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FIGURE 26. Vortex line geometry during transient growth-based vortex generation: (a) t™ = 0; (b)
tt = 17; (¢, d) t+ = 45. THe vortex lines in (a—c) are begun on an x-distributed rake within
the streak trough region (i.e. z = 0); the rake in (d) consists of nine lines (in a square) passing
through the core of the x-midplane of vortices SP and SN (shown as grey-shaded w, isosurface
levels +0.6y|max and —0.6wy |,y in (¢) and (d)).

Note that the spatial relation of SP and SN is maintained upon evolution except
for increasing overlap, with the vortex lengthening eventually arrested by viscous
decay. Most significantly, this vortex geometry is strikingly similar to that of three-
dimensional coherent structures (CS) educed (from more than 100 vortex realizations)
in fully developed near-wall turbulence (Jeong et al. 1997). Inherent non-uniformity
of the base-flow streaks causes variations in vortices from one realization to another,
and the finite-amplitude incoherent turbulence makes the instantaneous structures
even more variant (see figure 1). Thus, ensemble averaging of a large number of
base flow/perturbation combinations (i.e. CS eduction) is required to reveal the
dominant vortex generation mechanism. The close correspondence of figure 25 with
the ensemble-averaged CS (see also SH) serves as strong evidence that this STG-based
vortex formation process is a dominant mechanism in near-wall turbulence.
Visualization of the corresponding vortex line geometry during STG-induced
streamwise vortex formation is presented in figure 26, which displays a rake of
vortex lines near the emerging SP and SN vortices. Note that the frames (a),(b),(c)
in figure 26 correspond to frames (a),(b),(d) in figure 24; the latter are at the x-plane
S-S identified in figure 26(c). The initially x-aligned hairpin-shaped vortex lines (fig-
ure 26a) reflect the essentially straight and uniform initial streak, representative of
the quiescent phase of minimal channel flow (Jimenez & Moin 1991). Due to the STG
w(x) perturbation, the streak vortex lines exhibit a growing sinuous z-displacement
(see §4.3 and figure 18), which reaches a significant (nonlinear) amplitude (figure 26b).
Subsequently, vortex lines coalesce due to vortex stretching, resulting in new collapsed
streamwise vortices SP and SN (figure 26¢). Note that core dynamics associated with
these finite-length streamwise vortices are countered by strong viscous effects near
the wall. In figure 26(d), we show vortex lines initiated as a rake within the cores of
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SP and SN; clearly, these lines cross the corresponding w, surfaces, illustrating the
limitation of vortex line tracing in vortex identification, particularly near the wall.
These results clearly have some important conceptual implications for vortex regen-
eration. Foremost, we have demonstrated that the presence of a strong existing vortex
is unnecessary for new vortex generation, contrary to prior parent—offspring scenarios
(reviewed in §1). Nevertheless, w(x) perturbations of finite, yet moderate amplitude
(e.g. wh . ~ 0.5) are required for vortex generation from the more numerous stable
streaks considered here. Thus, pre-existing (parent) vortices do play an indirect role in
generating the (relatively weak) spanwise velocity disturbance environment required
for vortex generation. Note that since the STG mechanism delineated here causes
simultaneous growth of both +w, (SP) and —w, (SN) vortices at different x, the
evolution of SP and SN in fixed (y, z)-planes might superficially give the impression
that one vortex is generating the other. In reality, both vortices originate and mature
simultaneously from initially vortex-free streaks, as seen in figures 24-26.

5.2.2. Evolutionary vortex dynamics

Since the newly generated vortices SP and SN are predominantly streamwise
(figure 25), further insight into the dynamics of near-wall vortex formation can be
obtained by considering the inviscid evolution equation for w,:

acox__uﬁwx_vawx_wﬁwx_l_w 6u+@@_67w§7u (18)
ot ox dy 0z *ox | 0x0z Oxdy’
—_—— —
Advection Stretching Tilting

Note that the last two terms in (18) together represent the vortex line ‘tilting’ terms,
rewritten to simplify their visual interpretation. Individually, each of the two terms
constituting tilting indeed represents (instantaneously) the ‘shearing’ mechanism of w,
generation explained in §4.2 and figure 16. In order to evaluate the role of the different
terms in (18) in SP formation, we plot the distributions of each term in figure 27 at the
instant of figure 24(c) (i.e. at t¥ = 35). By this time, the STG perturbation amplitude is
sufficiently large to trigger nonlinear effects, leading to the onset of vortex generation.
Note that the advection and stretching effects are necessarily nonlinear, as these terms
do not appear in the linearized evolution equations for STG. In figure 27, the bold
contour of 4w, in (a)—(d) provides common reference, denoting the emerging SP
vortex boundary (same as in figure 24¢). Generation terms which act to strengthen
4w, and hence SP are indicated by positive magnitudes, whereas negative values
indicate local weakening of SP.

Vorticity tilting. We find that significant +w, intensification occurs due to the
generation term (—ow/dx)(du/dy) (figure 27¢), which dominates the (dv/0dx)(du/0z)
term (figure 27b) near the wall. Note that in linear evolution, the —(dw/dx)(du/dy)
term corresponds to the Q0u,/0x generation term, responsible for creation of a
sheet (and x-circulation generation) in the streak trough region (figure 13b; see §4.2).
In the nonlinear regime of STG, the —(dw/dx)(0u/dy) term is largest in magnitude
over all other terms, consistent with fully developed turbulence (Brooke & Hanratty
1993). However, this term actually contributes to the thin tail (C in figure 27¢) of the
near-wall w, layer, not to the main vortex (SP). Hence, the —(dw/0x)(du/dy) term
is not responsible for vortex formation, as it contributes insignificant 4w, within
SP.

Two-dimensional advection. Prior studies (e.g. Sendstad & Moin 1992; Brooke &
Hanratty 1993) have proposed that near-wall w, sheets (like those generated by STG)
‘roll-up’ due to their self-advection, an effect represented by the w, advection terms
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FiGUre 27. Distributions of terms of the w, evolution equation during STG-based vortex generation
at t7 = 35: (a) two-dimensional w, advection (—vdw,/0y — wdw,/dz), (b) the (dv/dx)(du/0z)
generation term, (c) the —(dw/dx)(du/0dy) generation term, and (d) direct stretching (w,du/dx). The
bold line in each panel identifies the +w, layer in figure 24(c).

Free-slip

FIGURE 28. Schematic of two-dimensional rollup mechanisms of a near-wall +w, layer: (a) rollup
on the layer’s left side near a free-slip wall due to image vorticity and ‘head-tail’ dipole formation
by mutual induction, and (b) rollup on the layer’s right side near a no-slip due to ejection by an
opposite-signed vortex (—w, contours dashed) overhead.

in (18). In purely two-dimensional flow, near-wall vorticity sheets can roll up via
two distinct mechanisms, illustrated in figure 28: (i) on the left side of a +w, layer
above a free-slip wall, with dipole-like ‘head—tail’ formation due to the wall image
vorticity (see Jimenez & Orlandi 1993), as illustrated in the sequence in figure 28(a),
or (ii) on the right side of a 4w, layer attached to a no-slip wall, due to lifting
of the wall-generated w, by a parent vortex, as in vortex wall-rebound (see Orlandi
1990), as shown by the sequence in figure 28(b). Note that for the case of a near-
wall patch with opposite vorticity (—w,, each mechanism will lead to rollup on the
opposite side of the layer from that shown in figure 28; i.e. roll up on the right
side in figure 28(a) and left side in figure 28(b). For the vortex formation studied
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FIGURE 29. Generation of positive (solid) and negative (dotted) du/dx by STG-induced waviness
of a streak (shaded) at y* = 20. The cross-section through the positive (SP) and negative (SN)
streamwise vortices are denoted by solid bold contours of |w,|. The hatched regions denote the
largest values of vortex stretching by +0du/dx, while lines SL1 and SL2 identify internal shear layers
containing —dou/0x.

here (as well as vortex formation typically observed in near-wall turbulence), SP
forms on the left side of the +w, layer (figure 24c), hence indicating that the vortex
rebound mechanism (ii) of w, sheet rollup plays no significant role. Even though
mechanism (i) would also lead to vortex formation on the left side of the +w, layer
(figure 28a), analysis of the o, advection terms during SP formation indicates that this
image vorticity rollup mechanism is insignificant. In particular, o, advection actually
opposes vortex formation, acting instead to reduce +w, (region A in figure 27a)
where SP eventually forms. The negative amplitude of the advection term within
SP indicates that the opposite-signed SN vortex immediately above the +w, layer
(figure 24c) acts to advect +w, (i.e. SP) toward the right. Since SP eventually forms
on the left side of the +w, layer (figure 24d), a mechanism other than w, advection
must be responsible for vortex generation. As described below, a three-dimensional
mechanism is actually responsible for vortex generation, dominating the competing
(two-dimensional) advection effects. This lack of wall-induced vortex formation serves
to explain the recent observation that elimination of the no-slip condition for w (with
a stress-free condition dw /0y = 0) actually enhances the near-wall turbulence intensity
and drag (Jimenez & Pinelli 1999).

Direct stretching. In reality, SP formation is dominated by direct stretching of +w,,
evident from nearly circular regions of +w,du/0x (D in figure 27d) embedded within
region SP. We find that this local w, stretching is sustained in time and is mainly
responsible for the vortex collapse, whose location coincides with the +w,du/0x peak.
The +0u/0x responsible for vortex collapse by stretching is a simple consequence of
low-speed streak waviness, as illustrated by du/dx contours overlaid onto the wavy
streak (figure 29). Recall that streak waviness is generated naturally by (initially
linear) transient growth of the STG perturbation, via spanwise streak displacement
by perturbation velocity normal to the streak flanks (described in §4.3). Once this
waviness grows to a finite size, strong +du/dx develops downstream of the regions
of maximum z-displacement (i.e. hatched regions in figure 29). Since a large velocity
difference exists across the streak flanks (e.g. differential U between high-speed and
low-speed fluid at a fixed y in figure 2¢), a sizeable value of +du/dx is quickly
generated once the streak flank is tilted in the (x,z)-plane by the growing streak
waviness (recall the rapid temporal nature of STG). Consequently, direct stretching
of positive and negative w, occurs in these regions of +0du/dx, which are the eventual
locations of vortices SP and SN (bold +w, and —w, contours in figure 29). (Note
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FIGURE 30. Formation of internal shear layer SL1 (figure 29) by STG, illustrated by —w, (solid)
contours at (a) tt =0, (b) 7 = 17, and (c¢) t* = 52. Contours of positive (dashed) and negative
(dotted) u, overlaid in (c) illustrate the strong velocity gradient du/dx within SL1.

that positive and negative w, generation is maximum at points P and N respectively
in figure 20b.) The initial near-wall w, sheets quickly collapse (figure 24d) due to this
localized stretching (figure 27d), overcoming viscous diffusion which would otherwise
cause their annihilation. Note that these dynamics are also captured as +VISA events
(i.e. +0u/0x) existing within the core of the ensemble-averaged coherent structures
(Jeong et al. 1997), further indicating the dominance of this STG-based vortex
formation process.

5.3. Internal shear layer generation

Simultaneous with the generation mechanism of streamwise vortices outlined above,
nonlinear evolution of STG also produces the well-known internal shear layers of
spanwise vorticity. Internal shear layers are sharp, inclined 4+u/ — u interfaces in
(x,y) (e.g. with slope ~ 30° from x), and hence are characterized by intense both
O0u/dy (hence —w,) and —du/dx. Prior studies indicate that internal shear layers are
generated both by x-localized ejections (Bogard & Tiederman 1987) and by waviness
(‘asymmetry’) of elongated low-speed streaks in (y, z) (Johansson et al. 1991). Internal
shear layers are also detected well by the VITA conditional sampling technique,
originally developed to detect ‘bursts’ via strong local |0u/dx| events (Blackwelder &
Kaplan 1976). Here, we explain the genesis of internal shear layers, revealing close
correspondence of the STG-generated internal shear layers to both experimental
VITA detections and asymmetric, ensemble-averaged VISA events in DNS data.
During (nonlinear) STG, a pair of internal shear layers is created at locations SL1
and SL2 in figure 29, indicated by the generation of wall-detached layers of —w,
(shown for SL1 in figure 30). In particular, the originally uniform —w, layer of the
straight streak (figure 30a) is quickly transformed by the z-displacement of the lifted
streak by the w(x) perturbation of STG, resulting in creation of a tongue-shaped —w,
region (figure 30b). Subsequently, this wall-detached —w, is significantly intensified
into a thin, inclined shear layer (figure 30c), as commonly observed in (x, y) snapshots
of near-wall turbulence. Note the close resemblance of the fluctuation +u, and —u,
contours in this instantaneous flow (figure 30c) to the VISA-triggered ensemble
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FIGURE 31. Trace of fluctuating velocity u, through the internal shear layer in figure 30(c) at
yt =20, illustrating a —VISA event centred at x., the midpoint of SL1.

average (Johansson et al. 1991), both in magnitude and contour shape (including the
sharp +u/ —u interface). Furthermore, the u, trace through the internal shear layer at
y+ = 20 (figure 31), aligned with the minimum of —du/dx (i.e. a —VISA event), agrees
well with experimental ensemble-averaged +VITA events. The asymmetry in x of this
trace clearly shows why +VITA (—VISA) events are more numerous for a given
variance threshold. This generic feature of internal shear layers is a straightforward
kinematic consequence of streamwise u gradients (i.e. self-steepening of —du/dx by
impact of high-speed u with downstream low-speed u, and vice versa for +du/0x), as
explained in Jeong et al. (1997). Finally, note that by normalizing the data in figure 31
as u;/u.,s, a peak amplitude near unity is obtained, consistent with amplitudes of
both (experimental) VITA and (DNS-based) VISA events.

Generation mechanism. Note that the internal shear layer formation occurs simul-
taneously with the creation of streamwise vortices SP and SN. As shown in figure 29,
the internal shear layer SL1 (the line is the projection of the tongue in figure 30c) is
generated directly across the streak (in z) from the simultaneously developing stream-
wise vortex SP. By symmetry, a second internal shear layer SL2 occurs across from
SN. Note that the initiation of internal shear layer formation commences at early
times (e.g. at ™ = 17, figure 30b), before streamwise vortex formation has occurred
(figure 24b). Thus, the vortex and shear layer pairs are generated simultaneously,
rather than sequentially, indicating that existing vortices are non-essential for internal
shear layer formation. Note that 4+0du/0x (responsible for vortex collapse) is naturally
accompanied by —du/dx across a wavy streak (dotted contours in figure 29), con-
stituting the sharp +u/ — u interface (i.e. with large —du/0x) embedded within the
internal shear layer (figure 30c). Hence, generation of streak waviness by nonlinear
STG is responsible for the simultancous genesis of both streamwise vortices and
internal shear layers, processes driven by +du/dx and —du/dx, respectively.

Progressing further, we now explore the mechanism by which —du/dx (due to
streak waviness) generates an intense, wall-detached shear layer of du/dy and —w,
(figure 30c). As illustrated in figure 32, the internal shear layer forms on the flank
of the lifted streak, where high-speed fluid impacts the wavy low-speed streak (hence
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FIGURE 32. Relation of internal shear layer SL1 (figure 29) to the STG-perturbed streak. The black
region of high |w.| marks the mid-plane of SL1, and the wavy streak is underneath the lifted
u = 0.5U, surface (hatched). The relative locations of the streak and structures SP and SN are
added for illustrative purpose. The local stagnation flow (illustrated by arrows) near the shaded
(v, z)-plane is addressed in figure 33.

FiGure 33. Distributions of normal strains (a) ou/dx, (b) dv/dy, and (¢) 0w/0z in the (y,z)
cross-section shaded in figure 32, elucidating the extensional strain in the (y,z)-plane responsible
for internal shear layer generation (positive and negative contours solid and dashed, respectively).

generating —du/0x at the hatched plane). The hatched plane is drawn at the x-
location of minimum —du/dx (maximum negative), and the velocity gradients in this
plane are shown in figure 33. Being associated with a stagnation-type flow in x,
—0ou/dx (figure 33a) produces a source-type flow in the hatched plane, resulting in
large values of both +0dv/dy (figure 33b) and +0w/0dz (figure 33¢) on the streak flank.
Consequently, any pre-existing vorticity (w, and w,) along the streak flank is stretched
by this extensional strain. Hence, the internal shear layers observed here are composed
of streak-flank vorticity locally displaced in z toward the (x, y)-plane of SL1 (by STG
of the streak wave), and stretched by the (kinematically required) extensional strain.
That is, where a streamwise vortex (SP or SN) consisting of predominantly w, is
formed on one flank of a streak, an internal shear layer (predominantly w,) forms
on the other flank of the streak. In contrast to a scenario of localized ejection, this
internal shear layer generation mechanism is inherent to a wavy streak, and does not
require advection or stretching by existing vortices.
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FIGURE 34. Instantaneous quadrant —uv Reynolds stress events (Q1, Q2: ejection, Q3, and Q4:
sweep) generated by STG at t* = 45. The low-speed streak is denoted as the u = 0.5U, contour
(bold-dashed), and the (positive) streamwise vortex SP is indicated by the 40.6@y|.x contour
(hatched).

5.4. Reynolds stress and turbulence statistics

To further quantify the role of nonlinear STG in near-wall turbulence, we also con-
sider the generation of —uv Reynolds stress events and corresponding fluctuation
amplitudes. In the context of the uv-quadrant-based conditional averaging procedure
developed by Wallace, Eckelmann & Brodkey (1972), a representative distribution of
instantaneous —uv events is shown in a (y, z) cross-section in figure 34. Near the newly
generated SP vortex (identified by shading), the distribution of quadrant Reynolds
stresses agrees well with the educed coherent structure (Jeong et al. 1997), including
the location of ejection (Q2), sweep (Q4), and counter-gradient stresses (Q1, Q3). Inter-
estingly, a region of significant counter-gradient Reynolds stress (Q1) occurs at larger
y away from the vortex. Due to the y-variation of the w perturbation of STG, low-
speed fluid is displaced in z underneath high-speed fluid overhead. In the (y, z)-plane,
this effect, along with the induction of both SP and SN, produces z-asymmetry of the
streak back (i.e. with the left side flattened). The sliding of the fluid element F from
the high-speed region up the streak back (marked by a thick dashed line in figure 34)
is associated with both +u and +v, hence Q1. DNS flow visualization reveals that this
Q1 event occurs throughout the early-stages of STG-induced vortex formation, and
thus may be useful as an indirect indicator of STG operation in snapshots of near-
wall turbulence. At later times, the Q1 magnitude decreases as the newly generated
vortex modifies (through ejection) the original streak from which it was formed.

The net (x,z)-averaged Reynolds stress at y* = 20 indicates a rapid increase
in turbulence production due to STG (figure 35). Whereas the Reynolds stress is
initially identically zero, transient growth quickly generates (by t* ~ 80) mean values
approaching that in fully developed turbulence (0.65 at y™ = 20, Kim et al. 1987),
with even larger values for a perturbation amplitude of w; . = 0.9 (figure 35b).
Consistent with the well-known role of streamwise vortices, the growth of turbulence
production results from the v-induction of newly generated streamwise vortices,
captured statistically by v.,s and wy,ns, respectively (figure 35). Note that starting
from a quiescent initial flow, the amplitudes in fully developed turbulence (v} = = 0.55

rms

and o} = =0.14 at y* = 20) are approached to within 40% for w} = = 0.5 (figure 35a)

Xrms rms

and fully attained for w;, . = 0.9 (figure 35b). Additionally, the amplitude of v,/ in
figure 35(b) agrees well with that observed in minimal channel flow turbulence
(Jimenez & Moin 1991). Thus, starting from a quiescent, laminar streak flow, the
STG mechanism generates the turbulence levels observed in both minimal-domain

and fully developed near-wall turbulence.
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FIGURE 35. Growth of (x, z)-averaged turbulence statistics at y™ = 20 due to STG: Reynolds stress
—u,v;, normal velocity v,,, and streamwise vorticity wy ;. All quantities are wall-unit normalized,
and the initial perturbation amplitude is (a) w;,, = 0.5 and (b) w/ = 0.9.
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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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