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6. Concluding discussion

Herein, we reveal a significant limitation of vortex (re)generation scenarios based
on normal-mode streak instability. Namely, the streak-flank normal vorticity —shown
here to critically determine the onset and growth rate of sinuous streak instability —is
annihilated by viscous self-diffusion (i.e. planar vortex reconnection). Consequently,
even strong, initially unstable streaks (shown here to constitute about 20% of buffer-
layer streaks in fully developed turbulence) are stabilized on a rapid timescale of
tt ~ 50, limiting normal-mode growth to only a factor of two. These results serve as
strong evidence that normal-mode streak instability does not contribute significantly
to vortex generation and turbulence production near the wall.

As an alternative, we identify here a new streak transient growth (STG) mechanism,
which generates an order-of-magnitude amplification of perturbation energy in Xx-
dependent modes, even for more numerous, weaker, normal-mode-stable streaks.
Compared to normal-mode instability, the STG mechanism is seen to be significantly
more energetic and to operate more frequently (involving more streak regions) in
a given flow volume. Owing to the temporal nature of transient growth for stable
streaks (more typical of fully developed turbulence), the initial disturbance amplitude
must be sufficient for significant nonlinear effects to be triggered (i.e. disturbances
eventually decay linearly otherwise). We find that w'(x) perturbations of moderately
low amplitude (e.g. w; . = 0.5) do in fact lead to generation of new vortices and
sustained near-wall turbulence.

Note that the STG perturbation (13) does not necessarily capture the optimal
growth, as it reflects a simple idealization of uw Reynolds stress events observed in
near-wall turbulence. Analysis of quadrant 2 and 3 uw Reynolds stress magnitudes
in fully developed turbulence—representative of the combination of w(x) and low-
speed streaks required for transient growth— indicates that virtually all regions
along streaks exhibit uw magnitudes sufficient for subsequent STG to reach nonlinear
amplitude. Note that the w(x) observed within low-speed streaks reflects the induction
of pre-existing vortices overhead, constituting the ‘parent—offspring’ component of the
STG-based vortex generation scenario. Interestingly, near-wall turbulence exhibits a
well-defined, x-alternating pattern of Q2 and Q3 uw Reynolds stresses, indicating that
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uw events (and the STG mechanism this pattern captures) are thus a critical trigger
for turbulence production.

Most importantly, transient growth into the nonlinear regime generates new col-
lapsed streamwise vortices from normal-mode-stable streaks. Unlike prior suggestions,
vortex generation does not involve streamwise vorticity generation at the wall (by
the no-slip condition) or vorticity layer rollup—both two-dimensional mechanisms.
Instead, the vortex formation is inherently three-dimensional, with direct stretching
(inherent to streak (x,z)-waviness) of near-wall w, sheets leading to streamwise vortex
collapse. Significantly, STG produces new collapsed streamwise vortices near the wall
which closely resemble the ensemble-averaged CS (Jeong et al. 1997). The formation
mechanism of internal shear layers (and associated VISA events) is also captured,
along with quadrant Reynolds stresses and other turbulence statistics, all of which
are shown to agree well with fully developed turbulence. In summary, evidence sug-
gests the dominance of this STG-based vortex generation mechanism in near-wall
turbulence.

The rapid temporal growth accompanying (nonlinear) STG suggests reassessment
of the revised view of ‘bursting’. In particular, the modern, widely accepted explanation
of ‘bursting’ is the advection of spatially distributed streamwise vortices and related
structural features past a fixed measurement or observation location (Robinson 1991).
However, the STG-based vortex formation scenario described here does in fact reveal
burst-like growth of —uw, v, and w, in time (in an advecting reference frame), in
the spirit of the original temporal ‘bursting’ concept (Kline et al. 1967). Note that
fixed-point measurements (including conditional sampling) would not clearly detect
such temporal evolution, due to advection of the developing flow. The rapid temporal
STG scenario we find suggest that both views—spatial advection of existing structures
and temporal growth of new structures—are relevant to ‘bursting’.

In the context of the related issue of bypass transition from the mean velocity
U(y), the present results suggest a two-step (linear) mechanism: (i) transient growth
of x-independent perturbations of U(y) to generate a finite-amplitude z-varying streak
U(y, z) via the ‘lift-up’ streak formation mechanism (i.e. prior transient growth analysis
of U(y)), followed by (ii) STG of x-dependent perturbations of the streak U(y,z) to
generate (new) streamwise vortices and hence sustained turbulence. Alternatively,
a single-step (linear) mechanism may also exist, involving a single (x,z)-dependent
perturbation which simultaneously excites mechanisms (i) and (ii) from the mean
velocity U(y). That is, a wavy streak can form in the first place (via wavy lift-up
by a sinuous perturbation) from a ((x, z)-homogeneous) laminar profile —as opposed
to the scenario of formation of an x-homogeneous streak subsequently perturbed
by a sinuous w(x) (studied here). The measure of transient growth—used in the
corresponding variational problem to quantify optimal perturbation growth-—must
then be specifically chosen to capture this single-step bypass mechanism. In particular,
an appropriate perturbation measure should capture simultaneously the growth of
the streak magnitude (u') and its sinuous spanwise displacement (w’). Otherwise,
consideration of perturbation kinetic energy E identifies x-independent perturbations
as optimal. This suggests use of a u'w’ Reynolds stress measure of transient growth,
rather than E as commonly used to date.

Our results also open many important, currently unexplored avenues for modelling
and control of near-wall turbulence. For instance, the low-speed streaks in actual
flows are certainly non-uniform, wavy, and surrounded by a sea of finite-amplitude
perturbations or incoherent turbulence, in contrast to the clean flow we have analysed.
Particularly for turbulence modelling (including near-wall modelling for LES), such
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instantaneous irregularities, including non-equilibrium outer flow conditions, require
a more statistical framework for the mechanistic descriptions here. For instance,
a promising approach is a triple decomposition of the fully turbulent flow into
(1) (local) x mean streaks U(y,z), (ii) the (evolving) streak perturbation capturing
transient growth, vortex generation and decay, and (iii) incoherent turbulence. The
fact that the ensemble-averaged (over numerous irregular structures) CS and the
STG-generated (instantaneous) vortices are very similar is encouraging, in that it
suggests the mechanism described here is the underlying one.

Additionally, the association of vortex formation with an instability is promising
from a control standpoint, noting the success of instability control in free shear flows
(e.g. see Hussain 1983). The most logical approach to CS-based drag reduction and
heat transfer suppression is to simply prevent vortex (re)generation in the first place
(in contrast to popular approaches which counteract fully developed CS). Our focus
is on large-scale control, wherein numerous streaks may be simultaneously stabilized
by a single large-scale forcing. Based on this control premise, we have developed
new techniques for drag reduction, enabling large-scale flow forcing without requiring
instantaneous flow information (Schoppa & Hussain 1998b). As proof-of-principle,
we find that an x-independent forcing, with a wavelength of 400 wall units and an
amplitude of only 6% of the centerline velocity, produces a significant sustained
drag reduction: 20% for imposed counter-rotating streamwise vortices and 50% for
colliding, z-directed wall jets. The drag reduction results from weakened longitudinal
vortices near the wall, due to control-induced w, reduction, which in turn arrests the
streak perturbation growth responsible for vortex generation. These results suggest
promising new strategies for drag and heat transfer control, e.g. passive vortex
generators or colliding spanwise jets from x-aligned slots, involving large-scale (hence
more durable) actuation and requiring no wall sensors or control logic. For further
details of these large-scale control strategies, see Schoppa & Hussain (1997, 1998b).
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