived evolution equations for the interacting instability
modes by using weakly nonlinear theory in a heuristic fashion. His theoretical
work prompted the landmark experiments by Kachanov & Levchenko (1984) that
established the importance of subharmonic resonance in boundary-layer transition.
Self-consistent asymptotic mathematical descriptions of resonant-triad interactions
were constructed in a series of papers by Goldstein & Lee (1992), Goldstein (1994,
1995a), Mankbadi, Wu & Lee (1993) and Lee (1997), Wu (1993, 1995), Wundrow,
Hultgren & Goldstein (1994), for boundary layers with zero, adverse or favourable
pressure gradients. An important finding is that through a parametric resonance, the
planar wave causes the subharmonic oblique waves to amplify super-exponentially
(Goldstein & Lee 1992; Mankbadi et al. 1993). This key prediction has been confirmed
experimentally for a decelerating boundary layer (Borodulin, Kachanov & Koptsev
2002a; Borodulin et al. 2002b).

An alternative explanation for the preferential growth of three-dimensional
disturbances is secondary instability (e.g. Herbert 1988). In this approach, the original
steady basic flow plus the dominant two-dimensional planar mode is taken to be the
base flow, and the instability of this new base flow to three-dimensional disturbances
is studied. Hence, in contrast to the asymptotic theories where the planar wave is
allowed to evolve, in this approach the amplitude of the evolving planar wave is
treated, in a somewhat ad hoc manner, as a quasi-steady parameter. It is found that
when the amplitude just exceeds a (moderate) threshold, a three-dimensional wave
with the subharmonic frequency of the planar mode becomes the most unstable mode
(i.e. more unstable than the planar wave). However, if the amplitude of the planar
mode is increased further, the most unstable (three-dimensional) disturbance reverts
to having the fundamental frequency.

In both the above explanations, the dominant planar mode at first primarily
enhances the growth of a narrow band of disturbances with frequencies centred at
the subharmonic frequency. In experiments, however, occurrence of rapid growth
is not restricted to such a narrow band. For instance, in the late stage of plane-
wake transition, three-dimensional disturbances with a broadband of frequencies
amplify to overtake the originally dominant planar mode (Corke, Krull & Ghassemi
1992; Williamson & Prasad 1993a, b). Prompted by this observation, Wu & Stewart
(1996) proposed a new general mechanism, which they referred to as a phase-locked
interaction. They showed that an effective nonlinear interaction could take place
between planar and oblique Rayleigh instability waves which have the same phase
speed (and hence are phase-locked). The interaction within their common critical
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layer generates a strong difference mode, which in turn interacts with the oblique
mode to influence the development of the latter. While this mechanism is somewhat
weaker than a resonant triad interaction, it operates under a much less restrictive
condition (in that the subharmonic relation between the frequencies is not required).
Yet this mechanism can significantly enhance the growth of the oblique wave and may
eventually cause it to grow super-exponentially. In summary, the crucial difference
from subharmonic resonance is that the phase-locked mechanism predicts that a
dominant planar mode is able to preferentially excite all oblique modes sharing its
phase speed.

In the present paper, we study the role of phase-locked interactions of T-S waves.
Our investigation is motivated by the experimental observation that in boundary-
layer transition, three-dimensional disturbances in a wide frequency range grow to
a significant level, despite not satisfing the resonant-triad conditions (e.g. Corke &
Mangano 1989). Numerical simulations have also revealed such a phenomenon (e.g.
Spalart & Yang 1987).

As in many of the related previous theoretical studies of boundary-layer transition
(Mankbadi et al. 1993; Wu 1993; Wu, Leib & Goldstein 1997), we shall focus on
the upper-branch scaling regime, since (a) in most experiments on boundary-layer
transition, nonlinear effects do not become noticeable until the upper branch of the
neutral curve is approached (e.g. Klebanoff, Tidstrom & Sargent 1962; Kachanov &
Levchenko 1984; Corke & Mangano 1989), and (b) the upper-branch regime covers
almost the entire linearly unstable region, including the overlapping domain between
the upper and lower branch regions, as pointed out by Goldstein & Durbin (1986).
The choice of the upper-branch regime is crucial for the present investigation, because
the notion of a phase-locked interaction is based on nonlinear interactions within a
critical layer, and the critical layer is distinct only in this regime.

We note that the upper-branch asymptotic approximation for the linear growth
rate is not accurate at moderately high Reynolds numbers (see e.g. Reid 1965; Healey
1994). However, we do not believe that this shortcoming constitutes a reason for
developing nonlinear theory based on the upper-branch scaling. This is because the
nonlinear growth rate of a disturbance depends principally on its modal shape,
and the latter is predicted reasonably well by high-Reynolds-number asymptotic
theory. Further, given that the nonlinear growth quickly overtakes the linear one,
the qualitative behaviour of the disturbance should not be significantly affected by
the relative inaccuracy of the linear growth rate. Thus, although the finite-Reynolds-
number approach based on the Orr—Sommerfeld equation gives a good approximation
to linear growth rate, we believe that the high-Reynolds-number formulation offers
the best opportunity to construct a self-consistent theory that can at least qualitatively
describe the major nonlinear effects.

The rest of the paper is organized as follows. In §2, the problem is formulated.
We assume that planar and oblique T-S modes are present, propagating at the same
phase speed to leading order, but allowing for a small degree of mismatching. As
the modes propagate downstream they interact within their common critical layer,
until at some point there is a nonlinear feedback; we consider this stage in §3.
Specifically the mutual interaction is shown to induce super-exponential growth or
decay of the oblique modes if the phase-speed difference is non-zero. A special case
arises if the phase speeds are exactly the same, since the interaction in the first
instance only alters the wavelength of the oblique modes, leaving their modulus to
evolve exponentially (rather than super-exponentially). However, further downstream
the wavelength alteration becomes rapid enough to produce a back reaction on the
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modulus causing, even in this special case, the latter to grow super-exponentially. In
either case, once the oblique modes have acquired a sufficiently large growth rate,
the disturbance enters a second stage, which is distinguished in that non-equilibrium
effects become as important as viscous effects in the critical layer. The oblique modes
then evolve over a faster scale than the planar wave. In particular, provided their
initial magnitude is sufficiently small that their effect on the planar mode is negligible,
the amplitude function of the oblique modes then takes a WKBJ form. This regime,
which we shall refer to as the WKBIJ stage, is considered in §4. The continued rapid
growth of the oblique modes eventually leads to a third, fully-coupled stage, when
the self-interaction between the oblique modes, as well as their back effect on the
planar wave, comes into play. This third stage is studied in §5. By observing the
similarity between the present problem and the related problem of Rayleigh waves
(Wu & Stewart 1996), it is deduced that the amplitude equations in this stage are
the same as those for the Rayleigh problem, but without the linear growth terms.
The appropriate initial conditions are derived by matching with the WKBIJ stage.
The amplitude equations are solved numerically, and the solution is found to develop
a finite-distance singularity, leading to a strongly nonlinear stage, governed by the
unsteady inviscid triple-deck equations. This final stage is highlighted in § 6. Further,
we show in the Appendix that all the weakly nonlinear stages through which the
disturbance evolve are governed by appropriate limiting forms of the amplitude
equations derived by Wu & Stewart (1996) for the nonlinear non-equilibrium viscous
critical-layer regime. In § 7 we discuss the implication of this, and draw some general
conclusions from the results of our analysis.

2. Formulation and linear solutions

The basic flow is taken to be the incompressible Blasius boundary layer on a
semi-infinite flat plate. It is described in terms of Cartesian coordinates (x, y, z) with
its origin at a point on the plate a (dimensional) distance L downstream from the
leading edge, where x and y are along and normal to the plate, respectively, and z is
the spanwise direction. The velocity components in these directions are denoted by
u, v and w, respectively. The length, time, velocity and the pressure p are normalized
by 8%, 8" /U, U, and pU2, respectively, where U,, is the free-stream velocity, p is the
fluid density, v is the kinematic viscosity, and 8* = (vL/U,,)"? is the boundary-layer
thickness at x = 0. The local Reynolds number R=U,§"/v is assumed to be large,
ie. R > O(1). Near the wall, the basic-flow profile, U, has the behaviour

Ug ~iy+day*+-+, as y—0, (2.1)

where /4 = — 42/48. Strictly speaking, / depends on the slow streamwise variable x/R,
but to the order of approximation in the present paper it can be treated as constant
with 4 ~0.332.

We shall consider the interaction between a planar T-S wave with a dimensional
frequency £2, and a pair of oblique T-S waves with a common dimensional frequency
£2. The upper-branch regime for the Blasius boundary layer corresponds to the scaling
(Reid 1965; Bodonyi & Smith 1981)

Qu/U2, Qv/U2 ~ R, (2.2)
It is convenient to introduce a small parameter

o= RV,
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and to define scaled frequencies
o= O’_IZ(QV/UOZO), w = a_lz(Qv/Ui).

Linear stability theory (e.g. Bodonyi & Smith 1981) suggests the introduction of
scaled coordinates

X =cax —o’dt, X=ocax—oc’wt, 7Z= oBz, x1= otcx, (2.3)

where X, X and Z are the ‘fast’ variables describing the oscillation and the
spanwise variation of the T-S waves, respectively, while x; is an appropriate ‘slow’
variable describing their growth. The parameter & denotes the scaled streamwise
wavenumber of the planar mode, while ¢ and B are the scaled streamwise and
spanwise wavenumbers of the oblique modes, respectively. It follows from (2.3) that
the multiple-scale substitutions hold

0 , 0 5. 0 0 d 0 4 1 O 0

. d
a0 xR T o 5 %Pz
(2.4)

We assume that the phase speeds of the planar and oblique modes, ¢ = @/& and
¢ =w/a, are equal to the leading order, but are allowed to have an O(o?) difference,
ie.

t=c+o’A, (2.5)
where A = O(1) is a parameter characterizing the phase-speed mismatch. The effect
of phase-speed mismatch was considered by Wu (1996) in his work on the resonant
triad and phase-locked interactions of sinuous and varicose modes in a plane wake,
and in a closer context by Jennings (1997), who studied the phase-locked interaction
of T-S waves in the high-frequency limit of the lower-branch regime. In Wu (1996),
the phase-speed mismatch was treated as a special case of amplitude modulation.

The wavenumber « and the phase speed ¢ expand in the form

a=ay+oa;+o’a,+o’lnocay, (2.6)
c= @ =cy+oci+---, with ¢y = g, etc., (2.7)
o (7))

and a similar expansion holds for & However, we shall only need to retain the leading—
order terms in the expansions as higher-order ones do not affect the nonlinear
interactions considered in this paper. In terms of the above scaled variables, the
disturbance in the main part of the boundary layer, to leading order, takes the form
u = eB(x))¢'(y)eX +8A(x))iti(y)eX cos Z +c.c.+ -,
v = —eo@iB(x1)p(y)eX —soyiA(x))vi(y)eX cos Z 4+ c.c. + -+,
w = 8o A(x;)w;(y)eXsinZ +c.c. + -,
p = eo B(x1)po(y) e +80 A(x1)p1(y)eX cos Z +c.c.+ -,

(2.8)

where € and § represent the magnitudes of the planar and oblique T-S waves,
and B(x;) and A(xy) their (scaled) amplitude functions, respectively. Hereinafter c.c.
represents the complex conjugate. For convenience, we have defined

v = (5 +8%)
The linear instability problem is described by a multi-layer structure consisting of
five asymptotic regions: the potential-flow zone (i.e. ‘upper-deck’), the main layer, the

172
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Tollmien layer, the Stokes layer and the critical layer. These layers have thicknesses
of orders 07!, 1, o, 0 and o3, respectively (Bodonyi & Smith 1981). The solution in
each of these regions can be obtained by expanding in terms of small parameter o,
and matching between different zones gives the leading-order dispersion relation

)VZ'() = 6~10, iCo =Y. (29)

The above relations indicate that in order for ¢y =cy, we require & =y, which will
be assumed to be the case hereinafter. The growth rates are found to be (see e.g.
Goldstein & Durbin 1986; Wu et al. 1997)

B’ .
20" T = ol €T = C7) + Pao(2co) " + i (2.10)
A .
vy (cosd + sec@)X = co(ct — ) 4+ 22y Qaoco) ™V + ixa, (2.11)
where we have put
0 =sin"'B/y, Y.=co/h u=—cl/4 (2.12)

The first terms on the right-hand sides of (2.10) and (2.11) are the jumps across the
critical layer, while the second terms are the viscous contributions from the Stokes
layer adjacent to the wall. In the linear regime,

Ct —C™ =2naguY,, c"—c =2mnyuY..

The real constants y, and x, in (2.10) and (2.11) represent O(c?) corrections to the
respective wavenumbers, and their specific values are not important as far as the
development of the disturbance is concerned.

3. Nonlinear stage 1
3.1. The general case: imperfectly phase-locked modes

Since the planar mode has a larger linear growth rate than the oblique ones, it is
reasonable to assume that the former initially has a much larger magnitude than the
latter, that is,

KeK 1.

Similar to the Rayleigh waves considered in Wu & Stewart (1996) and many
other critical-layer analyses of this type (Goldstein 1995b), the dominant nonlinear
interaction takes place in the common critical layer, whilst the flow in the other layers
remains linear to the required order so that the analysis of those layers is omitted.
For the T-S waves of present interest, the critical layer is in equilibrium and viscosity
dominated (Reid 1965; Bodonyi & Smith 1981). The balance between the inertia and
viscous diffusion in the streamwise momentum equation shows that the transverse
variable for this layer is

n=(y—y)/o, (3.1)
where y.=o0¥,.

The first nonlinear regime is reached when the jump across the critical layer
produced by the phase-locked interaction appears at the same order as the linear
jump in the oblique modes. An order-of-magnitude argument indicates that this
occurs when

e =02, (3.2)
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This determines the required threshold amplitude in order for the phase-locked
interaction to exert a leading-order influence on the development of the oblique
modes. We note that this key amplitude is asymptotically larger than the amplitude
required for subharmonic resonance, i.e. € = O(c''°) (cf. Mankbadi et al. 1993), which
means that a subharmonic resonance could develop first if the correct modes are
present. However, a difference of O(o7*?) ~ O(R*>?) is unlikely to be substantial
in practical situations where R is typically about O(10%). Moreover to justify the
relevance and utility of our theory, we refer to the comparison, albeit qualitative, with
experiment at the end of §7 (see also figure 7).

It is informative to present the arguments leading to scaling (3.2) as it highlights
some interesting physical and mathematical features of the phase-locked interaction.
The starting point is that both the streamwise and spanwise velocities of the oblique
modes, u3p and wsp say, exhibit a simple-pole singularity at their critical layer
(e.g. Mankbadi et al. 1993), so that their magnitude increases to O(80~2) in the
critical layer. Within this layer, the interaction between the planar and oblique modes
produces a forcing term, vopusp,y, Which is O(edo73), since the normal velocity of
the planar mode v,p ~ eo?. This forcing generates modes with difference and sum
frequencies, both having an O(edo~7) streamwise velocity, as can be deduced by
balancing vopusp,, with the inertia in the streamwise momentum equation. It turns
out that the sum mode is confined within the critical layer, but the streamwise velocity
of the difference mode, u,; say, exhibits a jump across the critical layer. As a result, the
difference mode spreads out to the Tollmien layer, where its streamwise velocity, u,
say, must be O(e8o "), while the normal velocity is O(edo ) (as can be inferred from
the continuity equation). It follows from the streamwise momentum equation that
the pressure of the difference mode must have an O(eSo %) magnitude. The crucial
feature, which makes the present phase-locked interaction interesting and powerful, is
that u, exhibits a simple-pole singularity at the critical level so that the leading-order
streamwise velocity of the difference mode, uyo say, is O(e8o~?), much larger than the
locally generated u,. The planar mode then interacts with this difference mode to
produce the nonlinear forcing vapuq0,y, Which regenerates an oblique component with
an O(8e*0™'%) streamwise velocity. This velocity produces a nonlinear jump across
the critical layer. The phase-locked interaction starts to affect the evolution of the
oblique modes when this jump becomes of the same order as the O(85?) linear jump.
This balance leads to (3.2). The spanwise and normal velocities of this component are
then found to be O(80*) and O(807) from the spanwise momentum and continuity
equations, respectively.

Guided by the argument above, we seek the expansion for the disturbance

u=eiBe* +86 72U, +0°Uy + -} Ae¥ cos Z
+€80 {0 2Uqgg + Uy + -} A"BEscosZ +c.c.+ -+, (3.3)
v = e{oX(—idgco)B + -} ¥

+8{a2(1+aa)(—iyco) +o*'Vi+ 40" Voa+ - JAe¥ cos Z

+E5O’_3{O’_2Vd0+‘/d1 +}A*BEd COSZ+"’, (34)
w =380 W, +0’W,+---1Ae¥sinZ
+8e0 {0 Wag+ Wy + -+ JA'BE;sinZ +cc. + - -, (3.5)

p =¢€o0dyB eiX +80y coshAeX cosZ +8eo CPyA"BE;cosZ +cc.+-,  (3.6)
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where a is an O(1) constant (see Goldstein & Lee 1992; Mankbadi et al. 1993), the
exact value of which is of no significance in our study. The terms proportional to

E, = explio (@ — a)(x — oct) —ioc*@a At}

represent the difference mode, generated by the mutual interaction between the
planar and oblique waves. Here we have omitted the sum mode and certain harmonic
modes, as well as the two- and three-dimensional mean-flow distortions, since they
do not contribute any nonlinear effect to the order considered in the present stage.
Specifically, we note that while the mean flow due to the self-interaction of the planar
mode is O(e’0~2), which can be larger than the difference mode included in the
expansion, the further interaction of an oblique mode with this mean flow generates
a jump of O(8€’077) in the streamwise velocity, which is much smaller than the
0(8€*0~'*) jump produced by the difference mode.

The leading-order streamwise and spanwise velocities of the oblique T-S waves, U,
and Wy, satisfy (Mankbadi et al. 1993; Wu 1993)

2

[iaoin — } Uy 4+ A(—iycg) = —iagy cosb,

o’ i (3.7)
{iaoﬂn — 8] W, =By cos0.
an?
These equations can be solved to obtain
U, = icotan@sind [T, W, = ¢osin@ 117, (3.8)
where we have defined
1 = [ 6 expling — 56 d. 5 = e (39)

The leading-order velocity components of the difference mode, U,y and Wy, are
driven by the pressure Py, as indicated by their governing equations (cf. Wu &
Stewart 1996)

. 92 .
[ladi(ﬂ —Na) — 8772} Ugo + AVyo = —lay Pyo,

. (3.10)
|:iad/1(77 —Na) — 32 2] Wao = B Pao,
n
with
0o A
a = —a0,  na= 22, (3.11)
ozd/l

Vi and Py are the straightforward continuation of their corresponding solution in
the Tollmien-layer, and have the form

Vo = —iyacoD, Py = y4c0s6,D, (3.12)

where y, = (a3 + %)/, and the constant D, which is a measure of the difference-
mode amplitude, is to be found. Inserting (3.12) into (3.10), and solving the resulting
equations, we find that

Ud() = iCo tan (9d sin Qd DH;O), WdO = Co sin Qd DH;O), (313)
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where 6, = sin”!8 /Y,

;= /0 £" exp(—i(n — na)é — sa€°)d&,  sq = 1(ea) ™. (3.14)

The second-order difference-mode terms, Uy, V1 and Wy, are directly driven by
the Reynolds stresses due to the interaction between the planar and oblique modes.
They are governed by equations

. v,
iogUgy + =2 + Wy =0,
an
. 92 _
[uxdi(n —Na) — 8772} Uai + AVar = (i@oco) Uy ), (3.15)
. 32 .
a1 = 10) = 5 | Wi = o)W,

On eliminating U;; and W,;, we obtain
. 92 . . .
|:106d/u(77 —Na) — 82} Vit = i@icl sinf tan O IT"?, (3.106)
n
which has the solution

Vit = 150} sind tang / / £2exp (— (3 +50)&° — sal¢ — &) it —i(—&)n) d& de.
0 0

(3.17)
There is a jump in Vj,, namely
Ji = Vi1.(00) — Vi p(—o0) = 2ni§—3c8 sinf tan61,, (3.18)
where we have defined
L) = [ exp=(6 +s0€" + inge) de. (3.19)
Matching V,;,, with the Tollmien-layer solution determines
D = (—iyqco)” x Ja; (3.20)

the constant y must be found by considering the solutions in the Tollmien layer, the
main layer and the upper layer. This amounts to solving a boundary-value problem
with inhomogeneous jump condition (cf. Wu & Stewart 1996). We omit the details
(which are similar to those in Jennings 1997), and give only the final result

—1
(-1 (321)
A 14

The amplitude of the difference mode becomes infinite if ¥, = y (i.e. if oy = «p). This is
expected since it corresponds to subharmonic resonance, which appears as a singular
limit of the phase-locked interaction. The relations (3.12) and (3.20) indicate that the
pressure P, is driven by the nonlinear interaction within the critical layer through
the velocity jump (3.18). Through P, the effect of the interaction is ‘transmitted’ to a
much lower order, forcing the large-amplitude velocity components Uyo and Wyq. It is
this feature that makes the phase-locked interaction very effective (cf. Wu & Stewart
1996).
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The planar mode interacts with the leading-order difference mode to regenerate
the components at the fundamental frequency of the oblique modes, U,, V, and W,.
Their orders of magnitude in the expansion (3.3)—(3.6) were determined by the scaling
argument given above. It is found that (U,, V5, W>) satisfies the equations (which are
the steady version of those in Wu & Stewart 1996)

. A%
iUy + —= + Wy =0,
an
. 92 o S
10[0],77 — 877’]2 Uy + AV, = (10[()C0)|B| UdO,n’ (322)
. 92 N .
lagn — an W, = (i@co)| B|* Wy,

from which it follows that
{iaoin — 88;2} Vaum = 200y ico + i@ c) sin 6, tan GdD*|B|2H;(2). (3.23)
Solving this, we find
Vam = 2y eod T + iz—ch sin6, tan6,D*|B|?
<[ e exn(—t5 st = 500 — e —nae —ie —mdzde. - (324)
Matching V,, with the Tollmien-layer solution determines the jump
ct —c™ =V, (0) — Vo, (—0) = 2mnpuycod " + 2niZ—ZcS sinf, tan6,D*|B’I,. (3.25)

Substituting (3.25) into (2.11) yields the amplitude equation for the oblique modes
dA

— =k,A+iT|B’A, (3.26)
dX1
where we have put
Ka = co(cos 6 + secO) ™! [A2(2agco)/* + 2c§ A7 ], (3.27)
T = —4n’c)(apay) " sin@ tan 6 sin 6, tan O,(y — y4) "' 1;*(cos O +sech)~!.  (3.28)
The planar wave still evolves linearly and its amplitude equation is
dB
— =K, B, (3.29)
dX1

so that
B = Byexp(kpx;) with &, = Jco[A2(260co) ™% + 2mcd A" 1]
Equation (3.26) is subjected to the initial condition

A — Apexp(k,x;) as x; — —oo,
so that the solution matches to the linear stage upstream. It follows that
A = Agexplrgxy +1Y/(2,)| Bo|* exp(2kpx1)}. (3.30)

In the general case, i7" is a complex number. Super-exponential growth arises if
Re(i7") > 0. In figure 1, we plot the real part of i7" against the scaled phase-speed
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FIGURE 1. The real part of the coefficient i7", Re(iT"), vs. A for y =0.12: (i) 6 =80°, (ii)
6 = 70°, (iii)) & = 50°, (iv) 6 =35°. The value y =0.12 is chosen to be within the main unstable
region of the upper-branch scaling regime; see figure 1 of Wu et al. (1997).

mismatch, A, for a selection of obliqueness angle 6. It is clear that for each set
of phase-locked modes, there is an ‘optimal’ value of A which gives the maximum
Re(iT"). On the other hand, Re(iT") decreases rapidly as A increases, indicating that
a too large mismatch destroys the interaction under consideration. Re(i7") vanishes
at an infinite number of values of A including A=0. Thus except at these special
values, the amplitude A experiences super-exponential growth/decay. Thus similar to
resonant-triad interaction (Goldstein 1994), the rapid development of the amplitude
will eventually cause the non-equilibrium effect to become as important as viscosity
within the critical layer. This occurs when the instantaneous growth rate of the oblique
modes, 0*A’/A ~ o exp(2k;x;), becomes of O(c?), i.e. when

x; = 0(/{51 log 071/2). (3.31)

This new stage will be investigated in §4. Before that, let us consider the perfectly
locked case A =0, as some interesting features will emerge.

3.2. Perfectly phase-locked modes: wavelength-shortening induced nonlinearity

When the planar and oblique modes are perfectly locked, A=0 and 7 is real. As a
consequence, the nonlinear interaction affects only the phase angle of A(x;). Solution
(3.30) indicates that the wavelength of the oblique modes ‘shortens’ exponentially,
while its modulus continues to evolve exponentially as in the linear regime. At first
sight, the above result seems to suggest that the phase-locked interaction is of no
significance at all for the perfectly phase-locked modes. This however is not the case,
because the rapid modulation of the phase induces velocity components, given by
(3.44) and (3.45) below. These interact with the planar wave. The jump contributed
by this interaction will appear at the same order as the linear jump when

x1 = 0(k; ' loga™"), (3.32)

at which point, the phase modulation affects the development of the modulus. We
thus introduce the shifted coordinate

% =x; —«,; logo™"4. (3.33)
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For 2 = O(1), we may write B(x1)=a*1/4f9, and the magnitude of the planar mode
rises to

¢ =eo = oB, (3.34)

which is still asymptotically smaller than the required threshold magnitude of 0(c?)
for a planar wave to become nonlinear (Goldstein & Durbin 1986). Thus B has the
solution B = By exp(kpX).

The disturbance in the main part of the flow can still be expanded as (2.8) except
that ¢ is replaced by €. Similar to the subharmonic resonance scenario considered by
Wundrow et al. (1994), the amplitude function A(%) of the oblique modes in this stage
evolves over a shorter length scale than B, and the solution for A takes the WKBJ
form

A(R) = AR) exp(iO(%)/a'7?), (3.35)
which is also implied by (3.30). Then we have the multiple-scale substitution
9 I I /S Y VI A P N
8x_)(m8X+Ga8)~(+a c @8@+Oc I (3.36)

The overall flow structure remains the same as in stage I. Outside the critical layer,
the flow is linear up to the order of our interest. A straightforward expansion in each
of the layers and matching show that (cf. Wundrow et al. 1994; Wu et al. 1997)

. dé .
iycyl(cosO + sec@)d—A =co(at —a"), (3.37)
X
dA
vy (cos@ + sec (9)(1T = co(¢t — &) 4+ 22y Qaoco) VA, (3.38)
X

where the jumps (@t —a~) and (¢t — ¢7) are to be determined by analysing the
nonlinear dynamics within the critical layer. The expansion for the disturbance is

u=&lBexp(iX) +802{0, + 0?0, + 0'2Us + 0 U+ - -} Aexp(i® /o /> +iX) cos Z
+€80‘7{0_2ﬁd0 + 07300 + Ugy + 0 P05 + - - }A*é exp(—i® /o *)E  cos Z
+cc. 4+, (3.39)

v = &0 (—id@yco) B exp(iX) + 8 {a(1+aa)(—iyco)
+ot(—iyin) + PV + 0TV 4 - }A exp(—i®/o'? +iX)cos Z
+€80‘3{a_2‘7d0 + o3V + Vi 4+ 0 PV 4 - }AE exp(—i(:)/crl/z)Ed cosZ
+cc.+-, (3.40)

w = 8072{171/1 +0PWy + 0P Wy + 0 Wy + - }A exp(i@/al/2 +1iX)sin Z
+€80_7{a_2Wd0 + 0_3/2Wd1 + Wdz + 01/217Vd3 + - }A*IAE exp(—i@/al/z)Ed sin Z

oo 4, (3.41)
p =éoayBexp(iX) + soy cos0A exp(i® /o> +iX)cos Z
+2807 Py + 02 Py } A" Bexp(—i® jo*)E cos Z + e+ (3.42)

_The leading-order streamwise and spanwise velocities of the oblique modes, U, and
W, are the same as given in (3.8), while for the difference mode,

Pyo = Py, Ugo=Ug, Wio=Wa, Upn=Uz, Wap=W.
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The jump (@* —a~) is given by the second term in (3.25), and using it in (3.37), we
obtain the equation for the phase ®

®' =71|B. (3.43)

In order to derive the governing equation for the amplitude A, we need to consider
the second-order fundamental components in (3.39) and (3.41), U, and W,, which
satisfy the equations

. 37 A A

{weoin — 8772] U, = cotan@sind @'(3)1?, (3.44)
- 3?7 4 A
[laom — an} W, = —icysinf @'(x) 1. (3.45)

The solution is found to be
Us = (o) 'cotand sind @'(X) T, W, = —i(apl) 'cosing &' (Z) TV,  (3.46)

These velocity components are induced by the modulation of the phase O(%), since

their forcing terms are proportional to @'. A similar scenario arises in the cases of

oblique-mode (Wu et al. 1997), and resonant-triad interactions (Wundrow et al. 1994).
As with V,y and Py, the solution for le and Pd1 can be written as

le = (—i)/dC()D)@,, Pdl = Y4 COS QdD@,, (347)

with constant D to be determined later. The governing equations for ﬁdl, \A/dl and
W, are

. A 82 A R . A A A

[WM’? - 87)2} Uai + AVy = —lag Py + 10U go, (3.48)
. 3927 4 X« A
|:105d/17] — 3772] Wai = BPay +10"' Wy, (3.49)

which we solve to obtain
Uai = icosinb, tan 6, { DI + i, 2) ' DIV} O, (3.50)

where D is given by (3.20).

The back effect of the phase modulation on the modulus is facilitated by U, and
W, (the wave-length shortening induced velocities) interacting with the planar wave
to generate those ve1001ty components of the difference mode that are represented by
Ud3, Vd3 and Wd3 in (3.39)—(3.41). They satisfy

itgUgs + Vs + BWas3 =

. 82 A 0 (Y 7 o
[uxdln - 37}2] Uas + 4Va3 = (i@oco)Us , +10"Uas, (3.51)

82
|:lO[d/L77 — an:| Wd3 = (IOlQC()) + 1@ Wd2
It follows that

. 927 . do 5 . .
{uxdﬂn — 3'72] Vs = —Z—ch sinf tan @' IT°% + R, (3.52)
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where
_ % s o [ g2 A 3 3_ s
Ro==Schsing an0 & | [ & exp(—(6 +508" — sulc — 8~ e — ) de e
0 Jo
Solving (3.52), we find that

Iy = Vg3 (00) — Vs p(—o0) = —2m—2c sind tand &' I5(0). (3.53)
(oA [0 %7
This jump induces the pressure f’dl, which in turn drives Udl and Wdl. Matching \A/d3,,,
to the solution in the Tollmien layer shows that

D = (—iyaco) ' x Ly

with x being given by (3.21).
Next, we solve for V4 in (3.40), which is required to determine the jump (et —2¢).
It is found that the governing equation for V; is

. 82 A CAA A A
{laoxn — anz] Vi = 2000c0y 10 — 10" Vs 4 (v 7o) BPU (3.54)
where Vs, = Vs, as given by (3.24). Solving (3.54) by Fourier transform, we obtain
¢t — ¢ = A[Va,(+o0) — Vi, (—0)] = 2ycol ' unA + qO'|BI?A, (3.55)
where
-1
q = —8m(ary) ¢S sin 6 tan 6 sin 6, tan 6, 15(0)13(0) <1 — yd) . (3.56)
14

Substituting (3.55) into (3.38), we obtain the evolution equation for the modulus A:
A =«,A+71,0'|BPA, (3.57)

with T, =y~ 1c2 g(cosf + sech)~'. Equation (3.57) is coupled to (3.43), indicating
an interplay between the phase and modulus. The nonlinear term in (3.57) can be
interpreted as arising from wavelength ‘shortening’ or dilation. Inserting (3.43) into
(3.57) yields a single equation governing the modulus

A =k, A+ T|BI*A, (3.58)
where
T = rT, = 32n*c{ sin®6 tan’6 sin6, tan’6,15(0)(cosd + sechd) 2(y — ya) . (3.59)
The solution for A is
A = Agexp{i.k + T /(4,)| Bo|* exp(4k,2)). (3.60)

Now since the coefficient T is always positive, the amplitude undergoes super-
exponential growth, regardless of the obliqueness angle 6. Note that the super-
exponential growth, once started, is much faster than the non-zero mismatch case, since
the rate is proportional to exp(4«,x) as opposed to exp(2«,x). The non-equilibrium
effect associated with this rapid amplification becomes a leading-order effect when

x= O(Kljl loga*”“),
which from (3.33) is equivalent to (3.31), namely,
x| = O(K,,_1 log 0_1/2).
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Thus, the disturbance of perfectly phase-locked modes enters the non-equilibrium
stage at the same downstream location as in the imperfectly phase-locked case.

A similar analysis can be performed for other values of A at which Re(i7")=0 to
show that the disturbance follows the same evolution route as for A =0.

4. Nonlinear stage II: WKBJ regime with a non-equilibrium critical layer
We have shown that with or without phase-speed mismatching, the disturbance
evolves, albeit via somewhat different routes, into the non-equilibrium critical-layer
regime when
x1 = 0(k; 'loga™""?).
Introduce now
xf=x; —k, ' logo™* =% —k,  loga ™4, (4.1)
In this regime, the magnitude of the planar mode rises to
E=0o",
while the magnitude of the oblique modes becomes of order §=8e"7if A#£0 or
8e7/7 if A=0. We shall assume that § is sufficiently small such that the back effect of
the oblique modes on the planar mode remains negligible. Then the latter continues
to grow exponentially with its amplitude function B = Byexp(k,xT). The amplitude
function of the oblique modes now takes the WKBJ form

A = A(xNexp(@(xh)/0), (4.2)

where @ is a complex function. The development of the oblique modes is primarily
characterized by @(x") with A(x") being of secondary importance. Based on the
analogy of the present form of solution with that in § 3, we can infer that @ is related
to the jump across the critical layer via

do
yeo ' (cosf +secO)— = co@™ —a-), (4.3)
dxt
which is obtained by replacing i® in (3.37) by @. The expansion in the critical layer
still takes the form (3.3)—(3.6) except that € and § are replaced by € and §, respectively.
The leading-order terms, U; and Wi, now satisfy

. 92 . .
{wgoin +@ — 8172] Uy 4+ A(—iycy) = —iagy cos b,

) (4.4)

. , 0
wogAn + P — — | W, =By cosb.
on?

The non-equilibrium effect is reflected by the additional term @’ in the operator. The
above equations have the solution

U, =icotan@sind [T, W, = ¢y sin6 177, (4.5)

where we have defined
am = / £" exp(—ing — (aph) " 'd'E — 5£3) dE. (4.6)
0

The solution indicates that owing to the non-equilibrium effect, the normal distribution
of the leading-order streamwise and spanwise velocities in the present stage undergoes
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deformation as their amplitudes evolve, i.e. both the amplitude and the ‘shape’ of
the oblique modes are affected by the phase-locked interaction. This is in contrast to
stage I, in which the interaction affects the amplitude only, while the ‘shape’ of the
disturbance is still determined by linear dynamics.

The governing equations for U,y and W, are

. e 92 .
[ladi(ﬂ —1n4) + @7 — 8772] Ugo + AV = —loy Pyo,

2 (4.7)
{iadﬂ(ﬂ —1n4) + P — 3772} Wao = B Pao.
Similar to the previous stage, V,o and P,y are given by
Vao = (—AyacoD").  Pao = yacos6,D", (4.8)
where
D' = (—iyaco)”'x I (4.9)
with J| given by (4.14). It is easy to show that
Ugo = icotan @, sin6, DY, Wy = cosin6, DY, (4.10)
with
ﬁ?=l2%mhw—m%—WMW¢%—mﬁma (4.11)

The second-order velocity components of the difference mode, U,;, V,;; and W, are
governed by equations

. A%
lagUg1 + 877;“ + BWy4 =0,

. N 02 . .
|:101d}~(77 —na) + P — 8;72] Uar + Va1 = (idoco) Uy (4.12)

. . 02 . .
[ladi(rl —n4) + D" — 87]2] War = (i&oco) Wy ., s

which, after eliminating U, and Wy, give

. R . . =
{wdi(n —ng) + D" — 87)2] Vit = id@3ch sinf tan 0 17°?, (4.13)

After solving this equation, it is found that there is a jump in Vj; ,, namely,
J3 = Vary(00) = Var5(—0)
- 2ni%c8 sinf tand wgz exp(—(§ +54)&° — (' + ag A7 @7 +ing&) dé.
’ ' (4.14)

The jump (at —a~) (see (4.3)) is obtained by considering V, ,,, which satisfies

. 92 . . . =
{uxoin +o — 82} Va.um = i@ c} sin 6, tan 6, D' \BY 2T, (4.15)
n



Phase-locked interaction of Tollmien—Schlichting waves 281

<
~
uly

@ | 1 ® @ ()

e
w

@ 02
0.1 4
0 5
_IIIIIIIIIIIIIIIIIIIIIIIl]llllllllllllllilllll
-1 0 1 2 3 4 5 6 7 8
Kbe

FIGURE 2. Solid lines, the super-exponential growth rate @’ vs. «,x* (a) 8 =40°, (b) 6 =70°.
Dashed lines, the far upstream behaviour (4.18). Dotted lines, the far downstream behaviour
(4.19).

Solving this and matching V5, to the Tollmien-layer solution, we obtain

.0 . .
at —a =2i—c}sinf, tan6, D" |B|?
o

< [ o=+ aE — e ) 0 — i) s, (416
0
Inserting the above result into (4.3), we arrive at a transcendental equation for (the
local growth rate) @/,
_ir
=7

o) 2
@' {/ £2exp(—(5 +5,)8° — (a;1+a0—1);r1q>’g—inds)dg} BT, (4.17)
0

Since B = Bye“*', it follows that
@' — iT|By|* exp(2ucpxt) + T'|Bo|* exp(drcpxt) as xT > —co, (4.18)

therefore matching to the solution in the previous stage (cf. (3.30) and (3.60)). On the
other hand, as x™ — oo,

@' > & exp (3kpx)  with @, = (T/5?)" (o0l /d0)*. (4.19)

For x"= O(1), equation (4.17) is solved using the Newton-Raphson method and
representative results are shown in figure 2 for y =0.12, § =40° and 6 =70° with
the phase-speed mismatch parameter A being the optimal value for each 6. The
non-equilibrium effect inhibits the amplification, converting the growth rate from
being exp(2k,xT) in the equilibrium regime to exp(2«,x’/7). However, it should be
noted that the latter behaviour may not be attainable if the initial magnitude of the
oblique modes is not sufficiently small. In that case, the disturbance enters the fully
interactive stage before the asymptote (4.19) is reached (see below). In Figure 3, we
plot the normal distribution of the leading-order streamwise velocity of the oblique
modes. The deformation of the modal shape is characterized by ‘thickening’ of the
region in which the disturbance concentrates, but there is little shift of the position
of the velocity maximum.
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FiGure 3. Deformation of the modal shape in the WKBJ regime illustrated by the modulus
of the streamwise velocity, |U,|, at different downstream locations. (a) 8 =40°, kpx™ =4 (i), 6
(ii), 8 (iii). (b) 8 =70°, kpxT =4 (i), 6 (ii), 8 (iii). The dotted line represents the distribution in
the linear regime.

5. Nonlinear stage III: the fully interactive regime
5.1. Scaling and amplitude equations

The continued growth of the oblique modes will eventually lead to a new stage in
which the self-interaction between the oblique modes becomes as important as the
phase-locked interaction considered earlier. This occurs when the unscaled magnitude
of the oblique modes reaches O(c”), i.e. (cf. Wu et al. 1997)

§=dexp(®(x])/o)=0".

The above relation indicates that the initial magnitude of the oblique modes
determines the downstream location x/ near which the fully interactive regime
commences. The development is described by (4.17) as long as (x/ — x™) > 0O(o0).
However, in the O(o) neighbourhood of xj , the WKBIJ solution ceases to be valid,
because the oblique modes produce a back reaction on the planar wave so that the
latter no longer evolves linearly. Both the planar and oblique modes evolve over the
same fast scale

= (x"—xf)/0. (5.1)
The magnitude of the planar mode remains O(o®), namely
¢ =od. (5.2)

The solution in the main part of the boundary layer again takes the form (2.8)
provided that € and § are replaced by & and §, respectively, and A(x;) and B(x;)
by A(%) and B(X), respectively. The flow outside the critical layer remains linear
and inviscid to the order of our interest, and the solution can be sought by a
straightforward expansion. Matching the solutions in different regions gives (see Wu
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1995)
dA
ic ' (cost + sect) = = yreo@ =), (5.3)
X
. . dB .
dicy! g2 = @eo(CT =€), (5.4)

where the jumps (¢ — &) and (Ct — C~) are to be determined by considering the
nonlinear interactions in the critical layer.

To illustrate the main feature of this regime and also to facilitate the matching with
the next stage, we write the first few terms in the expansion within the critical layer:

u=¢eBe*+ So{(14+0a)U, + o*(AsechA) +---}e¥cosZ +cc.+---, (55)
v = €02(—i&oco)l§' eiX

+8a*{(1+0a)(—iyco)A+o*(—iy AA)n+ -} e¥cosZ+c.c. + -, (5.6)
w=38c"{W, +-}e¥sinZ+cc.+--, (5.7)
p=¢cBe¥+ 30y coshAeX cosZ +cc.+ . (5.8)

The leading-order streamwise and spanwise velocities, U; and W;, are governed by
equations

2

82} Uy 4 M—iycoA) = —iagy cosbA,
n

9 —+ iopd
Qodn —

ax oM
i+ioz/1 —8—2V~V—,3 cosfA
P 0A7] an? 1=py .

The non-equilibrium effect is now represented by 9/0% in the operator. The above
equations have the solution

U, =iy*sin®0 [T, W, = y?siné cos I1, (5.9)
with
IT = / A(X — &) exp(—iapginE — s&%)dE, s = %aélz. (5.10)
0

The nonlinear interactions within the critical layer are the same as in Wu &
Stewart (1996) and Wu (1996) so that the jumps across the critical layer, (¢t — ¢7)
and (C* — C7), can be borrowed from there without performing a detailed analysis.
After substituting them into (5.3) and (5.4), we obtain the amplitude equations

A [ .
G5 =T | Kotenls) explionA(e-+m) Ble—6,6)B (i —E —dm)A(i—E—n) d

+i7a// Ko(€,nls)AFX —§)AF — & —n)A"(¥ — 26 —n)dé dn, (3.11)
0 Jo

dé [y = . " e N
@ =in, / / K(€. nls) exp(—ido A+ ) AF—€) B —&—n) A" (F -,k —von) dé dn
0 Jo

+m/ / | kc(s, nls) exp(—idyAE) B(X —&)A(X—& —n) A" (¥ —vs& —n) d& d,
0J0
(5.12)
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where
K,(&.n|A) = £*n” exp{—AG}(E" + ')}, (5.13)
f’p = —4n’adady yacd sin® 0 sin® 6,(y — yq) "' (cos6 +sech) !, (5.14)
T, = —ny’aiA’c) sin®6(cos 6 + sech) !, (5.15)
T, =71, = —Inagiiciy’sin’ 6, (5.16)

(5.17)
Vg = Qo/atg, Vg = ag/ag, vy =1+
The kernel K,(&, n|s) is given by (3.85) of Wu et al. (1993) while K, and K. are
given by (A.1) and (A.2) of Wu & Stewart (1996) (with o, o, etc. being replaced
by &, 6, as defined in (5.17)). Here the terms representing the linear growth do not
enter the amplitude equations since the disturbance now evolves over a much shorter
streamwise scale. It is worth comparing the coupled amplitude equations (5.11)—(5.12)
with those for subharmonic resonance (Goldstein & Lee 1992; Goldstein 1995a; Wu
1995). The main difference is that the cubic term with kernel K, now replaces a
quadratic term to provide the vital catalytic effect of promoting the growth of the
oblique modes. The term with kernel K,, which represents the mutual interaction of
the oblique modes (Goldstein & Choi 1989; Wu et al. 1993, 1997), remains the same.
The terms describing the back action of the oblique modes on the planar wave are
similar, but kernels K, and K. derived here actually generalize those for subharmonic
resonance in that the former reduce to the latter in the special case 6 =6, =1/2.
The appropriate initial condition of (5.11) is determined by the requirement that
the solution in the present stage matches to that in stage II. After rewriting (4.2) and
BT(xT) in terms of %, we have that

A ~ A ~ A A
6 =ao/dy, 64 =o0au/d 65 =1 +cro,}

A(%) = A(x])exp(@'(x))7),  B(¥) — explipx]) as T — —co. (5.18)

The normal distribution of the leading—order streamwise and spanwise velocities
continues to undergo deformation, now under the combined influence of both the
phase-locked interaction and the self-interaction. More importantly, the distortion of
the modal shape takes place over the same length scale as the amplitudes.

5.2. Study of the amplitude equations

The amplitude equations (5.11) and (5.12) subject to the initial conditions (5.18) are
solved numerically by using an Adam—Moulton finite-difference scheme. In order to
march the solution downstream, we assume that when ¥ < —T, < 0, A and B can be
approximated by its asymptote, i.e. by the right—hand side of (5.18). The integrals over
the infinite domain D = [0, o0) X [0, c0) are evaluated by integrating over a sufficiently
large but finite domain, Dy = [0, X¢] x [0, Yy] say, while the tails over (D — Dy) are
approximated by using the asymptotes of A and B.

The problem involves a number of parameters: y, 0, A, xj, Aog and By. In our
calculations, we choose the first three to be the same as those in figure 2 so as to
examine the continuation of the solutions in the previous stage into the present fully
interactive stage. The value of By is taken to be unity without losing generality. As a
representative case, we choose kyx/ =4 and Ag=1.

Numerical solutions suggest that the solution for A(X) and B(¥) terminates at a
singularity at a finite distance, ¥, say. The singularity has the same structure as that
proposed by Wu & Stewart (1996) for the phase-locked interaction of Rayleigh waves,
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FIGURE 4. In|A| and In|B| vs. s'/3% for y =0.12: (a) 6 =40°, (b) @ =70°. The dotted lines
represent the local singular solution (5.19).

namely,

do - By o
mv B(-x) s m as X — Xy, (519)

AR) —
where &, and b, are complex, and v/, and v, are real numbers, respectively. The values
of Y, and v, along with || and |by| can be determined analytically (the details can
be found in Wu & Stewart 1996). It is worth noting that while the singularity in A is
of the same form as in the cases of oblique-mode interaction (Goldstein & Choi 1989;
Wu et al. 1997) and subharmonic resonance (Goldstein & Lee 1992), the singularity
in B is different because of the cubic kernel K, in (5.11).

The development of the amplitudes is shown in figure 4. The oblique modes first
induce a back reaction on the planar mode, causing the latter to amplify rapidly. The
subsequent two-way interactions lead to the formation of the singularity.

From the physical point of view, the most important feature of the present regime
is the rapid distortion of the modal shape with the critical layer. This is illustrated
in figure 5. For 6 =40°, the deformation starts with a drifting of the position of the
maximum velocity away from the wall (figure 5a), while for 6 =70°, the position
of the maximum descends towards the wall (figure 5b). In both cases, the velocity
distribution evolves into a much flatter pattern in the later stage, indicating that the
disturbance is no longer concentrated in a thin layer. The thickening of the critical
layer and the deformation of U; and W, can be described by a similarity variable
(Wu et al. 1997)

= (X —%)n. (5.20)

The function [T defined in (5.10), (which describes the normal distribution of the
leading-order streamwise and spanwise velocity components of the oblique modes),
has the asymptotic solution

IT — (%, — %)~ / V(1 + &)~V exp(—iaAiE) dE. (5.21)
0
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FiGure 5. ‘Shape deformation’ in the fully interactive stage illustrated by the modulus of
streamwise velocity, |U;], at different downstream locations. (a) 6 =40°, s'3% =4.13 (i), 4.63
(i), 5.13 (iii). (b) 8 =70°, s'3%=3.5 (i), 3.75 (ii), 4.0 (iii). The dotted line represents the
distribution in the upstream limit ¥ — oo.

In figure 6, we plot the distributions of |U,| at different streamwise stations against
7. The shape of U, appears to approach the final similarity form (5.21) as ¥ — %,
confirming the asymptotic result.

The spanwise dependent mean-flow distortion generated by the oblique-wave
interaction is reduced to zero in a viscous wall layer. Its width shrinks as o7/3(%, —%)!/3
when X; is approached. This layer remains passive although it becomes strongly
nonlinear when (¥ — X%,)=0"/°, at which stage its dynamics is governed by the
interactive boundary-layer equations with known displacement but an unknown
spanwise pressure gradient. In this ‘inverse problem’ (cf. Smith & Daniels 1981), the
pressure gradient is allowed to adjust itself. On this basis, we will assume that no
singularity forms prior to ¥,, and the discussion in the next section will be based on
this assumption, the confirmation of which however, requires a numerical solution of
the interactive boundary-layer equations.

6. Nonlinear stage IV: unsteady inviscid triple-deck regime
As was noted in Wu et al. (1997), with the critical-layer thickening like (¥, — X)~!

(see (5.20)), it eventually merges with the Tollmien layer when
i, —% = 0(c?). (6.1)

This and ensuing scenarios of the evolution are similar to those for subharmonic
resonance in a decelerating boundary layer, for which the critical layer is non-
equilibrium in the linear regime (Goldstein & Lee 1992). In the neighbourhood
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FIGURE 6. Distribution of |T] in terms of the similarity variable . (a) 6 =40°, s'*% =4.13 (i),
4.63 (ii), 5.13 (iii). (b) 0 =70°, s'/3% =3.75 (i), 4.0 (ii), 4.125 (iii). The dotted line corresponds
to the asymptotic form (5.21).

specified by (6.1), the disturbance enters yet another new stage which is distinguished
in that (a) the unscaled growth rates of both the planar and oblique waves, o*(B'/B)
and o3(A’/A), have now increased to O(c) and are of the same order as their
wavenumbers, and (b) all the harmonics have the same order of magnitude as that
of the fundamental. Note also that the planar mode has acquired the same size as
the oblique modes. The solution in this regime can be described by the streamwise
variable

¥=c(X—1)/co> (6.2)
along with the time and spanwise variables

=0’ Z=o0z.
The flow now consists of four layers: the upper layer, the main layer, the Tollmien
layer and a viscous wall sublayer. It turns out that the flow is governed by the inviscid
version of the nonlinear three-dimensional unsteady triple-deck equations. It has been
shown earlier that the nonlinear interaction between a pair of oblique T-S modes or
among a resonant triad can evolve into such a regime (Wu et al. 1997; Goldstein
1994, 1995a). The Tollmien layer, which is described by the transverse variable

Y =y/o,
becomes fully nonlinear, and the solution in this layer expands as
(u,v,w,p)=(GU,G3V,GW,02P)+--', (6.3)

as suggested by (5.6)—(5.8), (5.9), (5.10), (5.21) and (6.2). Substitution of the above
expansion into the Navier—Stokes equations yields, to leading order, the governing
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equations for U, V, W and P

UV oW
ax Y | a7z

AU U U AU P

— 4+ U—+V— — =, 6.4
ot Vs TVar T 9z ax (64
aw AW AW AW P
T 4U Ve W = ———,

or Vs TV T 9z 97

The pressure P, which is a function of X, f and z only, is related to the displacement
D(x,1,7) via (see e.g. Smith & Stewart 1987; Zhuk & Ryzhov 1989)

__ L/ 92D /3E?
F= n /oc/or [(x—&)2+(z—n)]? dé d. (6.5)

The system (6.4)—(6.5) is subjected to the boundary condition: V = 0 at Y =0, while
the condition as ¥ — 40 is given by matching U and W with their counterparts in
the main layer, namely (Zhuk & Ryzhov 1989; Wu et al. 1997)

U— Y + D(%,17, z)+{/xspzz(x — &7, z)ds;}r1 ,
0

W — { /OCPZ()_C — &1, z)ds}yl.
0

Since the present stage follows from the formation of the singularity (5.19), the
appropriate ‘initial condition’ is provided by matching with the asymptotic behaviour
of the critical-layer solution in the previous stage. After rewriting (5.6)—(5.8) in terms
of (6.2) by making use of (5.9), (5.10), (5.19)—(5.21), we find that as x — —oo0,

(6.6)

U—AY (—iiy sin?0 ¥G(X, Y)+2A sec@) cospz
V‘; - (—iy )Y cosBz

—Ay sinf cosf XG(x, Y)sin Sz

P y cosf cospBz
X dg(—% /o) V) exp(icg + i (X — cT))
A
(—1@0AY) [z (1240 e o 2 A7
+ 0 bo(—%/co) exp(i@¢p +ia[x — (c + o°A)]) +c.c.,
o)
6.7)
where
G, ¥) = [ (14 8) 5 expliana( — T)6)de. (63)
0

which is obtained by rewriting (5.21) in terms of x and Y, while
¢ = colx] + 1, logo™? + 0%,) /0>,

The system (6.4)—(6.6) was derived by Zhuk & Ryzhov (1989). The present study
suggests that such a regime may indeed be reached from a well-defined initially
linear stage, via a sequence of intermediate weakly nonlinear stages (i.e. stages I-II1).
Moreover, by following through these, we are able to give the appropriate initial
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condition that this system must satisfy. The present study and that of Wu et al. (1997)
indicate that the inviscid three-dimensional triple-deck equations are relevant for the
late stage of transition initiated by small disturbances upstream.

Finally, it should be noted that a wall sublayer with a width of O(c*) has to
be introduced in order to satisfy the no-slip condition on the wall. The transverse
variable is ¥ = y/o* and the expansion takes the form

(u,v,w)y=(cU,cV,oW)+---. (6.9)

Substitution of this into the Navier-Stokes equations shows that the flow field
(U, V, W) is governed by the unsteady, classical boundary-layer equations

ou vV oW

ox Tav Tz
U  ~oU .U ~oU P U
o LY w8 27 6.10
a7 + 9x v Fy2 + 07 ox + Y2’ (6.10)
W AW AW L 0W 9P W
o7 ax oY 07 0z 9y’

with P being already given once the inviscid problem (6.4)—(6.5) is solved.

Solutions of the inviscid triple-deck equations are likely to develop singularities,
and it is known that solutions of the unsteady classical boundary-layer equation (6.10)
can develop finite-time ‘separation’ singularities (e.g. Van Dommelen & Shen 1980;
Van Dommelen & Cowley 1990). It is highly probable that there will be a further
cascade of shorter scales generated in this regime as well, although we do not pursue
that matter here.

7. Discussion and conclusion

In this paper, we have followed the nonlinear evolution of phase-locked planar
and oblique T-S waves, and presented a self—consistent asymptotic description of
the nonlinear stages through which this form of disturbance evolves. We show that
for perfectly phase-locked modes, the initial nonlinear interaction simply alters the
wavelength of the oblique modes, without affecting their magnitude. However, once
the wavelength alteration becomes sufficiently rapid, it produces a back reaction
on the magnitude, causing the latter to amplify super-exponentially. If a small but
non-zero mismatch exists between the phase speeds, the interaction induces a super-
exponential growth/decay immediately. For any given planar mode (&, 0) and oblique
mode («, B) (with «? + B>=a&” to leading order), there is an ‘optimal’ phase-speed
mismatch which gives the maximum rate of super-exponential growth. Whether
or not the phase-speed mismatch is zero, the rapid amplification of the oblique
modes leads to the second stage where the critical layer is both viscous and non-
equilibrium in its nature. An important feature of the new regime is that the ‘shape’
of the oblique modes deforms during the evolution. The planar mode still evolves
exponentially, but the oblique modes experience a super-exponential growth of a
different form from that in the previous stage. The disturbance enters the third stage
when the self-interaction between the oblique modes and their back effect on the
planar mode become important. The amplitude equations of this fully interactive
regime are found to consist of the same nonlinear terms as those derived by Wu &
Stewart (1996) for the phase-locked interaction of Rayleigh instability waves (and
they also bear some resemblance to the evolution equations for the subharmonic
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resonance, Goldstein 1995a; Wu 1995). Since the linear dynamics associated with
viscosity becomes secondary, it may be said that the Tollmien—Schlichting waves
now take on the characteristics of Rayleigh waves. The ‘shape’ of the oblique modes
undergoes further deformation over the same length scale as their amplitude. The
solution to the amplitude equations is found to develop a singularity within a finite
distance for the parameters considered. We expect this to be a generic feature of the
amplitude equations. In the vicinity of the singularity, the flow is governed by the
fully nonlinear three-dimensional inviscid triple-deck equations. Note that a similar
evolution process, that is the development from the viscous critical-layer regime to
the non-equilibrium critical-layer regime and finally to the fully nonlinear triple-deck
stage, also takes place for the disturbance in the form of subharmonic resonant triad
(Goldstein 1994, 1995a) or of a pair of oblique modes only (Wu et al. 1997). This
final regime serves as the ‘attracting stage’ of three potentially important forms of
disturbances.

In the Appendix, we further show that the amplitude equations that govern the
weakly nonlinear stages can be obtained as limiting forms of the amplitude equations
(5.34)—(5.35) in Wu & Stewart (1996), which were derived in the non-equilibrium,
viscous nonlinear critical layer regime. The latter therefore provide a uniformly valid
description of the whole linear and weakly nonlinear evolution process. This result
implies that one may use them as ‘composite’ equations without tracing various stages,
which may, from the practical point of view, be more convenient. Thus (5.34)—(5.35)
in Wu & Stewart (1996) are the generic equations governing the weakly nonlinear
development of phase-locked modes of both T-S and Rayleigh waves, in pretty much
the same way as the amplitude equations (4.8)—(4.9) in Wu (1995) describe the weakly
nonlinear evolution of subharmonic resonant triads of both T-S and Rayleight waves
(Goldstein 1995a).

A main result of our study is that through the phase-locked interaction, the
dominant planar T-S wave would induce rapid growth of certain oblique modes while
its own nonlinear effect is largely negligible. In this sense, the planar mode acts as
a catalyst, as in the subharmonic resonance mechanism. Of significance is that the
phase-locked interaction operates at a much less restrictive condition. The theoretical
result implies that introduction of a single planar mode to the boundary can promote
all three-dimensional disturbances that share approximately the same phase speed.
This mechanism may have important implications for flow control. We suggest that it
may be responsible for the appearance of broadband disturbances in the late stage of
boundary-layer transition. Strong evidence for such a catalytic effect through phase-
locked interaction has been found in the experiments of Borodulin, Kachanov &
Koptsev (2002a—c), in which broadband low-amplitude noise-like three-dimensional
T-S waves are present among the background disturbances. In the unforced case, these
components simply exhibit a slow growth as anticipated by linear theory. However,
when a single two-dimensional primary wave was introduced, three-dimensional waves
in a wide continuous frequency range all underwent rapid amplification in the form
of super-exponential growth to acquire amplitudes which were at least one order-of-
magnitude larger than those in the unforced case; see figures 13, 14 and 18 of their
paper. All these components were phase-locked (synchronized) with the seeded planar
wave in that they all had nearly the same phase speed, as shown in their figure 20,
which we reproduce in figure 7 for convenience Although such a striking effect was
observed in a decelerating boundary layer, we believe that it is due to the phase-locked
interaction described in this paper because the essential mechanism is generic and is
little affected by the presence of an adverse pressure gradient. In fact, for a suitable
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FIGURE 7. Phase-speed Cyx (normalized by the slip velocity U,) vs. frequency f, showing phase
synchronism of amplified broadband disturbances. Forced case: ® 1 —1’; unforced case: X,
2---2'. [Reproduced from Borodulin, Kachanov & Koptsev 2002.]

small adverse pressure gradient, the critical layer can be non-equilibrium at the onset
(cf. Goldsetein & Lee 1992) so that the amplitude equations derived in Wu & Stewart
(1997), as well as the associated properties, are directly applicable.

The authors would like to thank the referees for helpful suggestions.

A. Appendix

The nonlinear, non-equilibrium, viscous critical-layer amplitude equations of Wu
& Stewart (1996) can be written as

ngl =k, A+ ir,,/o /0 K, (&, nlA)exp (—io g A(E 4+ n))B(x; — 64£)
X B'(x) — & —6m)A(x —& —n)d& dy
T, /0 /0 Ko(E, nl A)AGrs — E)A(x — & — A" (x1 — 26 —q)dEdn, (A1)
S—B =i, B + iT/,/ / Ky(&, n|A)exp (—io '@ A(E + )A(x; —§)
X1 0Jo

X B(x; —& —n)A"(x; — v,€ —von) dE dpy
T, /0 /0 K.(&. 1| 4) exp(—io '@ A8)
X B(x; —&)A(x; —& —n)A"(x; — v,& —n)dédn, (A2)

where A is the viscous parameter. The coefficients of the nonlinear terms, I, and I,
etc., are complex constants in general, but are real in the long-wavelength limit. For
the Blasius boundary layer of interest here, the viscous parameter A =so 3. If the
magnitude of the planar wave is scaled as in § 3 (i.e. ¢ =o!/?), and that of the oblique
modes § =0, then I', and I, etc. are given by those in (5.14)—(5.16) divided by o®,
that is I', = o °T, etc. Equations (A 1)~(A 2) can be derived if the formally small term
d/0x; is retained at the leading order in the critical-layer equations. Alternatively, they
may be obtained by retaining the formally small linear-growth terms in (5.11)—(5.12),
and then performing appropriate rescaling.
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In the following, we show that the various evolution equations derived in §§3-5,
which govern the three weakly nonlinear stages of the phase-locked T-S waves, are all
contained within (A 1)—(A2) in the sense that the former equations may be derived
as the limiting forms of the latter. In the rest of this Appendix up to the second last
paragraph, we assume that A < O(1) such that the second nonlinear term in (A1)
as well as the nonlinear terms in (A 2) can be neglected and that B = By exp(kx1).

The amplitude equation, (3.26), in the first nonlinear stage can immediately be
obtained by substituting

E=0& n=o00 (A3)
into (A 1) and then taking the limit o — 0.

In the case of zero phase-speed mismatching (i.e. A=0), we may introduce (cf.
Goldstein 1994)

xi =% 4k, loga™*, A= A®R)exp (i@/ol/z). (A4)

with % being of order one. Inserting (A4) and (A3) along with B = exp(k,x;)=
o~ V4B(%) into (A 1) yields

{A'+ic7' 20 A} exp (10 /0'%) =k, Aexp (10 /') + 02T, |BPN(R),  (A9)
where
861 = [ Kolenis)expi—omal(t +8008 + 60 +07 2006 — a6 + )
X A —o(€ +n)dé dn
—{I}(0)A — (2i1(0)5(0)0")0 ' ?A + 0(0) } exp(i® /o '7?); (A 6)

here in the last step, we approximated the integrand by its Taylor series for small o
and then took the limit & — 0. Equating the terms at O(c~'/?) and O(1) in (A 5), we
obtain the equations

2N/

O =iT,1}(0)|B]>, A =«k,A+27,5(0)15(0)0'|B)A.

These are identical to (3.43) and (3.57) with the identical coefficients.
In the non-equilibrium WKBJ stage, we introduce

xi=x" 4 loga™ 2, A=A exp(@(xh)/o). (A7)
Substitution of these and (A 3) into (A 1) gives
{A’ +o7! QE’A} exp(@/0) = k. A exp(® /o) + o 'iT exp(2ix")N,, (A8)
where

N, = /O | /O K (& nls) exp(—oks [(1 + 6208 + 6 nl—ia0AGE +n)+o D~ (E+n))

x A(x" — o (& +n))d& dn.

A Taylor expansion of the integrand shows that
0 2
N, - A{ / £7 exp(—s648° —iag A& —q>’(x*)5)ds} exp(® /o)
0

Loe?le / / K (&, nls) exp(—(& + n)liocoA + &)
0 JO
X {LE+ PO A —kp[(1 4608 +6mA—(E+AYdedy.  (A9)
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The balance in (A 8) at O(c ") gives

0 2
@'(x") = 1T, exp(2px ™) {/ g2 exp(—s6,E° —iwgAE — &'(x7)E) dé} , (A 10)
0

which is equivalent to (4.17). The balance at O(1) gives the equation for A, which,
after using the relations obtained by differentiating (A 10), can be simplified to

_ 1 ¢// cD// d)/ ! _
A= T ()L (A11)
2\ e @ \o”

The solution for A is then

A = Gg(@') ke ) ()12 (A12)

with a, being a constant. This is the equation that would be obtained if the analysis
in §4 is carried to higher orders.

In the final weakly nonlinear regime, the disturbance is described by the faster
variable ¥, which is related to x; by

xy =0X% +x] +x, logo™"/2.
Substituting this and (A 3) along with B =0""2B into (A 1)~(A 2), we obtain (5.11)-
(5.12).

The result of this Appendix therefore shows that the amplitude equations (A 1)-
(A 2) provide a uniformly valid description of the evolution of the phase-locked T—S
waves throughout the entire linear and weakly nonlinear regimes.
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